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ABSTRACT

Over the last three years, a comprehensive subsurface investigation that combines
both conventional and geophysical techniques has been conducted near Springfield in
southwest Missouri, United States. This study, which forms part of the comprehensive
subsurface investigation, aimed to (1) image and characterize the subsurface, (2) map
variations in engineering properties of soil/rock, (3) map variable depth to top of rock, (4)
explore the utility of the geophysical techniques, (5) determine the factors contributing to
karst processes, and (6) propose karst mitigation. Electrical resistivity tomography (ERT)
and multichannel analysis of surface waves (MASW) were employed for the acquisition
of subsurface geophysical data. Borehole controls were used to verify and constrain the
geophysical interpretation.

In some instances, the ERT and MASW techniques produced complementary,
high quality, and reliable data consistent with borehole control. Bedrock was pervasively
fractured and extensively weathered with pronounced uneven surface. The topography of
the surface was observed to depict the topography of the karst bedrock in many of the
investigative areas. Moisture content was the major parameter influencing resistivity of
the subsurface. A pervasive and systematic network of discontinuities characterizing the
bedrock could serve as conduits for percolating acidic waters, ultimately resulting in
distinct karst features. Anthropogenic activities were observed as a major contributor to
the karst processes. Minimizing the amounts and rate of percolating acidic waters can

significantly reduce karst processes and mitigate related features.
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1. INTRODUCTION

1.1. BACKGROUND AND PROBLEM STATEMENT

Karst terrain, a unique environment underlain by carbonate or evaporite bedrock
presents complex geologic and morphologic subsurface conditions. It is formed by the
gradual dissolution of the carbonate or evaporite bedrock by percolating acidic waters
and piping of fine-grained sediments. Karst terrain is characterized by ground failures,
sinkholes, sinking streams, closed depressions, subsidence, subterranean drainage,
suffusion processes, and caves/caverns (Martinez-Moreno et al., 2014; Pueyo-Anchuela
et al., 2010). The heterogeneous nature and complex characteristics of karst terrain pose
challenges to safety, groundwater, engineering projects, and the natural environment
(Andreychouk & Tyc, 2013; Doerfliger et al., 1999; Peterson et al., 2000). Thus, karst
terrain has been a subject of increasing environmental, geological, and geotechnical
investigations or studies (Currens et al., 2012; Debeglia et al., 2006; Gomez-Ortiz &
Martin-Crespo, 2012).

Different methods, broadly categorized into conventional and geophysical
techniques, are used to characterize the soils or subsurface for environmental and
geotechnical purposes. Conventional investigation techniques, including inspection,
pitting, trenching, probing, and boring/drilling have been used to characterize the
subsurface over many decades. Except inspection, the conventional investigation
techniques are invasive, more expensive, and time-consuming. Additionally, adopting the

pitting, trenching, probing, or boring/drilling method of investigation in karst terrain can



be hazardous to working crew or tools due to potential risk posed by cover-collapse
sinkholes or unstable ground.

Geophysical techniques such as ground penetrating radar (GPR), gravity,
electromagnetic (EM), and seismic surveys have typically been used to complement
conventional investigation techniques for more than three decades (Anderson &
Torgashov, 2010; Anderson et al., 2003; Cook, 1965; Daily et al., 1992; Kaspar & Pecen,
1975; Lange; 1999; Moore & Stewart, 1983). More recently, the electrical resistivity
tomography (ERT) and multichannel analysis of surface waves (MASW) techniques,
which are noninvasive, less expensive, and less time-consuming, have often commonly
been used to acquire geophysical data in karst terrain (Baines et al., 2002; Kidanu et al.
2016; Stepisnik, 2008; Yassin et al., 2013). Kidanu et al. (2016) used the ERT and
MASW techniques to image the subsurface morphology of an active sinkhole in Greene
County, Missouri. Yassin et al. (2013) used the ERT technique to map Kkarst features and
estimate the depth to bedrock at a location in Peninsula Malaysia, while StepiSnik (2008)
used the ERT technique to investigate collapse doline floors located in Divaca, Slovenia.

Due to the unique and complex nature of karst terrain, anthropogenic activities
occurring in karst terrain have increasingly become a major concern to many people and
governments around the world, partly due to potential for sinkhole development,
structural collapse, and groundwater contamination. As a result, there is increasing
demand to more effectively control or manage anthropogenic activities in karst terrain.
The U.S. EPA and several states (including Kentucky, Indiana, Georgia, and
Pennsylvania), for example, have specific requirements or prohibit certain activities,

including waste disposal, in karst terrain. Further, in April 2015, the U.S. EPA finalized



regulations for the disposal of coal combustion residuals (CCR), commonly known as
coal ash, from coal-fired power plants in landfills and surface impoundments. The
regulations, “Hazardous and Solid Waste Management System: Disposal of Coal
Combustion Residuals from Electric Utilities; Final Rule (40 CFR Parts 257 and 261),”
prohibit CCR landfills in karst terrain unless it is demonstrated that the integrity of the
CCR unit will not be disrupted.

The state of Missouri, for example, depends on coal energy. According to the U.S.
Energy Information Administration, “Coal fuelled 83% of Missouri’s net electricity
generation in 2014, 78% in 2015, and 77% in 2016.” Hence, coal continues to be a
significant contributor to the energy supply in Missouri. The production of energy from
coal-fired power plants results in coal combustion residual that is typically disposed of in
landfills or surface impoundments. In Missouri, however, the bedrock is carbonaceous,
making the ground susceptible to karstification. Missouri is a karst state (Epstein et al.,
2002) and has several different karst features, including sinkholes and pinnacles.
According to the Missouri Department of Natural Resources, 59% of Missouri contains
thick, carbonate bedrock that hosts a wide variety of karst features, including more than
6,000 caves and 3,000 springs, at least 9,500 sinkholes, and hundreds of miles of losing
streams. Thus, constructing landfills or impoundments in Missouri or karst states requires
proper and adequate ground/subsurface investigations to prevent or control potential risk
to surrounding ecosystems.

Therefore, the goal of this research is essentially to conduct subsurface
environmental and engineering investigations in karst terrain using both conventional and

geophysical techniques, identify the factors that contribute to karst development, and



propose strategies to mitigate karst features. To achieve the goal for the research, a 200-
acre site in southwestern Missouri was selected for an experimental study. Geophysical
techniques—electrical resistivity tomography (ERT) and active multichannel analysis of
surface waves (MASW)—were used to acquire electrical resistivity and shear-wave
velocity data, respectively, to explore the utility of the two geophysical techniques and to
map variations in engineering properties of soil/rock and depth to top of rock. While site
inspections provided useful insights about the conditions of the experimental site and
ground surface phenomena, borehole control was used to verify and constrain the
geophysical interpretations. The research also determined the factors that drive karst
processes and provided strategies to mitigate karst features for the protection of the health

and safety of people and the environment.

1.2. RESEARCH OBJECTIVES

This research aims to use geophysical techniques to map subsurface conditions or
potential karst features, determine the factors that induce or increase karst processes, and
propose karst mitigation strategies to minimize karst processes. The specific objectives of
the research are as follows:

i.  Use the ERT and active MASW techniques to map and characterize subsurface
lithologic conditions in karst terrain.
ii.  Map variations in the engineering properties of soil/rock in karst terrain.
iii.  Map variable depth to top of rock.

iv.  Explore the utility of the ERT and active MASW techniques in karst terrain.



v.  Determine the factors that contribute to karst development.

vi.  Propose karst mitigation strategies.

1.3. RESEARCH METHODS

As previously stated, different methods are used to investigate karst terrain. In this
research, both conventional and geophysical methods were used. The methods adopted
include the following:

I.  Site selection for experimental work.

ii.  Visual inspections of experimental site and surrounding environment.

iii.  Acquisition of historical images from the Missouri Department of Natural
Resources and Google Earth to determine historical activities of the experimental
site.

iv. ERT and active MASW surveys for the acquisition of electrical resistivity and
shear-wave velocity data, respectively.

v.  Acquisition of borehole control to verify geophysical interpretations.

vi.  Surface terrain modeling to determine the nature (topography) of the ground

surface of the experimental site.

1.4. SCIENTIFIC CONTRIBUTIONS

This research makes significant contribution to the existing body of literature. The
research shows that active MASW shear-wave velocity data corroborate ERT data to
depth of at least 20 ft in karst terrain. In addition, the top of karsted bedrock in

southwestern Missouri is a function of the surface topography; that is, the karsted



bedrock depicts the surface topography or topographic expression. Further, active
MASW and ERT data complement each other and are consistent with borehole control;
active MASW depth to top of bedrock is consistent with ERT depth to top of bedrock to
depths of at least 20 ft. Finally, anthropogenic activities, including road construction and
farming, are observed as major drivers of karst processes. The research also provides
useful data that could improve the karst inventory of Missouri and the United States as a
whole. The candidate aims to derive at least five journal and conference publications that

might be of significant interest to a broader readership from the research.

1.5. ORGANIZATION OF DISSERTATION

There are five main sections in this dissertation. Section 1 introduces the research.
It contains the problem statement, research objectives, methods adopted for the research,
and the scientific contributions of the research. Section 2 reviews existing literature on
karst, karst mitigation, and karst investigations. Section 3 provides detailed description of
the ERT and MASW techniques and discusses the theories and principles underpinning
both techniques. Section 4 contains the experimental work. It describes the experimental
design, geological setting, data acquisition, data processing and interpretation, and data
verification. Section 4 also presents results and discusses the results. The final section,

Section 5, provides conclusions.



2. OVERVIEW OF KARST

2.1. KARST

Karst is formed from the dissolution of carbonate rock (limestone or dolomite) as
well as other highly soluble rocks, including gypsum and salt. The process begins when
carbon dioxide dissolves in rainwater to form weak carbonic acid which infiltrates
geologic discontinuities (such as joints, bedding planes, and fractures) within the
carbonate bedrock (soluble bedrock) and in the process, dissolves the soluble bedrock.
Over many years, a karst landform may be formed and characterized by caves, caverns,
sinkholes, closed depressions, subsidence, subterranean drainage, sinking streams,
suffusion processes, and fissures (Martinez-Moreno et al., 2014; Pueyo-Anchuela et al.,
2010). In some instances, the dissolved bedrock may be overlain by non-soluble rock
strata, and therefore, a distinctive karst landform might not be present on the ground
surface. According to Palmer (1999), major surface karst features originate from internal
drainage, subsidence, and collapse triggered by underlying caves.

Karst is a geologic hazard and can pose significant threat to safety, property, and
groundwater. Karst hazards can be gradual, rapid, or catastrophic. Andreychouk and Tyc
(2013) classify karst hazards into gravidynamic (hazards posed by gravitational
processes) and hydrodynamic (hazards posed by movement of water) and also argue that
karst terrain is a vulnerable environment. Figure 2.1 shows karst hazard classification by
Andreychouk and Tyc (2013).

Among the karst features, sinkholes have gained more attention due to their

potential devastating effects, including fatalities, injuries, costly damage, loss of property,



increased insurance claims, huge repair and maintenance cost, and water pollution
(Andreychouk & Tyc, 2013; Currens et al. 2012; Dobecki & Upchurch, 2006; Weary,
2015). Weary (2015), for example, gathered 15 years of karst-related damages and
estimated that an average of at least $300 million is spent yearly on sinkhole collapse and

subsidence issues in the United States.

HAZARDS IN KARST
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Figure 2.1. Karst Hazard Classification (Andreychouk and Tyc, 2013)

The U.S. Geological Survey (2016) indicate that most damage from sinkholes in
the United States has occurred in Florida, Texas, Alabama, Missouri, Kentucky,
Tennessee, and Pennsylvania. For example, in November 2013 at Dunedin in Florida, a
sinkhole, at least 70 ft in width and 50 ft in depth, collapsed; injured one person,
damaged two houses and a swimming pool, and swallowed a boat. And in November
2015, a massive sinkhole, about 600—ft long, 50—t wide, and 30—ft deep, collapsed at a

parking lot in Meridian, Mississippi, sinking at least a dozen vehicles (Figure 2.2). Many



similar sinkhole issues have been reported in many other countries, including Slovenia,
China, Italy, and Malaysia (Del Prete et al., 2010; Chen, 1998; Stepisnik, 2008; Sustersig,
2002; Yassin, et al., 2013; Zhou, 1997). Andrejchuk (2002) studied the causes of the
largest sinkhole collapse that occurred above the largest Potash mine in Ural, Russia, in

June 1986. He found that a karstic cavity induced the collapse.

Figure 2.2. Sinkhole Collapse at Parking Lot in Meridian, Mississippi (CNN, 2015)

2.1.1. Karst Classification. Karst can be classified as juvenile karst (kl), youthful
karst (kII), mature karst (klll), complex karst (kIV), or extreme karst (kV) (Waltham &
Fookes, 2003). Juvenile karst has fissures widespread in the few feet nearest the surface,
is characterized by minimal permeability, and does not commonly have sinkholes.

Youthful karst is often characterized by presence of small suffusion and small
caves. Mature karst has large dissolution sinkholes, small collapse, buried sinkholes, and
caves. Complex karst is characterized by extensive large dissolution openings, many
caves, and subsidence sinkholes. Extreme karst has abundant and complex dissolution

cavities, very large sinkholes, and arches.
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2.1.2. Karst Mitigation. Karst mitigation is conducted to minimize potential risk
or damage to the environment as a result of geologic hazards, including ground collapse,
flooding, and groundwater contamination. According to Zhou and Beck (2008),
mitigation strategy should be informed by the characteristics of the karst feature and
anticipated use of the karst site. Karst features that relate water events can be mitigated
by controlling the water sources to eliminate or significantly minimize or the solution and
erosion processes. Gutiérrez et al. (2008, p.1019) outlined certain measures aimed to
mitigate the activity of karst processes. The measures are: “preventing water withdrawal
and the decline of water table; lining of canals and ditches; using flexible pipes with
telescopic joints; controlling irrigation; making the surface impermeable with
geomembranes or geotextiles; using efficient drainage systems and diverting surface
runoff; remediating sinkholes and clogging swallow holes; and improving the ground by
compaction or injection grouting to increase the strength and bearing capacity of the
soils.”

According to Gutiérrez et al. (2008, p.1018), the “safest mitigation strategy is
avoidance of subsidence features and areas most susceptible to sinkholes,” and this could
be achieved through land use regulations (Richardson, 2003). However, in areas where
developments have taken place, there are procedures to repair sinkholes and stabilize
void and prevent future reactivation of the sinkhole. For example, the Missouri
Department of Natural Resources recommend the excavation of soil materials to bedrock

surface and filling the void with size-graded gravel (graded filter) as shown in Figure 2.3.
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Figure 2.3. Schematic of Sinkhole Mitigation (Missouri Department of Natural
Resources, n.d.)

Sowers (1996) suggested grouting for filling cavities. In grout plugging, the
sinkhole throat is plugged with concrete, such that the concrete bonds with the rock at the
soil-rock interface. Cooper (1998) indicated that filling cavities with grout could lead to
focused dissolution because the grout can block underground flow conduits in the
soil/rock.

Engineering methods, including (i) excavating and throat plugging or fracture
filling and (ii) compaction grouting and cap grouting are described by Zhou and Beck
(2008). Compaction grouting plugs the throat of a sinkhole located at depth of at least 10
m and is usually conducted in the overburden or shallow rock. The method involves
drilling grouting holes into the sinkhole and its vicinity and grouting with the aim to
improve the soil or rock within the sinkhole. According to Zhou and Beck (2008),
compaction grouting can lead to focused dissolution, may be less effective in pinnacle

rock, and induce additional fractures due to hydrofracturing, when poorly designed. Cap
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grouting is usually for treating an extensive area with small but distinct fractures located
at the surface of the bedrock. It involves pumping cement at low grout pressure at the
bedrock surface to seal solution cavities and to prevent piping of soil. Cap grouting
consumes less grout than compaction grouting (Zhou & Beck, 2008). Siegel et al. (1999),

graphically present compaction and cap grouting in Figure 2.4.
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2.2. GEOPHYSICAL TECHNIQUES FOR INVESTIGATING KARST TERRAIN

Geophysical techniques have been applied successfully to image subsurface
lithologic conditions in karstic environment. Chalikakis et al. (2011) provide an overview
of the contribution of geophysical techniques to karst exploration and indicate that
geophysical techniques can provide valuable information in karstic environments.
Geophysical techniques adopt noninvasive procedures to detect or characterize the
physical properties of the subsurface. Physical phenomena that are measured by
geophysical techniques may include gravity, elastic waves, potential difference,
magnetism, and electromagnetic waves. These physical phenomena may be sensitive to
subsurface physical properties, including density, resistivity, magnetic susceptibility,
seismic wave velocity, permittivity, and conductance. Geophysical surveys carried out
prior to construction activities in karst terrain have high probability to mitigate void risks
and optimize intrusive investigations such as drilling. Geophysical exploration can be
used to estimate hazard, explore groundwater, or assess vulnerabilities in karst terrain
(Ballard et al., 1983; Bernard et al., 2006).

Geophysical techniques that have been used to map the subsurface in previous
research include electrical resistivity tomography (Kruse et al., 2006; Nouioua et al.,
2013; Obi, 2012; Stepisnik, 2008;Yassin et al., 2013), ground penetrating radar (Kruse et
al., 2006; Munroe et al., 2007; Nouioua et al., 2013; Webb et al., 2002), gravity method
(Hoover, 2003; Kamal et al., 2013), electromagnetic survey (Hoover, 2003), and seismic
surveys (De Giorgi and Leucci, 2014; Hoover, 2003; Kidanu et al., 2016). The choice of
any of the geophysical technique for an exploration depends on the physical

characteristics of the target. It has been observed that the greater the contrast, the higher
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the probability of detecting the geophysical target (Dobecki, 1990). Moreover, each of
the geophysical techniques has its strengths and weaknesses, which depend on factors
such as the geology of the subsurface, size and depth of the feature of interest, desired
image resolution, presence of water, etc.

2.2.1. Electrical Resistivity Tomography. The electrical resistivity tomography
(ERT) method determines resistivity distribution by using electrodes. The technique
involves the injection of electric current into the ground between one pair of electrode
and voltage is measured on another pair. An image of the ground in terms of resistivity is
then created. ERT is capable of mapping vertical and lateral variations in apparent
resistivity, and has the ability to approximate the shape, size, and depth of air-filled voids
(Obi, 2012).

2.2.2. Ground Penetrating Radar. Ground penetrating radar (GPR) uses
electromagnetic waves to map the subsurface. The GPR tool has a shielded transmitter
antenna which emits electromagnetic pulse at regular intervals as it traverses the ground
surface. As the pulse encounters a change in lithologic properties, parts of the pulsed
energy is reflected back to the receiver of the GPR. The GPR receiver records the
magnitude and arrival times of the reflected pulsed energy. The velocity of a GPR pulse
is inversely proportional to the square root of dielectric permittivity of the material
through which it propagates.

The GPR technique can be used to locate buried facilities, detect voids/cavities,
and map bedrock depth fractures. It has also been used extensively in geotechnical
foundation investigations, as well as archaeological, environmental, and hydrogeological

studies (Huisman et al., 2003; Kruse et al., 2006; Munroe et al., 2007; Nouioua et al.,



15

2013; Saarenketo & Scullion, 2000; Webb et al., 2002). For example, Grandjean et al.
(2000) used the GPR technique to evaluate a test site for civil engineering applications.
GPR signals are attenuated very rapidly in clay medium, as clay is a high conductive
material and capable of absorbing the GPR signal. It therefore becomes difficult to image
areas containing substantial amount of clay using the GPR technique.

2.2.3. Gravity Method. The gravity method is used to measure differences in
gravitational field at specific locations on the ground surface. It can be used to locate
karst features, covered stream basins, and determine soil (layer) thickness. The principle
is based on contrasting densities of the subsurface materials. Different earth materials
have different densities which give rise to varying gravitational field. The variations in
gravitational field are then used to estimate the depth and geometry of buried features.
The gravity method however, has a set of drawbacks including topographic changes,
earth tides, and rotation, which must be corrected before proceeding with modeling and
interpretation of data (Obi, 2012).

2.2.4. Electromagnetic Survey. Electromagnetic surveys use electromagnetic
induction to determine ground conductivity. The tool for electromagnetic (EM) survey
consists of a transmitter and a receiver which are spaced at a fixed configuration. The
transmitter generates primary electromagnetic field to induce secondary magnetic field
which is detected by the receiver. The magnitude of the secondary magnetic field
detected by the receiver is a function of the ground conductivity; different subsurface
materials have different conductivity.

In the field, EM data is typically collected in a grid; the size of the target

determines the spacing of the grid-lines and recording stations. For smaller targets, closer
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survey lines and denser spaced readings are used. Electromagnetic survey adopts
different frequencies to image the subsurface. Low frequencies are capable of imaging
large underground cavities, while high frequencies are used to detect smaller targets at
shallow depth. Obi (2012) indicated that air-filled voids or fractures are transparent to
electromagnetic signal and are difficult to detect. Another limitation is the difficulty in
isolating changes in depth to bedrock from lateral changes in electrical conductivity.

2.2.5. Seismic Surveys. Seismic surveys utilize acoustic waves generated by
impact or explosive source to image the subsurface. Applications of this technology may
include, but not limited to depth-to-bedrock, layers of overburden, voids, and faults.
Seismic survey methods used in imaging Kkarst terrains include multichannel analysis of
surface waves (MASW), seismic refraction and seismic reflection techniques. The
MASW tool consists of a seismic source (e.g sledge hammer) and receiver arrays
(geophones), typically used for exploring to depths of about 100 ft (30 m). The MASW
measures surface waves generated by the seismic source, analyzes the velocities of the
surfaces waves, and generates a shear-wave velocity profile of the subsurface. The shear-
wave velocity is a measure of material stiffness; the higher the shear-wave velocity, the
stiffer the material.

The seismic refraction technique utilizes refraction of seismic waves from
geologic interfaces to characterize subsurface geologic structures and conditions. The
technique is governed by Snell’s Law and principally consists of an array of geophones
and a seismic source. The seismic refraction technique operates on the principle that
different materials have different characteristics, and therefore will exhibit varying

seismic wave velocities. Seismic waves travel through the ground when the seismic
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energy source is triggered. As the waves encounter a change in lithologic properties,
some of the seismic energy is refracted back to the surface, while the remainder
propagates further downwards at a refracted angle. Geophones located on the ground
surface record the arrival times of the refracted seismic energy. Based on the travel time
data, a velocity model of the subsurface can be generated, and available borehole records
could further be used to calibrate the model to establish the levels of subsurface layers
with much confidence.

Seismic reflection technique is similar to the seismic refraction method. The
seismic reflection technique images the lithologic interfaces between materials with
contrasting acoustic velocities. The contrasting acoustic velocities translate to differences
in the elastic properties of the material and density. Seismic energy is generated at the
surface by an impact or an explosion. This causes the propagation of seismic waves
through the subsurface, where they get reflected at interfaces of contrasting seismic
velocities. Geophones along the survey line on the ground surface record the magnitude
and arrival times of the reflected acoustic energy. Seismic reflection identifies variations
in material type with depth and horizontal position. The technique is capable of providing
detailed information about “geometry of sedimentary sequences, structural faults, igneous
intrusions and evaporite deposits” (RSK Geophysics, n.d., p.25). Seismic reflection can
be used for stratigraphic mapping, geological mapping, and to determine depth-to-

bedrock.
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3. ERT AND MASW TECHNIQUES

3.1. ERT TECHNIQUE

The concepts and theories underpinning the ERT technique are described in the
following sections.

3.1.1. Brief Introduction to ERT. The ERT technique is a noninvasive
geophysical method that is used to determine electrical resistivity distribution of the
subsurface. It is based on the principle that subsurface materials have unique electrical
characteristics, and thus, the technique utilizes contrasting electrical properties to map
and characterize the subsurface. In the field, electric current is transmitted into the ground
through a pair of electrodes, resulting in a potential difference measured by another pair
of electrodes. ERT can map lateral and vertical variations in apparent resistivity of
geologic materials and can approximate the size, shape, and depth of water or air-filled
cavities. The ERT technique depends on certain concepts discussed in the following
subsections.

3.1.2. Resistivity Theory. Resistivity logging is based on important equations
that relate the resistivity of the subsurface to the resistivity of saturating fluids, porosity,
and fractional degree of saturation of each fluid. Fundamentally, the resistivity equations
have been derived from Ohm’s law, which states that the current flowing through a
conductor from point A to point B is directly proportional to the potential difference
between the two points. Hence,

| =CcAV (3.1)
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where | is the current measured in amperes (A), AV is the potential difference in volts
(V), and c is a constant of proportionality called conductance measured in siemens (S).
But electrical resistance (R) is the inverse of conductance. Therefore, Equation 3.1

becomes

Resistance is a function of material properties (resistivity) and the shape of the
material through which the current flows. Considering a cylindrical rock sample of length

L and cross-sectional area A (Figure 3.1), the resistance to current flow is given by

Equation 3.3:
L
R=p—. 3.3
Py (3.3)
L
Thus, p= RZ (3.4)

where p is the resistivity of the rock sample.
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[ |, Length L |

Figure 3.1. Ohm’s Law for Cylindrical Rock Sample

In practice, resistivity measurements are done using a pair of current-inducing

electrodes and potential difference measured at two other electrodes. In Figure 3.2
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(typical array), A and B are the current electrodes, and C and D are the potential

electrodes.
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Figure 3.2. Arrangement of Current and Potential Electrodes

Assuming a uniform earth, resistivity can be calculated from Equation 3.5:

where K is a geometric factor given by
1

K= 1 1 1 ' (36)
(23 ) (-3

For a Wenner array (Figure 3.3),
r, = Ry =a(constant)and r; = R, =2a

Hence, K =27a. (3.7)
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Figure 3.3. Wenner Array

3.1.3. Electrode Arrays. Electrode arrays that are commonly used for electrical
resistivity measurements include the Wenner, Schlumberger, dipole-dipole, and pole-
dipole arrays (Figure 3.4). The choice of a particular array depends upon the
characteristics of the target feature, sensitivity of the resistivity system, and background
noise. Loke (2011) mentions investigation depth, array sensitivity, horizontal data
coverage, and signal strength as characteristics that should be considered for the choice of
an array for a field survey and further discusses the advantages and disadvantages of each
electrode array. For example, he states that the Wenner array is appropriate for a noisy
environment and has good vertical resolution, but is poor in detecting horizontal changes.

3.1.4. Geology and Resistivity. The flow of electric current in earth materials at
shallow depths is by electronic and electrolytic conduction. Electronic conduction
involves the flow of current through free electrons, while electrolytic conduction is due to
the flow of ions. Electrolytic conduction is a common mechanism in environmental and
engineering surveys. According to Cardimona (2002), resistivity is a function of
saturation, salinity, and porosity and increases with the decreasing number of water-filled
fractures. Hence, compaction of soils or rock units will result in increasing resistivity.

Variations in the resistivity distribution of the subsurface are therefore controlled

by the characteristics and nature of the subsurface lithologic units. Figure 3.4 shows the
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resistivity of some rocks, soils, and chemicals. The resistivity of igneous and
metamorphic rocks mainly depends on the extent of fracturing and moisture content.
Depending on the degree of wetness or dryness, the resistivity of these rocks may vary
from 1,000 to over 10 million Q'm. Sedimentary rocks are typically more porous and
therefore have a higher water content, resulting in low resistivity that may range from 10
to 10,000 Q'm.

Unconsolidated sediments (e.g., alluvial deposits) have low resistivity values
ranging from 10 to less than 1000 Q-m due to their degree of saturation. Unconsolidated
sediments have a higher porosity and a high clay content. Clay is very conductive and has
lower resistivity than sand. As previously stated, porosity, degree of saturation, and
salinity can alter the resistivity of subsurface materials and cause an overlap of resistivity
for such rock types. Therefore, direct sampling, geophysical, or geotechnical information
may be required to ascertain subsurface lithologic units. Cardimona (2002) summarized
some typical resistivity values as shown in Table 3.1. Resistivity of groundwater ranges
from 1 to 100 Q-m with a typical value of 5 Q'm, while seawater has a very low

resistivity of about 0.2 Q-m due to its high salt content.

Table 3.1. Typical Resistivity of Earth Materials

Common Resistivities (ohm-m)
Material Resistivity range Typical
Value
lgneous & 102 - 108 1ﬂ‘;‘
Metamporphic rocks 10
Sedimentary rocks 10-108 103
Uneonsolidated 1071 - 104 103
Groundwater 1-10 5
Pure watar 103
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Resistivity in ohm.m
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Figure 3.4. Resistivity of Earth Materials (Daniels and Alberty, 1966; Keller and
Frischknecht, 1966; Telford et al., 1990)

Electrical conduction through rocks composed of nonconductive minerals and

saturated with water is governed by Archie’s law, given by

p=ap, 4" (38)
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Where p is resistivity of the rock, py is resistivity of the fluid, ¢ is the fraction of the rock
filled with the fluid, and a and m are empirical parameters. For most rocks, a is about 1,
while m is about 2.

3.1.5. Inversion Theory. Resistance measurements are normally reduced to
apparent resistivity values after the field survey. Computer software (e.g.
RES2DINV/RES3DINV) is usually used to convert the suite of apparent resistivity
values into a resistivity model section used for geological interpretation. The conversion
process is described by Loke (2011, 2004, 2000).

In dealing with resistivity data, it is important to remove bad data points (outliers)
to obtain representative results to boost interpretation. These bad data points can result
from systematic or random noise. Systematic noise is shown as unusually high or low
values and can be caused by breaks in the cable, weak electrode contact with the ground,
a disengaged clip and electrode connection, or wrong cable connection.

Random noise can result from effects such as telluric currents and is more
common with dipole-dipole and pole-pole arrays. It is impractical to manually remove
random, bad data points since such noisy data points are not obvious. Figure 3.5 shows
field data with bad data points.

3.1.6. Considerations and Limitations of the ERT Technique. The automated
multi-electrode ERT technique is an effective method for characterizing subsurface
lithologic and morphologic conditions. The deliverable is a 2-D ERT image of the
subsurface with superposed geologic interpretations.

It is assumed that variations in the resistivity at a specific location reflect changes

in soil/rock lithology and moisture content. Interpretations are generally reliable,
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especially if borehole control is available to constrain or verify interpretations. One-
dimensional (1-D) and 3-D ERT data can be acquired. In water, ERT data can be
acquired in using specialized marine cables. Interpretations, especially when constrained,
are reliable (less so in stratigraphically/structurally complex areas). Further, there is
limited potential for equipment error as instrument is self-testing. However, reliability of
interpretations decreases as the lateral and vertical heterogeneity of soil/rock increases.
The choice of the ERT technique for the acquisition of geophysical data depends
on certain factors and considerations which are summarized in Table 3.2 (N. Anderson,
personal communication, August 17, 2015). Such factors and considerations include

utility, reliability, and reproducibility of typical deliverables.
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Table 3.2. Considerations and Limitations of ERT

Utility of typical ERT interpretations can be used for mapping/identifying:
deliverable e variations in rock quality and lithology;

e depth to top of rock;

e pattern, placement ,and density of solution-widened cavities;
e pattern, placement, density and offset of faults;

e air-filled voids and water- or clay-filled cavities;

e depth to top of water table;

e distribution of moist soil, dry soil, moist rock, and dry rock;
e distribution of soil types (e.qg. silty or clayey soil);

e groundwater flow pathways.

Reliability of Output of data processing: An uninterpreted ERT profile
typical deliverable | (output of automated processing) will be reliable if the field data
are good quality and if the 3-D subsurface through which the
current flows can be reasonably well represented by a 2-D ERT
profile. This assumption is wusually less valid in more
structurally/stratigraphically complex areas. The inversion
software generates an error estimate for each output
uninterpreted ERT profile.

Deliverable: An interpreted ERT profile is reliable if it
accurately depicts resistivity variations in the subsurface and if

ground truth is used to constrain and verify the interpretation.
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Table 3.2. Considerations and Limitations of ERT (cont.)

Reproducibility of

typical deliverable

The electrical resistivity of soil and rock varies with the moisture
content of the subsurface, which causes corresponding changes
in the resistivity values displayed on acquired ERT data.
However, the resultant geologic interpretation of the output ERT
profile does not change significantly in most cases. Experienced
interpreters can produce similar 2-D geologic interpretations if
good quality ERT data are acquired and if ground truth is

available.

Data collection
method
(automated, semi-
automated,

manual)

ERT data can generally be acquired (start to finish) along a 395
ft traverse (using 80 electrodes spaced at intervals of 5 ft) in
about 3-4 hours. Data collection is slowed because electrodes
(stainless steel spikes, typically 18 in. in length) need to be
manually inserted into the ground at multiple locations along the
length of the traverse and connected to the resistivity meter via
cable. However, the recording of the ERT field data is fully
automatic.

Depth of an investigation can be increased by increasing the
length of the array; resolution can be increased by decreasing the

electrode spacing.

Network-level

investigations

Not applicable to network-level investigations.
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Table 3.2. Considerations and Limitations of ERT (cont.)

Applicability
for project-level

investigations

Very applicable to project-level investigations where detailed
stratigraphic and/or structural information about the subsurface is

required.

Advantages

e ERT data are in relatively high resolution (compared to other
geophysical methods capable of imaging the subsurface to
depths in excess of 50 ft).

¢ Resolution can be increased by decreasing electrode spacing.

e Depth of an investigation can be increased by increasing array
length.

e The subsurface can be imaged to depths in excess of 100 ft
unless site access is limited.

e ERT data can, with some degree of difficulty, be acquired across
paved roadways.

e Limited potential for human error.

e Tool is noninvasive, except for insertion of metal electrodes.

e Data collection is relatively rapid and automated (except for the
insertion of electrodes and the coupling of cables).

e The processing of field data is automated (user input is required
when data are noisy).

e Data can be processed and interpreted (preliminarily) on-site.

e Field data are reproducible except in “noisy” areas.
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Table 3.2. Considerations and Limitations of ERT (cont.)

Disadvantages

e Ground truth is required to accurately constrain
geologic/hydrologic interpretations.

e Resolution and reliability of data decrease with increasing
depth.

 Reliability decreases as heterogeneity of soil/rock increases.

e The array of electrodes must be ~5x the desired maximum
depth of investigation.

¢ Full depth coverage is achieved only beneath the central third
of the array.

e ERT data are not normally acquired while it is raining since
moisture can damage non-waterproof cable electrode
connections.

¢ Rain, high humidity, and high temperatures can damage the
resistivity meter.

e It can be very difficult to couple electrodes to frozen ground.

e Crew productivity decreases in adverse weather conditions.

e ERT field data quality can be adversely affected if traverses
are located in close proximity to utilities or parallel to
grounded fences or guard rails.

e Elevation control along ERT traverses is required, if the

elevation differences exceed 1 ft.
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Table 3.2. Considerations and Limitations of ERT (cont.)

Recommendations | The acquisition of 2-D ERT data is recommended at any location
where detailed geologic control is required. The ERT tool is
normally a great tool for imaging the subsurface between and
beneath boreholes.

If possible, the ERT array should be oriented perpendicular to the

strike of linear features of interest.

3.2. THE MASW TECHNIQUE

The MASW technique, which is the second geophysical technique employed for
the acquisition of subsurface data is described in the following sections. The theories and
governing equations of the MASW technique are discussed.

3.2.1. Brief Introduction to MASW. The MASW technique was first introduced
by Park et al. (1999) and is used to evaluate the elastic conditions of soil or rock. The
MASW technique measures surface waves from acoustic sources and analyzes the
propagation velocities of the surface waves to generate shear-wave velocity variations at
the surveyed location.

The shear-wave velocity is an elastic constant, which is closely related to Young’s
modulus, and is a measure of stiffness. The MASW survey yields shear-wave velocity
information that can be presented in 1-D, 2-D, or 3-D formats. The concepts and
procedure governing the MASW technique are discussed in the following thematic

sections.
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3.2.2. Overview of Waves. Body waves (compressional and shear waves) and
surface waves (Rayleigh and Love waves) are generated by discharging an acoustic
source on the surface. While body waves propagate deeper into the subsurface, surface
waves are confined to the shallow subsurface and propagate radially away from the
source. Body waves are non-dispersive and travel through a medium with a speed
proportional to the density of the medium and its modulus.

The two types of body waves are categorized according to the mode of
propagation involving particle movements. The particle motion can be longitudinal (P-
waves) or transverse (S-waves or shear waves) to the direction of the traveling wave
(Figure 3.6). Compressional waves transfer energy by compressing and dilating particles
as the wave passes through a medium and travel at 1.5-8 km/s. Compressional waves
travel through the earth’s core and shake the ground in the direction of propagation.
Shear waves, however, are 1.7 times slower than compressional waves and are second to
arrive at a seismic station. Shear waves shake the ground perpendicular to the direction of
propagation and do not propagate through liquids.

Surface waves (Rayleigh and Love waves), on the other hand, travel along the
surface or along the boundary of dissimilar materials. Surface waves arrive after
compressional and shear waves. Rayleigh waves are characterized by retrograde particle
motion, while Love waves have particle motion transverse to the direction of
propagation, but with no vertical motion (Figure 3.7). The MASW technique employed in
this research is based on the Rayleigh waves. Love waves are being currently explored

for the acquisition of MASW data. For example, the Kansas Geological Survey more
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recently upgraded the MASW data processing software (SurfSeis5) to enable the

processing of data acquired with the use of Love waves.
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3.2.3. Rayleigh Waves. Rayleigh waves propagate in same manner as ocean
waves and get smaller as they propagate deeper in the ground. Rayleigh waves are
dispersive since different wave frequencies travel with different phase velocities.
Rayleigh wave velocity decreases with increasing depth. The highest Rayleigh wave
frequency involves particle motion at shallow depths, intermediate frequencies at
intermediate depths, and the lowest frequency at greater depths. Hence, Rayleigh waves
are attenuated as depth increases. In order to image the subsurface to a reasonable level of
accuracy at depth, Rayleigh wave velocity is approximated to be 0.9 times the
corresponding shear-wave velocity. As a result, Rayleigh wave phase velocity versus
frequency data can be transformed into depth versus shear wave velocity data.

Rayleigh wave phase velocity in a uniform medium is constant and can be
determined using Equation 3.9,

VS —8B°V; +(24-16B%/0®)B*VE +16(B*/a® —1)B° =0 (3.9)
where Vg is Rayleigh wave velocity, B is shear-wave velocity, and o compressional wave
velocity.

Rayleigh wave velocity is more sensitive to variations in shear-wave (B) velocity
than variations in compressional wave velocity (o). Therefore, a value of Poisson’s ratio
is often assumed such that the Rayleigh wave velocity (Vg) through soil and rock is
approximately 90% of the shear-wave velocity. Thus,

V, =~0.98. (3.10)

3.2.4. MASW Survey Procedure. The MASW surveys normally involve the
following steps (Park et al., 1999).

1. Acquisition of multichannel records.
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2. Conducting dispersion analysis.
3. Inverting dispersion curves to obtain 1-D (depth) Vs.
4. Stacking multiple 1-D results into 2-D or 3-D profiles.

The MASW data acquisition method can be categorized into an active or passive
method depending on the nature of the seismic source. The active MASW that was
employed in this research uses an active seismic source, such as a sledge hammer and a
linear receiver array (Figure 3.8).

Data in an active MASW survey is collected in a roll-along manner. The distance
of the source is known in the active MASW. The passive MASW method uses surface
waves generated from natural or ambient cultural activities (including earthquakes,
thunder, traffic from vehicular movements, industrial noise, etc.). The distance of the
source in this method is unknown.

The passive MASW can be categorized into passive remote MASW (Park et al.,
2007) or passive roadside MASW (Park and Miller, 2008) depending on the receiver
configuration. The passive remote MASW utilizes a 2-D receiver array, while the passive
roadside MASW uses a horizontal 1-D receiver array. According to the Kansas
Geological Survey (2014), optimizing the source distance can improve the quality of
dispersion curve imaging and interpretation. The passive method may not be used in
areas where naturally or randomly occurring noise is absent.

Dispersion analysis is the first step of data processing in the MASW method. The
objective of dispersion analysis is to generate dispersion curves for inversion. The
dispersion analysis has traditionally considered the estimation of only the fundamental-

mode curve. Curves of higher modes are occasionally estimated in addition to the
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fundamental mode in recent times. Inversion is done to generate a 1-D Vs structure from

the dispersion curve.
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Figure 3.8. Typical Field Setup of the Active MASW Survey (MASW, n.d.)

In the inversion process, a synthetic fundamental mode dispersion curve is

matched with a curve picked from the data. A Vs model is constructed automatically or

manually, and then a synthetic dispersion Vs curve is generated. Iterative adjustment is

done on the initial Vs model to improve the fit between the two Vs curves. Inversion is

focused on matching dispersion curves rather than Vs profiles because Vs changes in

Rayleigh wave velocity are not directly proportional to changes in Vs (non-linearity)

(Reynolds International, 2011). The MASW field data acquisition and processing

procedures are summarized by Park et al. (2007) in Figure 3.9.
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Figure 3.9. Schematic of MASW Data Acquisition and Processing Procedure (Park et al.,
2007)

3.2.5. Considerations and Limitations of the MASW Technique. The MASW
technique has been used to evaluate ground stiffness for various types of environmental,
geotechnical, and engineering projects. The MASW tool is noninvasive and is capable of
generating reliable 1-D and 2-D shear-wave velocity profiles of the subsurface in areas
where the subsurface is neither stratigraphically nor structurally complex. Additionally,
there is limited potential for human error during data acquisition and processing.

However, reliability of data interpretations decreases as vertical and lateral
heterogeneity of soil/rock increases. Ground truth is also required to accurately constrain
and verify geologic interpretations of MASW data. Table 3.3 provides a summary of the
considerations and limitations of the MASW technique (N. Anderson, personal

communication, March 17, 2016).
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Table 3.3. Considerations and Limitations of the MASW Technique

Description of

typical deliverable

The typical deliverable of a MASW survey is a 1-D shear-wave
velocity profile of the subsurface often with superposed geologic
interpretations. Typically, the subsurface is imaged to a depth of
approximately 100 ft or less (if sledge hammer, weight-drop or
other relatively small magnitude active sources are employed). If
passive surface wave sources are utilized, the 1-D shear-wave
velocity profile can be extended to depths of several hundred

feet.

2-D shear-wave velocity profiles can be created by acquiring
MASW field records at multiple locations along a traverse. The
1-D shear-wave velocity profiles generated for each location can
be appropriately placed side by side and contoured, thereby

generating a 2-D shear-wave velocity profile.

Utility of typical

deliverable

The output 1-D shear-wave velocity profile can be useful in
highway construction and/or maintenance. For example, a shear-
wave velocity profile that extends to depths of 100 ft can be used
for earthquake site classification purposes. Although the
interfaces between adjacent velocity layers on a 1-D shear-wave
velocity profile may not correlate to specific geologic contacts,
the velocity assigned to each layer may be indicative of the

dominant lithology of that layer (e.g., sand, clay, limestone).
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Table 3.3. Considerations and Limitations of the MASW Technique (cont.)

Utility of typical

deliverable

Furthermore, the depth to the interface between an overlying
layer with a shear-wave velocity consistent with that of soil and
an underlying layer with a velocity consistent with rock can be

indicative of the depth to top of rock.

2-D shear-wave velocity profiles can also be of significant
utility. Variable depth to the top of rock, low velocity zones,
lateral and vertical changes in lithology, etc., can often be
inferred on the basis of the interpretation of the 2-D shear-wave

velocity profiles.

Reliability of

typical deliverable

If high quality MASW field data are recorded, and if the
subsurface can be reasonably well-represented by a layered
velocity model (this assumption is usually less valid in more
structurally/stratigraphically complex areas), the output 1-D

and/or 2-D shear-wave velocity profiles can be very reliable.

If ground truth is available, the superposed geologic

interpretations can also be highly reliable.

Reproducibility of

typical deliverable

If the subsurface is stratigraphically and/or structurally complex,
the output 1-D shear-wave velocity profile generated for a
specific observation location can vary if the length and/or

orientation of the geophone array are changed.
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Table 3.3. Considerations and Limitations of the MASW Technique (cont.)

Reproducibility of

typical deliverable

However, if good quality field data are acquired, if the
subsurface can be well-represented by a layered-velocity model,
and if ground truth is available, experienced interpreters will
produce very similar 1-D or 2-D shear-wave velocity profiles

and comparable superposed geologic interpretations.

Data collection
method
(automated, semi-
automated,

manual)

An array of geophones (typically 24) are placed on the ground
surface at uniform intervals and connected to an engineering
seismograph. The length of the array should be approximately

equal to the desired maximum depth of investigation.

If active MASW data are desired, an acoustic source is
discharged off the end of the array (typically ~20 ft depending on
the length of the array) and the generated surface wave signal is
recorded as it passes through the geophone array. Active data are
normally used to generate relatively high-resolution 1-D shear-

wave velocity images of the upper 100 ft.

If high-resolution images of the shallow subsurface (to depths
significantly less than 100 ft) are required, shorter geophone

arrays and lower magnitude acoustic sources can be employed.

If passive MASW data (only) are desired, a field source is not

employed.
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Table 3.3. Considerations and Limitations of the MASW Technique (cont.)

Rather, the user simply places a linear or symmetric array of
geophones on the surface and records passive surface wave
signal generated by non-active sources (includes traffic, distal
earthquakes, quarry blasts, etc.). Passive MASW data are
normally used to generate lower-resolution 1-D shear-wave

velocity images extending to depths of multiple hundreds of feet.

Combination active/passive MASW data can be acquired.

Data collection
method
(automated, semi-
automated,
manual)
Applicability  for

network-level

investigations

Not applicable to network-level investigations as data acquisition

is relatively slow.

Applicability
project-level

investigations

for

Applicable to project-level investigations. Tool can often be used
to generate reliable 1-D and/or 2-D shear-wave velocity profiles

of the subsurface.

It is usually relatively easy to acquire high quality active MASW
data even in acoustically noisy areas and across paved, rocky,
frozen, muddied, graveled, or sandy surfaces. Passive ReMi data
are usually easy to acquire in a DOT ROW because traffic is a

great source of passive surface wave energy.

Advantages

e If ground control is available, reliable geologic models

can be generated.
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Table 3.3. Considerations and Limitations of the MASW Technique (cont.)

Advantages

Depth of investigation is typically on the order of 30 ft
when active sources are employed, but much greater if
passive sources are utilized.

Average shear moduli can be assigned to each “velocity
layer” imaged.

Data can be acquired while it is raining as long as the
recording instrument is protected.

Data can be processed in the field.

Data processing is semi-automated and relatively fast.
Superposed geologic interpretations, especially when
constrained, are reliable (less o) in
stratigraphically/structurally complex areas).

High quality data can often be acquired even in
acoustically noisy areas and across paved, rocky, frozen,

muddied, graveled or sandy surfaces.

Disadvantages

Ground truth is required to accurately constrain geologic
interpretations.

Crew productivity decreases in adverse weather
conditions.

A suitable source of passive surface wave energy may

not be present at the survey site during data acquisition.
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Table 3.3. Considerations and Limitations of the MASW Technique (cont.)

Disadvantages

o Reliability of interpretations decreases with depth and as
the lateral and vertical heterogeneity of soil/rock

increases.

Recommendations

The acquisition of active MASW data is recommended at any
location where general information about
stratigraphy/structure/elastic moduli of shallow (depths < 30 ft)

soils and/or rock is required.

If high-resolution images of the shallow subsurface (to depths
significantly less than 100 ft) are required, shorter geophone

arrays and lower magnitude acoustic sources can be employed.

If greater depths of investigation are required, the acquisition of

combination active/passive MASW control is recommended.
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4. EXPERIMENTAL WORK

4.1. OVERVIEW

An experimental study was conducted to address the objectives of the research.
As stated in Section 1 of this dissertation, the specific goals of the research are to (i) use
the ERT and active MASW techniques to map and characterize the subsurface in karst
terrain; (ii) map variations in the engineering properties of soil/rock in karst terrain; (iii)
map variable depth to top of rock; (iv) explore the utility of the ERT and active MASW
techniques in karst terrain; (v) determine the factors that contribute to karst development;
and (vi) propose karst mitigation strategies.

To address the goals of the research, a potential karst terrain was chosen for the
experimental study. Desk study was conducted and a plan for the execution of the
research was developed together with the determination and assignment of logistics prior
to the field work. Modifications to the plan were made based on site conditions during
data acquisition. Both geophysical and conventional data, including 2-D ERT data, 1-D
MASW data, and borehole control, were part of major data acquired from the
experimental site.

This section therefore describes the methods adopted in this research and informs
the reader about the experimental site (study area), geological setting, and data
acquisition, processing, interpretation, and verification procedures. A description of the
study area, research approach, and techniques employed for the research are provided in
this section to help the reader appreciate the subject matter. To address the objectives of

the research, three thematic topics are used: (a) mapping subsurface and acoustic
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properties of soil/rock in karst terrain; (b) imaging subsurface in karst terrain using 2-D
ERT and 1-D MASW techniques; and (c) determining drivers of karst processes and
mitigation. The reason for the choice of the experimental site and the rationale for each of
the thematic topics have been discussed. The following subsections describe the study
area, data acquisition and processing techniques, provide the results of the study, and

discuss the results.

4.2. STUDY AREA DESCRIPTION

The study area is located near the city of Springfield in southwest Missouri in the
United States (Figure 4.1). Springfield is found in Greene County and is the county’s seat.
The state of Missouri borders eight different states, on the north by lowa; on the south by
Arkansas; on the east by Illinois, Kentucky, and Tennessee; and on the west by Oklahoma,
Kansas, and Nebraska. Vandyke (1993) documented the geologic and stratigraphic units
in Greene County (Table 4.1).

Bedrock comprises Mississippian limestones and cherty limestones, which are
underlain by Ordovician and Cambrian rocks. These three sedimentary rock systems
(Cambrian, Ordovician, and Mississippian) were deposited on a crystalline rock of the
Precambrian System. The Cambrian System is overlain by the Ordovician System,
comprising the Gasconade Formation, Roubidoux Formation, Jeffersion-City Formation,
and Cotter Formation. The Gasconade Formation, which is the basal unit in the
Ordovician System, is composed of Gunter Sandstone, Lower Gasconade Dolomite, and
Upper Gasconade Dolomite. The Gasconade Formation has total thickness 375 ft, the

Roubidoux Formation has thickness 150 ft, and the Jefferson-City and Cotter Formations
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together are 600 ft thick. The Cambrian System consists of the Lamotte Formation,
Bonneterre Formation, Davis Formation, Derby-Doerun Formation, Potosi Formation,
and Eminence Formation. The Cambrian System has a total thickness of about 1000 ft:
Lamotte Formation (150 ft); Bonneterre Formation (200 ft); Davis Formation (150 ft);
and Derby-Doerun Formation, Potosi Formation, and Eminence Formation (500 ft).

The Mississippian System, which has thickness of at least 425 ft, is made up of
six formations: Compton, Northview, Pierson, Reeds-Spring, Elsey, and the Burlington-
Keokuk Formation. The Mississippian System starts with the Compton Formation with a
thickness 30 ft. The Compton Formation is overlain by the Northview Formation with
thickness up to 80 ft. The Pierson, Reeds-Spring, and Elsey Formations have total
thickness of more than 240 ft and overly the Northview Formation. The youngest
formation in the Mississippian System, the Burlington-Keokuk Formation has a thickness
of 150 — 270 ft.

The Mississippian Burlington-Keokuk Limestone, which is exposed in some
places, is pervasively fractured and extensively karsted. The karsted limestone bedrock is
susceptible to dissolution by slightly acidic percolating waters. In the Mississippian
Burlington-Keokuk Limestone, layers of limestone are interbedded with thin layers of
chert. Bedrock is highly and unevenly dissolved, resulting in an irregular bedrock-
overburden interface. Surface topography is undulating with surface flow commonly
intercepted by roadways. Soils at the study area are mainly residual soils compacted or
eroded in some places. Farming activities are commonly observed at the study area.

Kidanu et al. (2016) and Muchaidze (2008) further describe the geology and stratigraphy
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of the study area and Greene County in general. These authors describe the genesis and

composition of the various rock formations.

Table 4.1. Geology and Stratigraphy of Greene County (Vandyke, 1993)

System Series Group Formation Th'gfl:)n €ss
. Burlington-Keokuk Formation 150-270
[ (9]
2 % Elsey Formation 25-75
i & Reeds-Spring Formation 125
2 Pierson Formation 90
= Kinkerhookian | Chouteau Northview Formation 5-80
Compton Formation 30
Cotter F.ormatlon . 600
Jefferson-City Formation
= - Roubidoux Formation 150
'S 2 Upper Gasconade
> I [<5) H
3 = 3 5 Dolomite 350
o) O S B Lower Gasconade
3 g Dolomite
O L Gunter Sandstone
25
Member
Eminence Formation
c Potosi Formation 500
= @ Derby-Doerun Formation
‘é Upper S ; )
8 i Davis Formation 150
Bonneterre Formation 200
Lamotte Formation 150

Precambrian

Crystalline rock

The study was conducted on a 200 acre site proposed for the disposal of industrial

solid waste. Industrial solid waste may contain toxic heavy metals such as arsenic,

mercury, and lead that can pollute groundwater and threaten the health of consumers.

Therefore, the disposal of industrial solid waste in karst terrain must be given critical
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consideration because inadequate environmental and engineering investigations of the
subsurface could lead to significant environmental and safety issues when the waste is
deposited. Accordingly, the proposed industrial solid waste site offered an area of
significant choice for this study. This is because this study involves detailed subsurface
investigations and employs advanced and state-of-the-art techniques to obtain unique and

complex information for environmental, geological, and geotechnical purposes.
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Figure 4.1. Study Area

4.3. EXPERIMENTAL DESIGN

Geophysical and conventional techniques were employed in the acquisition of
data for this research. Geophysical techniques used included the ERT and MASW

techniques, while conventional techniques mainly comprised site inspections and
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acquisition of ground truth (borehole control). Additional methods employed included
digital terrain modeling and acquisition of historic data.

4.3.1. ERT Technique. The ERT technique employed a multi-electrode
resistivity system powered by a 12-volt deep cycle marine battery, 5 ft electrode spacing,
and a dipole-dipole array configuration with the intent to map the subsurface to a depth of
at least 100 ft. The resistivity meter used in this study is the SuperStingR8 developed by
the Advanced Geosciences Inc. (Figure 4.2). The resistivity measurements employed 168
electrodes mounted on a coaxial cable. In the field, a measuring tape is typically placed
horizontally on the ground surface across the orientation of the subsurface feature to be
imaged. The purpose of the measuring tape is to ensure the accuracy of the electrode
spacing. The electrodes are ground-coupled using metal stakes and then connected to the
SuperStingR8 resistivity meter. The field setup is checked and corrected for setbacks
such as improperly connected cable, weak electrode contact, or wrong cable connection
and the appropriate data acquisition settings applied. A test run is conducted on the setup
and any detected anomaly is corrected before the actual data acquisition. Data is
automatically stored in the resistivity system.

Data acquisition times vary depending on site conditions or the acquisition
settings applied. For example, an icy or a muddy ground can delay the setting up of the
resistivity system and increase the data acquisition time. Furthermore, a resistivity system
that is set to re-acquire data if the initial data acquired were noisy might take a longer
time to complete the data acquisition process. A three-member crew would typically
acquire 800 ft to 1200 ft of data in a single working day if 5 ft electrode spacing is

employed and if crew movement is not impeded.
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A — electrode

B — metal stake

C — coaxial cable
D — measuring tape
E — deep cvcle marine battery
F — resistivity meter

Figure 4.2. ERT Setup

The resistivity measurements stored in the resistivity system are downloaded onto
a laptop computer following data acquisition in the field. The resistivity data can quickly
be processed in the field to check the quality of the data before the equipment and its
accessories are disassembled and the crew departs the field. The actual data processing or
inversion is completed post-field in a laboratory using inversion software such as
RES2DINV. During the inversion process, an apparent resistivity model is compared
with a synthetic model through seven iterations. The number of iterations can be varied
by the software user. However, the manufacturer’s recommendation of seven iterations is
commonly adopted. Topographic corrections can be applied during data processing such

that the final two-dimensional output displays the nature of the surface terrain. Multiple
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parallel profiles of the same traverse length can be lined up to give a three-dimensional
view of the subsurface or the target of interest.

4.3.2. MASW Technique. Surface wave data for the MASW technique were
acquired using an engineering seismograph powered by a 12-volt deep cycle marine
battery. Geophone spacing of 2.5 ft and 5 ft were adopted with source offset of 10 ft.
Geophone frequency of 4.5 Hz and a 20-pound sledge hammer as an acoustic source
were used with the goal to image the subsurface to a depth of at least 50 ft. The MASW
data were processed using the SurfSeis4 software produced by the Kansas Geological
Survey.

The engineering seismograph used for this study is the Seistronix Ras-24
seismograph (Figure 4.3). In the field, a measuring tape is placed along the survey
traverse to ensure reliable and consistent geophone spacing. The geophones mounted on a
coaxial cable are coupled to the ground using metal stakes. The geophone assembly and
the deep cycle marine battery are connected to the seismograph and then connected to a
laptop computer. Any detected anomaly in the setup is corrected, and the setup is tested
to ensure readiness for data acquisition. Surface waves generated by striking the 20-
pound sledge hammer on the impact plate are automatically received by the geophones
and transmitted to the seismograph for storage. The field record (multichannel record) is
displayed on the laptop computer, which is connected to the seismograph. If the
multichannel record displayed on the laptop computer is noisy or is of low quality, the
cause of the noise or the source of the low quality data is checked and corrected. One way
to improve the quality of the multichannel records is the acquisition of multiple records at

the same source location. That is, at every record location, the impact plate is struck
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multiple times with the sledge hammer to obtain multiple records that can be stacked in
order to mute unwanted noise and to improve data quality, enhance resolution, and to

boost data interpretation.

B — seismograph
C — geophone

D —sledge hammer
| E — impact plate

® F —metal stake

U4 G — computer

Figure 4.3. MASW Setup

4.3.3. Conventional Techniques. Conventional techniques such as drilling,
pitting, or trenching are typically used to provide complementary data to verify
geophysical data or interpretations.

In this study, site inspections and acquisition of ground truth (borehole control)
were used to provide additional data to support the geophysical investigations. Site
inspections were conducted by walking over and around the study area for identification
and observation of surface features. Photographs and video recordings of features such as

ponded water locations were taken using a 14-megapixel camera.
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The geographic locations of the observed features were acquired with a handheld
GPS. The locations of the features were verified through Google Earth. Borehole control
data were acquired using a CME track-mounted drill rig. Soil testing, including in situ
moisture content, was conducted on recovered samples. Some of the borehole control

(BC) and ponded water (PW) locations at the investigative site are shown in Figure 4.4.

Legend
& Barehole Cantrol
" FondedWater

Figure 4.4. Example Ponded Water and Borehole Control Locations
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4.3.4. Digital Terrain Modeling. Digital terrain modeling was conducted to
develop visual representations of the terrain surface. The digital terrain modeling was
done using the Surferl3 software. Some of the models generated included the surface
elevation model, top of rock model, and soil thickness/depth to top of rock model. The
surface terrain model (Figure 4.5) provides the elevations of the surface topography and
gives an impression of the surface flow directions. Surface elevation is up to 1245 ft in
the high areas and 1195 ft in the low land areas. The high areas can be found in the north,
east, and west. Hence, surface flow directions of north-south, west-east, and east-west are

observed. Surface water flows in those directions and eventually drains south.
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Figure 4.5. Surface Elevation Model
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Top of rock elevations are as high as 1235 ft and as low as 1150 ft (Figure 4.6).
The top of rock elevations are high in most parts of the north, east, and west. These
elevations in the top of rock model depict variations in elevations of the surface terrain
model. Groundwater flow direction follows the same direction as the surface flow. Top of
rock is highly irregular and is characterized by marked variations in elevations. This top
of rock shows characteristics of bedrock that is intensely dissolved or has undergone
extensive karstification. Thus, top of rock model partly proves that the study area is a
karst terrain.

Soil thickness/depth to top of rock model is shown in Figure 4.7. As previously
indicated the bedrock is exposed in some areas and therefore has little or no soil
coverings. In areas where the bedrock is covered with soils, mainly residuum, the
bedrock is located at shallow depth and the soil thickness is mostly 5 to 20 ft. In some

areas, the soils have thickness averaging 70 ft.
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Figure 4.6. Top of Rock Elevation Model
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Figure 4.7. Soil Thickness/Depth to Top of Rock Model

4.4. MAPPING SUBSURFACE AND ACCOUSTIC PROPERTIES OF SOIL AND
ROCK IN KARST TERRAIN

This section describes how the geophysical and conventional techniques were
used to map the subsurface and acoustic properties of soil and rock in the study area.

4.4.1. Brief Introduction. Geophysical techniques, including MASW and ERT
are being increasingly used to image the top of bedrock and to determine the acoustic
properties of soil/rock karst terrain. To test the utility of the two geophysical techniques
in a complex karst terrain, the MASW and ERT tools were deployed to acquire
geophysical data in the study area.

The MASW tool was used to acquire shear-wave velocity data, while the ERT

tool was used for electrical resistivity measurements. The goal of the study was to
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explore the utility of the geophysical techniques in complex karst terrain and to estimate
the depth to bedrock and acoustic properties in karst terrain.

The active MASW technique was employed as the main investigative technique
to estimate the depth to bedrock and the acoustic properties. The ERT was used as a
complementary technique and employed the SuperStingR8 for the acquisition of
resistivity measurements. As previously discussed, the active MASW technique uses a
seismograph, an active acoustic source (sledge hammer), and an array of receivers
(geophones). The tool records acoustic energy produced from the active seismic source
and estimates surface wave phase velocities. The phase velocities are analyzed to obtain a
10-layered 1-D shear-wave velocity profile that typically extends to a depth of about 100
ft. The output at each test location is a 1-D shear-wave velocity profile typically used to
map variations in the engineering properties of soil and rock and to estimate depth to top
of bedrock.

4.4.2. Data Acquisition and Processing. The Seistronix Ras-24 seismograph
with 24 geophones (4.5 Hz) and a 20-pound sledge hammer were used for the acquisition
of the shear-wave velocity data. The survey employed 2.5 ft geophone spacing and 10 ft
acoustic source offset. The aim was to image the subsurface to a depth of at least 50 ft.
The source was discharged seven times at each test location; the field data were vertically
stacked to attenuate random noise and enhance surface wave signal.

The MASW field data were processed using the SurfSeis4 software. The MASW
field records were first imported into the SurfSeis4 software where geometry, including
source offset and geophone spacing were assigned. An overtone image was created and a

dispersion curve generated. The process was repeated for each test location to produce a
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1-D shear-wave velocity profile that is representative of each test location. The data
acquisition and processing steps are summarized in Figure 4.8. The process involves field
measurements to obtain multichannel records (shot gather), dispersion analysis to
generate dispersion curves, and inversion to produce 1-D shear-wave velocity profile

(model).
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Figure 4.8. Summary of the MASW Data Acquisition and Processing Steps

4.4.3. Data Verification. The interpretations of the 1-D MASW shear-wave
velocity profiles were verified and constrained with 2-D ERT data and borehole control.
The ERT determined resistivity distribution of the subsurface by utilizing contrasting
electrical properties of the subsurface materials.

The 2-D ERT technique involved the injection of electric current (1) into the
ground using a linear array of 168 electrodes spaced at 5 ft intervals, the measurement of
potential differences (V), the calculation of resistances (V=IR), and the determination of

the lateral and vertical variations in the resistivity (p) of the subsurface in a vertical plane
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containing the electrode array. The deliverable is a 2-D resistivity image of the
subsurface with superposed geologic interpretations.
4.4.4. Results and Discussion. Example MASW profiles (Figure 4.9 to Figure

4.13) and ERT profiles (Figure 4.14 to Figure 4.18) acquired from the various test
locations are presented. Additional MASW and ERT data are presented in Appendix A.
Borehole control data used to verify and constrain the interpretations of the geophysical
data are shown in Appendix B. Each of the MASW and ERT profiles is assigned a unique
number for identification purposes. The 1-D MASW profiles show the shear-wave
velocity (ft/s) with respect to depth (ft) and the corresponding frequency (Hz). On the
ERT profile, resistivity is measured in ohm.m, elevation and distance in feet, and
iteration absolute error in percent (%). The iteration absolute error is an indication of the
quality and reliability of the ERT data; a smaller iteration absolute error suggests high

quality and more reliable data.
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For the purposes of data interpretation, MASW profile obtained from test location
110 is discussed. The MASW field record from the test location 110 is presented in
Figure 4.19, and its corresponding dispersion curve is shown in Figure 4.20. An
interpreted shear-wave velocity profile produced from the inversion of the dispersion
curve is shown in Figure 4.21. As observed in Figure 4.21, the shear-wave velocity of
soil generally increases with increasing depth due to compaction by frequent vehicular
movements.

Soil/rock classification systems are typically used to classify soils/rocks for
environmental or geotechnical purposes. The National Earthquake Hazard Reduction
Program (NEHRP) and the International Building Code (IBC) have soil/rock
classification systems based on shear-wave velocity. In this research, the NEHRP

classification system was adopted. The NEHRP soil/rock classification system based on



64

the top 100 ft of the soil profile are as follows: hard rock (>5000 ft/s); rock (2500 to 5000
ft/s); very dense soil and soft rock (1200 to 2500 ft/s); stiff soil (600 to 1200 ft/s), and
soft soil (<600 ft/s). The interpretations presented in Figure 4.21 are consistent with

borehole control and the NEHRP classification system.
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Figure 4.21. A 10-Layer Shear-wave Velocity Profile for Test Location 110 with
Superposed Geologic Interpretations
The soil profile at the test location 110 includes stiff soil, very dense soil, soft
soil, stiff soil, soft rock, and rock. The stiff soil is underlain by very dense soil, soft soil,
stiff soil, soft rock, and rock to depth of 30 ft, as summarized in Table 4.2. Stiff soil has
shear-wave velocity of 900 ft/s, very dense soil has shear-wave velocity of 1200 ft/s to
1300 ft/s, and soft soil has shear-wave velocity of about 500 ft/s. Soft rock has shear-

wave velocity from 1300 ft/s to 2300 ft/s, and rock has shear-wave velocity of 3300 ft/s.
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The denser surficial soils could be attributed to compaction by vehicular movements in

the area.

Table 4.2. Estimated Shear-wave Velocity Values at Test Location 110

Depth (feet) | Soil/Rock Description | Shear-wave velocity (ft/s)
0-15 Stiff soil 900

15-5 Very dense soil 1200 - 1300

5-75 Soft soil 500

75-10 Stiff soil 900

10 - 23 Soft rock 1300 - 2200

23-30 Rock 3300

Resistivity of subsurface materials is typically a function of moisture content,

salinity, clay content, porosity, and permeability. The resistivity of the subsurface at the

test location is typically controlled by moisture content. Thus, moist rock has lower

resistivity than dry rock. For quality assurance purposes, ERT profiles (from a karst

terrain) with iteration absolute error of 5% are usually considered to be high quality data.

The ERT profiles obtained in this research have iteration absolute errors below 5%,

demonstrating high quality data and thereby enhancing data interpretation. In Figure 4.22,

for example, the ERT profile has iteration absolute error of 2.3%. Therefore,

interpretations from the ERT profile can strongly be used to validate the interpretations of

the MASW shear-wave velocity data.
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Top of rock interpretation based on MASW is observed to be consistent with ERT
data. For example, the ERT profile shown in Figure 4.22 corresponds with the 1-D
MASW shear-wave velocity profile at the 700 foot mark. Top of rock corresponds to the
125 ohm.m resistivity contour, consistent with what was reported by Kidanu et al. (2016)
for southwest Missouri. Top of rock is estimated at 12.5 ft on the ERT profile (Figure
4.22) and 12 ft on the corresponding MASW profile (Figure 4.23). Top of rock on
borehole control data is 13 ft. The shear-wave velocity of the top of rock is 1500 ft/s. Top
of rock on ERT profile in Figure 4.24 is 16 ft, and the corresponding MASW top of rock
is also 16 ft with estimated shear-wave velocity of 1400 ft/s (Figure 4.25). Top of rock on
corresponding borehole control is estimated at 16 ft. These top of rock estimates on the
ERT profile are consistent with borehole control and estimates provided by Kidanu et al.
(2016) within the same geologic domain.

It has been shown that active MASW tool can be used to image the subsurface,
provide reliable estimates of depth to top of rock, and map variations in engineering
properties of soil and rock in a complex terrain. The active MASW interpretations are
consistent with ERT data and borehole control. Further, the active MASW technique
complements intrusive geotechnical investigation, reduces data acquisition time,
minimizes cost, and eliminates karst hazards posed to field crew. Hence, the active
MASW technique is recommended for estimating top of rock and acoustic/engineering

properties of soil/rock in karst terrain.
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4.5. IMAGING SUBSURFACE IN KARST TERRAIN USING 2-D ERT AND 1-D
MASW TECHNIQUES

This section describes how the ERT and MASW techniques were used to image
the subsurface and map variable depth to top of rock.

4.5.1. Brief Introduction. Over the years, the ERT and MASW techniques have
been used to investigate karst terrain for geotechnical, environmental, or archeological
purposes. Some of the applications of these two geophysical techniques include locating
buried artifacts, characterizing subsurface materials, and determining groundwater
pathways. Conventional techniques such as drilling have been used to perform these
subsurface investigations to a high level of accuracy over many years. As previously
mentioned, conventional techniques are invasive, more expensive, and more time-
consuming. As a result, geophysical techniques are increasingly being used for
subsurface investigations (Storz et al., 2000; Sudha et al., 2009; Styles et al., 2005).

Multiple geophysical tools have usually been used as complementary tools to
investigate a particular exploratory site. For example, Sumanovac and Weisser (2001)
combined electrical and seismic geophysical techniques for hydrogeological mapping in
karst terrain. Gibson (2004) located a cave and a large collapse feature beneath glacial
surficial sediments using resistivity and magnetometry techniques. Kruse et al. (2006)
combined the resistivity and ground penetrating radar to image the structure of a large
sinkhole in Florida. Even though the ERT, MASW, and other geophysical techniques
have widely been used for imaging the subsurface, the application of those geophysical
techniques to map variable depth to top of rock and to characterize the subsurface based

on moisture content is as of yet widely to be reported. Therefore, this study aims to use
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the 2-D ERT and 1-D MASW techniques to map variable depth to the surface of karsted
bedrock and to characterize the subsurface based on moisture content.

4.5.2. Data Acquisition and Processing. The multi-electrode resistivity system
(SuperStingR8) with 168 electrodes was used to acquire ERT data along west-east
traverses spaced at 100 ft. The dipole-dipole array was used with electrode spacing of 5 ft
with the intent to image the subsurface to a depth of at least 100 ft. The resistivity
measurements obtained from the field were processed using the RES2DINV software
into 2-D ERT profiles. Active MASW data were acquired along north-south traverses as
shown in Figure 4.26.

The active MASW data were obtained using the multi-channel seismograph
(Seistronix Ras-24) with 24 geophones spaced at 5 ft. Geophone frequency of 4.5 Hz,
source offset of 10 ft, and 20 pound sledge hammer as an acoustic source were employed.
The active MASW data were processed using the SurfSeis4 software into 1-D MASW
shear-wave velocity data for geologic interpretations. The 1-D MASW shear-wave
velocity data were used to verify and constrain the 2-D ERT data. Borehole control and

soil laboratory testing results were used as additional verification data.

Figure 4.26. Configuration of ERT and MASW for Data Acquisition (Figure not drawn
to scale; ERT traverse is 835 ft long; MASW is 115 ft long)



72

4.5.3. Results and Discussion. Three representative 2-D ERT models acquired
from three different test locations in the study area are discussed to address the goals of
the study. The 2-D ERT profiles with superposed geologic interpretations are shown in
Figure 4.27 to 4.29. Top of rock is the 125 ohm.m contour (dark dotted line). The 2-D
ERT profiles show that the rocks are pervasively fractured and are anomalously moist.
Resistivity of the test locations is controlled by moisture content. Accordingly, the soils
and rocks can be classified into dry soil, moist soil, moist rock, and dry rock.

Dry surficial soil with resistivity 125 ohm.m is underlain by moist soil with
resistivity <50 ohm.m. Moist rock has resistivity of at least 125 ohm.m, while dry rock
has resistivity more than 1500 ohm.m. Soil testing results of in situ moisture content on
recovered samples to a depth of 11 ft are presented in Table 4.3. Moisture content varied
from 21% to 49%. Soils at the surface have low moisture content of 21%. Moisture
content increases to a depth of about 8 ft and decreases thereafter. The results of the soil
laboratory testing corroborate the classification based on moisture content. The results are
consistent with the ERT interpretations; dry surficial soil overlying moist soil, and moist
soil overlying moist rock and dry rock. The surficial soils are typically dry probably

because of evaporation and compaction from vehicular movements.

Table 4.3. Moisture Content of Recovered Samples

Sample Depth (ft) Moisture Content (%)
1.5-3 21
4-55 46
6.5-8 49
95-11 37
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The 2-D ERT profiles (models) show significant variations in depth to top of
rock. Top of rock can be located at depths as shallow as 6 ft and as deep as 50 ft. Based
on the data, top of rock in the study area is undulating and cannot be defined by a specific
depth (Appendix C). Therefore, localized site investigations should be conducted to
determine the actual depth of top of rock prior to engineering/construction projects. It is
also observed that the topography of top of rock in many instances depicts the surface
topography. In many areas, depressions in the top of rock manifest in the surface
topography (see also 3-D surface and top of rock elevation models in Appendix C).

Figure 4.30 is a 1-D MASW profile acquired with the goal to verify and constrain
the ERT interpretations. The shear-wave velocity of soil/rock on the 1-D MASW profile

varies from 600 ft/s to about 4000 ft/s. Based on the NEHRP soil/rock classification
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criteria, soil and rock at the test location were classified into stiff soil (700 ft/s to 1050
ft/s), very dense soil (1200 ft/s to 1300 ft/s), soft rock (1800 ft/s to 2300 ft/s), and rock (>
2500 ft/s). Stiff soil on the surface overlies very dense soil, stiff soil, soft rock, and rock.
The 1-D MASW profile was superposed on the corresponding 2-D ERT profile (Figure
4.31). At the 100 foot mark, where the 1-D MASW profile ties with the 2-D ERT profile,
estimated depth to top of rock on both the 1-D MASW profile and 2-D ERT profile is 13
ft. The MASW data and interpretations corroborate the ERT interpretations. The MASW
data reasonably verifies and validates the ERT data, and therefore in the absence of
borehole control, active MASW could be a useful technique for verifying and

constraining ERT data.
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4.6. DETERMINING DRIVERS OF KARST PROCESSES AND MITIGATION

This section discusses the factors that facilitate karst processes and proposes
mitigation.

4.6.1. Brief Introduction. It is generally known that karst is formed by the
dissolution of carbonate or evaporite bedrocks. Thus, presence of carbonate or evaporite
bedrock forms the primary condition for the formation of karst. Other factors that
facilitate karst processes and contribute to karst development have not been well
documented in the literature.

Proper identification of potential factors that can cause karst processes could help

determine appropriate mitigation measures. The focus of this study is to explore the
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factors or conditions that drive the development of karst processes and recommend
mitigation strategies.

While Kkarst terrain offers an important karst water resource for the supply of
drinking water, certain activities that occur during or after the karst development process
can negatively affect the water resource. Parise and Gunn (2007) stated that land
degradation with intense deforestation and overgrazing exposes the ground surface and
causes serious impacts in karst. That is, such activities can facilitate karst processes and
at the same time impact karst aquifers. It is important to pay critical attention to the
factors that drive karst processes because Kkarst terrain poses significant environmental,
health, and financial threat.

Karst features, including sinkholes, have been reported to cause severe problems
to people and the environment. The Guardian (2017) compiled at least 90 major sinkhole
collapse cases that have occurred since May 2010 around the world. Among the major
sinkhole collapse episodes is a sinkhole about the size of a football field that opened up
north of Detroit, Michigan, in the United States in January 2017. About two dozen homes
were temporarily evacuated and three homes eventually condemned. The sinkhole
collapse affected water use by about 400,000 people in surrounding communities and was
estimated to cost more than $70 million for repair works and about a year to fix. The
sinkhole was attributed to a broken sewer line, but, the exact cause of the sewer collapse
was unknown. In June 2010, a sinkhole about 100 ft deep and 66 ft in diameter opened up
in Guatemala City and swallowed an entire crossroads and a three-story textile factory.

The immediate cause of the sinkhole was unknown; however, an expert from the National
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Disaster Management Agency indicated that underground sewage leaks could have been
the cause of the sinkhole.

There were many instances where the immediate cause of sinkholes was not
known. In the examples mentioned, the costs associated with the sinkhole damage could
have been avoided if the factors controlling the karst development were identified earlier.
Identifying the drivers of karst and karst processes could significantly reduce the costs
associated with karst terrain. Early detection of karst processes and the contributing
factors could help mitigate the many significant dangers that are usually attributed to
karst. Using southwest Missouri as a case study, this research identifies the factors that
contribute to karst processes and suggests measures to minimize the processes.

4.6.2. Data Acquisition and Processing. A site reconnaissance survey and visual
assessments of the study area were conducted. Potential sinkhole locations were observed
during the reconnaissance survey and visual assessments of the study area. Photographs
of the study area and particularly, potential sinkhole locations were taken. Historical
images (from 1997 to 2015) of the potential sinkhole locations were obtained from
Google Earth to support the visual inspections and analyzed to observe characteristics of
the locations over the period. A three-dimensional (3-D) surface terrain model was
generated to determine surface flow direction. More than 4,000 data points (geographic
positions) in a grid were used to generate 3-D surface terrain model using the Surferl3
software.

To determine if the subsurface is undergoing karst processes, 2-D ERT data were
collected and verified with borehole control. The multi-electrode resistivity system with

168 electrodes was used to acquire the 2-D ERT data. The 2-D ERT data were acquired
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along traverses across the surface flow path. The dipole-dipole array configuration was
employed with electrode spacing of 5 ft with the goal to image the subsurface to a depth
of at least 100 ft. The resistivity measurements were inverted using the RES2DINV
software.

4.6.3. Results and Discussion. Two potential sinkhole locations are illustrated to
demonstrate the activities facilitating karst processes. Historical images of one of the
potential sinkhole locations are shown in Figure 4.32. The feature under consideration is
observed to have enlarged over the years. A depression in 1997 appears to have
accumulated water. Surface terrain model (Figure 4.33) demonstrates natural flow
pathways for surface water. The surface flow direction of north-south has been blocked
by a roadway without a drainage system, causing water to pond. A still photograph of the
ponded water location taken in 2016 is shown in Figure 4.34. Using the double yellow
markings at the center of roadway as reference, Side A and Side B are expected to be
about the same elevation when the roadway was constructed. However, on October 25,
2016, Side A was observed at lower elevation of several inches than Side B. This change
in elevation is usually gradual and takes a longer time to be observed. The settlement in
the northern section of the roadway could be attributed to increased effective stress due to
piping of fine-grained sediments beneath the roadway and at the ponded water location.
This process of settlement would ultimately cause the northern section of the road to fail
if the underlying cause is not mitigated.

An example 2-D ERT data (Figure 4.35) acquired south of the ponded water
along west-east traverse shows pervasively fractured and anomalously moist bedrock.

The network of discontinuities offers pathways for percolating acidic waters which can
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dissolve the limestone bedrock and increase karst processes. Again, moist soil is
characterized by resistivity lower than 50 ohm.m and surficial dry soils have relatively
high resistivity of up to 250 ohm.m. Top of rock is characterized by resistivity 125
ohm.m depicted by the thick black line. Dry rock has resistivity at least 1500 ohm.m. The
ponding of water over the pervasively fractured bedrock makes the subsurface very
susceptible to karst processes. This is because the water can percolate the subsurface
through the fractures and dissolve the bedrock in the process. This view is supported by
Kidanu et al. (2016) who argue that sinkholes develop in areas where water is
temporarily retained and the water has the ability to percolate into the subsurface.
Therefore, the continuous accumulation and seepage of water into the ground over many
years would eventually lead to the formation of sinkholes.

The above findings are similar to findings observed with other ponded water
locations. For example, Figure 4.36 shows ponded water (PW 6) located south-west of
PW 1 and west of a roadway. The pond is located at an elevation of 1200 ft. The pond’s
elevation is lower than the elevations of the surrounding terrain. The terrain on the west
of the pond is several feet above the pond location, while that on the east is a couple of
feet above the pond location. The surface flow direction of west—east is obstructed by the
road embankment which has no drainage system to drain the pond water. Two-
dimensional (2-D) ERT data acquired parallel to the roadway shows pervasively
fractured bedrock amenable to karstification (Figure 4.37). The 2-D ERT profile shows
very low resistivity value (50 ohm.m) at depths of at least 80 ft. This very low resistivity
zone gives an indication that the pond water seeps through the discontinuities and

percolates deeper in the subsurface—a process that over many years can lead to the
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formation of a pronounced karst feature such as a sinkhole. The subsurface offers suitable

conditions for karst processes.
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Figure 4.32. Historical Images of Potential Sinkhole Location (PW 1). Data were
acquired from Google Earth for the Period of 1997 to 2015
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Figure 4.34. Ponded Water Location (PW 1)
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Figure 4.37. ERT Profile Acquired in the Vicinity of PW 6

Karst processes can be natural or induced by anthropogenic activities. In this
study, it is clearly observed that anthropogenic activities are the major drivers of karst
development in the study area, and by extension, southwest Missouri. In most instances,
the karst processes were driven by human activities, including construction of roadways,
parking lots, buildings, and farming activities. These activities impede surface flow
pathways and cause water to pond. The pond water percolates existing discontinuities and
seeps into the subsurface. The continuous percolation of ponded water together with
solution-widening of the discontinuities and the piping of fine-grained sediments over
many years could eventually lead to formation of karst features.

Planning, education, and legislation and enforcement are required to mitigate
karst processes and Kkarst features. Reducing amounts and rate of percolating water in
karst-prone areas could reduce karst processes and related features. This could be

achieved by developing effective drainage systems before or during construction
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activities. Controlled grazing in farming areas can prevent overgrazing, reduce erosion,
and minimize destruction of the epikarst. This view is consistent with the view espoused
by Parise and Gunn (2007), who suggest that human activities such as land degradation
can cause irreparable damage and produce severe impacts in karst terrain. Education
should be about basic awareness on the factors that drive karst processes. Educating
people who live in potential karst areas about the various activities that facilitate the
development of karst landforms could help reduce karst activities. For example, in one of
the cases observed at the study area, bales of hay were continuously piled in a waterway.
This caused surface water to accumulate at one particular location with the potential to
percolate the subsurface and dissolve the bedrock. Perhaps if the farmers knew about the
potential consequence of their farming activities in the Kkarst terrain, they would have
created a drainage system or piled the hay bales in a manner to allow the surface water to
flow freely without impediments. Legislation and enforcement may include enacting
appropriate local laws to control activities that could facilitate karst processes. These
laws should be written in a way that is accessible and understandable to the people to
whom the laws apply. That is, the enactments should be in plain language and authorities
should ensure that they are evenly applied and enforced.

In summary, anthropogenic activities are the major factors driving karst processes
in southwest Missouri and many states of the United States. Karst processes in
overburden materials are usually more rapid than those occurring in underlying limestone
bedrock. Karst processes in the bedrock are typically gradual and take a longer time,
sometimes several hundreds of years, to manifest. Therefore, controlling karst processes

in the epikarst can significantly minimize karstification and its concomitant dangers. This
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can be accomplished by mitigating the factors that facilitate the percolation of acidic
waters that serve as the major dissolving agent. Strategies to minimize karst processes or
activities should involve the removal of water through appropriate and effective drainage

or dewatering systems.
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5. CONCLUSIONS

This study was conducted in karst terrain with the aim to map and characterize
subsurface lithologic conditions, map the variations in engineering properties of soil/rock,
map variable depth to top of rock, test the utility of the electrical resistivity (ERT) and
multichannel analysis of surface waves (MASW) techniques, determine the drivers of
karst processes, and propose mitigation. To achieve these goals, a site in southwest
Missouri, known for its pronounced karst landforms and features, was selected for an
experimental study. Both conventional and geophysical investigative techniques,
including site inspections, boring, digital terrain modeling, ERT imaging, and active
MASW surveys, were employed for data acquisition. Data collected included aerial and
still photographs, GPS coordinates, borehole control, resistivity, and shear-wave velocity.

Resistivity data were acquired using the ERT technique, which involved the
acquisition of subsurface electrical resistivity data with a multi-electrode resistivity
system of 168 electrodes. The resistivity data were processed with the RES2DINV
software into 2-D ERT profiles for geologic interpretations. Shear-wave velocity data
(MASW data) were acquired using a multi-channel engineering seismograph with 24
geophones and a 20-pound sledge hammer as an acoustic source. The MASW data were
inverted into 10-layered 1-D shear-wave velocity profiles. Borehole control was obtained
with a CME truck-mounted drill rig. Aerial photographs were retrieved from Google
Earth, while still photographs were acquired with a digital camera. GPS coordinates were

obtained with a handheld GPS.
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From the results and analysis of the data, bedrock in the study area is extensively
weathered with pervasive and systematic network of discontinuities partially filled with
water and moist soils. Solution-widening has occurred (preferentially) where waters have
seeped into the underlying rock. Seepage rates have probably been controlled mostly by
surface topography, but perhaps also by intensity of fracturing. Even though resistivity is
a function of permeability, salinity, moisture content, porosity, and clay content, moisture
content was observed as the major controlling parameter of resistivity in the karst terrain.
Thus, the subsurface was characterized as moist soil (<50 ohm.m), dry soil (125 — 250
ohm.m), moist rock (=125 ohm.m), and dry rock (=1500 ohm.m). From the shear-wave
velocity data, and adopting a soil/rock classification system developed by the National
Earthquake Hazard Reduction Program (NEHRP), soil/rock could be classified into stiff
soil (<1200 ft/s), soft soil (<600 ft/s), very dense soil (1200 — 1300 fi/s), soft rock (>1300
ft/s), and rock (>2500 ft/s). Stiff soil was observed as the surficial soil and had relatively
high shear-wave velocity values due to compaction. The ERT and MASW interpretations
were observed to be consistent with borehole control.

Digital terrain modeling and geophysical mapping showed undulating surface
terrain that mostly depicted the topography of top of rock. Depression in the surface
topography followed depression in the bedrock surface. Bedrock was exposed and
weathered in some places and could be located at shallow depth (6 ft) in areas where
residuum overlies the bedrock. Depth to top of rock varied significantly along the survey
traverse. This variation is attributed to the intense dissolution of the limestone bedrock.

ERT and MASW techniques can reliably be used to map and characterize the

subsurface, estimate depth to top of rock, and determine variations in engineering
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properties of soil and rock in karst terrain. These two geophysical techniques can provide
significant data to support intrusive geotechnical assessments and to minimize cost and
data acquisition time. Borehole control was consistent with the 2-D ERT and 1-D active
MASW data. Therefore, it is argued that 2-D ERT and 1-D active MASW can be used
independently to explore karst terrain and produce high quality and very reliable
subsurface data for environmental, geological, and geotechnical purposes. However,
understanding of local geology and adequate knowledge about the subsurface processes
may be required to provide very accurate interpretations of the geophysical data.

An assessment of the factors contributing to karst development found
anthropogenic activities such as construction of parking lots, roads, buildings, and
farming activities as major drivers of karst processes. These activities, in most instances,
intercept surface flow pathways and cause water to pond. The ponding and percolation of
water with solution-widening of fractures and the piping of fine-grained sediments over
many years can cause the development of prominent karst features. Thus, sinkholes in the
study area may not be random, but perhaps induced by human activities.

Planning, education, legislation, and enforcement of enactments can help mitigate
the factors that facilitate karst development. Reducing amounts and rate of percolating
water in Kkarst-prone areas could reduce karst processes. This can be achieved by
developing effective drainage systems before or during construction activities. Education
should be about awareness on the factors that drive karst processes. Educating people
who live in Kkarst-prone areas about the drivers of karst landforms could help minimize
karst activities. Legislation and enforcement should involve enacting appropriate local

laws to control activities that could facilitate karst processes. These laws should be
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accessible and understandable to the people to whom the laws apply, and authorities
should ensure that the laws are evenly applied and enforced.

Most importantly, removing water by adopting appropriate and effective drainage
or dewatering systems would significantly minimize karst processes with their
concomitant features. This mitigation strategy will reduce the amounts and rate of
percolating acidic waters and considerably slow down dissolution processes along the
pervasive and systematic vertical and horizontal fractures. In areas where farming occurs,
controlled grazing by farm animals could be employed to prevent overgrazing and
eliminate or reduce erosion, thus preventing exposure of the epikarst to agents of karst

processes.
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APPENDIX B.
BOREHOLE CONTROLS
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APPENDIX C.
3-D SURFACE ELEVATION AND TOP OF ROCK MODELS
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