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Abstract

Levee failures during flooding events can result in catastrophic loss of life and property.
Soil erosion during high water events is a primary cause of levee failures. Accordingly, this
research focuses on the geophysical assessment of internal erosion damage in levees. This thesis
presents a case study utilizing Capacitively Coupled Resistivity (CCR), Direct Current Electrical
Resistivity Tomography (DC ERT), and Multichannel Analysis of Surface Waves (MASW) to
assess internal erosion damage at the Crawford County Levee System in Van Buren, AR, that
occurred during the 2019 Arkansas River flood. Geophysical surveys acquired included
longitudinal CCR, DC ERT, and MASW lines along the levee crest and landside toe.
Additionally, extensive transverse DC ERT lines were acquired in zones of concentrated levee
distress associated with internal erosion damage (e.g., slope stability failures and sand boils).
Capacitively coupled resistivity surveys were found to be effective preliminary surveys and help
identify target locations for further geophysical testing. A combination of perpendicular and
transverse DC ERT surveys were found to be more effective than longitudinal MASW lines for
the assessment of internal erosion damage. Additionally, repeat seasonal DC ERT lines were
valuable for evaluating suspected internal erosion damage zones. Zones of potential internal
erosion damage in the DC ERT lines were identified by high ER, thinning of the conductive top
stratum, upward flow of high ER soils, and the presence of levee distress features in satellite
imagery. The results support that internal erosion damage in levees can be assessed using
geophysical methods. However, further geophysical testing at the project site, ground-truthing of
interpreted zones of internal erosion damage, and application of the methods of this study to

other project sites are needed to understand the uncertainties associated with the geophysical



assessment of internal erosion damage in levees and the applicability of these results to other

sites.
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Chapter 1: Introduction

Levee systems are critical to reduce the loss of property and life during floods. Levees
play a crucial role in minimizing damages during floods; in the spring of 2019 alone, historic
flooding in the Midwest led to $20 billion in damages (ASCE, 2021). There are approximately
100,000 miles of levee in the United States (US), protecting an estimated seventeen million
people and $2.3 trillion of property (American Society of Civil Engineers (ASCE), 2021). Levee
systems in the US are aging and received a “D” rating in the 2021 Infrastructure Report card
produced by the American Society of Civil Engineers (ASCE), corresponding to “Poor, at Risk”
infrastructure (ASCE, 2021). Accordingly, the condition and reliability of levee systems must be

assessed to prevent catastrophic levee failures during high water events.

The United States Army Corps of Engineers (USACE) operates the National Levee
Database (NLD) to inventory and assess levee systems, both within and not within the USACE’s
levee portfolio. As of the publication of the 2021 Infrastructure report card, the USACE has
inventoried 30,000 miles of levee systems, of which only approximately 75 percent have been
assessed (ASCE, 2021). An estimated 80 percent of levees classified as high to very high risk are
likely to fail prior to overtopping (ASCE, 2021). With limited funding for the assessment of
existing levee systems, geophysical methods can provide a non-destructive, continuous, and cost-

effective assessment of levees.

Erosion of soil during high water events is the primary cause of levee failures, with soil
erosion occurring through overtopping and internal erosion (Bonelli, 2013). While overtopping
erosion is easily assessed with visual methods, determining the extent of internal erosion damage
with visual methods alone is problematic. This research focuses on the geophysical assessment

of internal erosion damage in levees and investigates internal erosion damage at the Crawford



County Levee System in Van Buren, AR using electrical and seismic geophysical methods. This
thesis is divided into five chapters. Chapter 1 introduces the research and provides motivations
for the research. Chapter 2 presents a review of levee failure mechanisms and internal erosion,
followed by a review of the electrical resistivity and surface wave methods applied in this
research and the existing literature on the geophysical assessment of internal erosion damage.
Finally, the background of the project site on the Crawford County Levee System is presented.
Chapter 3 describes the geophysical surveys acquired at the project site, followed by a discussion
of the acquisition and processing of Multichannel Analysis of Surface Waves (MASW) data,
Direct Current Electrical Resistivity Tomography (DC ERT) data, and Capacitively Coupled
Resistivity (CCR) data. Chapter 4 presents the results and discussion of the geophysical
investigation of internal erosion damage. Chapter 5 presents the conclusions. Additionally, the

appendix presents geophysical surveys not included in Chapter 4.



Chapter 2: Literature Review
2.1 Introduction

This literature review introduces the problem of internal erosion in levees and reviews the
existing research on geophysical assessment of internal erosion in levees. First, the theory of
each geophysical method used in this research is reviewed, followed by a review of the existing

research on assessing internal erosion damage and erodibility in levees.

2.2 Levee Failure Mechanisms and Internal Erosion in Levees
Various classification schemes for failure modes in levees have been proposed (e.g.,
Moss & Eller, 2007;USACE, 2021). For example, the USACE Engineer Circular on the Levee

Safety Program (USACE, 2021) lists the most common potential levee failure modes as:
(@) Piping and internal erosion of soil embankments or foundations.
(b) Stability of embankments and floodwalls.
(c) Interaction between structures and embankments.
(d) Overtopping and breach of embankments.
(e) Riverside erosion and scouring of slopes.

(F) Failure due to operational issues such as inability to access and operate gates and

closures. (p. 55)

Moss and Eller (2007) propose a classification of levee failure mechanisms based on loading
types, including seismic loading, hydraulic loading during flooding, and loading under static
conditions. These loading types lead to bearing, sliding, slumping and spreading, seepage,

erosion, and overtopping failure mechanisms (Figure 2-1). Erosion of soil, whether from internal



erosion or overtopping erosion, is the most common cause of levee and embankment dam

failures (Bonelli, 2013).

Loading Ground Static
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M echanicsm : Spread Topping

Figure 2-1. Relationship between loading type and failure mechanisms (Moss & Eller, 2007).

Seepage through levees can lead to internal erosion and piping, which may ultimately
progress into levee failure. In a review of earthen dam failures, Richards and Reddy (2007)
classified piping failures into four categories: foundation-related piping failures, conduit and
internal erosion piping failures, suffusion piping failures, and piping failures due to biological
activity. The review found that thirty-one percent of piping failures were due to backward
erosion piping (BEP), with an additional fifty percent due to internal erosion and piping along
conduits and structures. However, determining the type of piping failure responsible is often not
possible with the evidence of failure type is destroyed during embankment failures. Due to the
prevalence of internal erosion-related levee failures, understanding internal erosion mechanisms

is critical for assessing levee safety.

Internal erosion can be classified into four modes of initiation, including concentrated

leak, backward erosion piping, suffusion, and contact erosion (Bonelli, 2013). In concentrated



leak erosion, internal erosion initiates through an existing crack or pathway for water (e.g. cracks
from differential settlement and conduits) (Bonelli, 2013). According to Bonelli (2013),
concentrated leak erosion will progress into piping erosion if the soil holds open a pipe, there is
sufficient hydraulic gradient, inadequate filtering of seepage, and the fracture remains open. Both
plastic and dispersive plastic soils are susceptible to the concentrated leak erosion process

(Bonelli, 2013).

Backward erosion piping requires the formation of an open pipe in the subsurface and
typically occurs in levees when there is a cohesive layer (or structure) overlying a cohesionless
layer. For levees located along meandering rivers, the common depositional sequence of fine-
grained flood plain deposits overlying coarse-grained channel deposits facilitates the open pipe
formation required for BEP to occur. In BEP, groundwater seepage forces progressively remove
soil particles, and modeling studies show that the hydraulic gradient at the piping tip controls
whether continued piping progression will occur (Robbins & Griffiths, 2019). If the BEP
progresses to the upstream water source, rapid enlargement of the pipe and levee failure is likely
(Robbins & Griffiths, 2019). Under the hydraulic gradients typical for levees, only non-plastic

soils are susceptible to BEP (Bonelli, 2013).

In suffusion erosion, fine-grained soil particles are eroded and transported through the
pores of the coarse-grained matrix material. Suffusion typically occurs in well graded or gap-
graded materials such as colluvium and glacial deposits (Bonelli, 2013). For suffusion to occur,
the fines must be small enough to flow through the coarse-grained matrix, the volume of matrix
space must be greater than the amount of fines, and there must be sufficient flow velocity to
transport the fines (Bonelli, 2013). Only non-plastic soils are typically susceptible to suffusion

(Bonelli, 2013).



Contact erosion occurs along an interface between different soil types (e.g., coarse-
grained sand and silt or the levee body and in-situ foundation materials)(Bonelli, 2013). In
contact erosion, the finer-grained soil is eroded due to higher seepage velocities within the
coarser-grained material and transported within the coarser-grained soil. Similarly to suffusion
erosion, the pore spaces of coarse-grained material must be large enough to transport the fine-
grained material, and the seepage velocity must be high enough to transport the fine-grained
material (Bonelli, 2013). Contact erosion in levees may result in sinkhole formation, piping

erosion, and slope stability failures (Bonelli, 2013).

Surface erosion damage during levee overtopping can easily be assessed using visual
methods. However, determining the extent of internal erosion damage is not possible using only
visual methods. During USACE levee inspections, sand boils, and saturated areas are noted as
signs of excessive seepage (Flood Damage Reduction/System Inspection Report, n.d.). Sand
boils are cone shaped deposits of granular materials that form on the land side of levees due to
seepage induced by high vertical hydraulic gradients (Robbins et al., 2020). A conceptual model
of sand boil formation and subsequent backwards erosion piping development from Robbins et

al. (2020) is presented in Figure 2-2.
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Figure 2-2. Conceptual model of sand boil formation and subsequent backwards erosion piping
with typical foundation materials for levees along meandering rivers (Robbins et al., 2020).

The vertical gradients required for sand boil formation generate during flooding due to
the presence of a confining layer on the landside of the levee. These confined groundwater
conditions lead to high uplift forces and sand boil formation through defects in the confining
layer (Schaefer et al., 2017). Additionally, the confining layer may fracture from the uplift forces
leading to sand boil formation at the point of concentrated flow (Robbins et al., 2020). Sand boils
may continue increasing in size during BEP through levees, and if the BEP process reaches the

riverside of the levee, settlement and breaching will likely occur (Robbins et al., 2020).

While sand boils may progress into complete BEP failures of levees, they often do not.
The critical head for BEP in levees is the head across the levee at which piping will propagate
until levee failure occurs (Van Beek et al., 2015). However, the piping progression may stabilize
if the horizontal gradient is less than the critical gradient. The horizontal gradient at sand boils is
generally low due to long seepage distances, and this is likely the reason many sand boils do not

lead to levee failures (Schaefer et al., 2017). However, the horizontal gradient at levees is



difficult to determine as head losses in the soil, piping zone and sand boil affect the horizontal
gradient. (Schaefer et al., 2017; Van Beek et al., 2015). Due to these factors, visual identification
of sand boils alone cannot determine the extent of internal erosion in a levee. Geophysical
methods provide a method to map internal erosion and determine which sand boils may be in

danger of progressing to BEP failures.

2.3 Electrical Resistivity Methods

The electrical resistivity (ER) of a material is a measure of the resistance of the material
to the flow of electrical current. The ER method was introduced the 1920s and is one of the most
commonly used geophysical methods (Loke et al., 2013). Electrical resistivity, often in
combination with other geophysical methods, has been used widely in geotechnical engineering
for the assessment of levees and embankment dams (e.g., Rahimi et al., 2018, 2019; Tucker-
Kulesza et al., 2019). The objective of the ER method is to determine the subsurface distribution

of ER.

In the simplest form of the ER method, electrical current is injected into the ground with
two electrodes (current electrodes), and the resulting voltage is measured with another pair of
electrodes (potential electrodes). To calculate the apparent resistivity of the subsurface, the
current injected at the current electrodes, the voltage measured at the potential electrodes, and the
electrode array geometry are required (Loke et al., 2013). This apparent resistivity value
represents the subsurface resistivity distribution that would be due to a homogenous half-space
and the same electrode arrangement (Kuras et al., 2006; Loke, 2022). The apparent resistivity is
equal to the product of the measured resistivity and the geometric factor for the chosen array
type. Solving for the true subsurface resistivity distribution requires an inversion of the apparent

resistivity data.



Electrical resistivity methods can be divided into static or dynamic methods depending on
the acquisition type. In static methods, electrodes are staked into the ground during surveying,
while in dynamic methods, the electrodes are moved during surveying (e.g. Capacitively
Coupled Resistivity (CCR) methods)(Loke, 2022). Until the late 1980s, primarily one-
dimensional (1-D) ER surveying was performed using the profiling and sounding methods (Loke
et al., 2013). In the profiling method, the distance between the current and potential electrodes
remains constant as the current and potential electrodes move along the survey line. In the
sounding method (also known as vertical electrical sounding (VES)), current and electrode pairs
are moved at increasing distances about the center point of the survey line (Samouélian et al.,
2005). As the distance between the current and potential electrodes increases, the volume and
depth of soil surveyed increase (Loke, 2022). Early VES surveys were processed qualitatively
using sounding curves and later with computer inversion in the linear filtering method (Loke et
al., 2013). The sounding method assumes the subsurface is a series of horizontal layers and does
not account for lateral changes along the survey line. Two-dimensional (2-D) and higher ER

surveys allow for more realistic subsurface models.

Multi-electrode ER systems first became available in the late 1980s and typically consist
of 25 or greater electrodes (Loke et al., 2013). These systems feature a control box that injects
current at two electrodes and can measure potential across multiple sets of potential electrodes
(for multichannel systems). Multichannel systems may take hundreds of measurements for a
chosen array type. An example of the series of measurements using the Wenner array to build a
pseudo section is shown in Figure 2-3 (Loke, 2022). Surveys using these systems are commonly
referred to as Electrical Resistivity Tomography (ERT) surveys, although ERT can refer to any

method that produces 2-D or higher ER images (e.g., CCR). While these systems can perform



three-dimensional (3-D) and four-dimensional (4-D)(i.e., variable in time) surveys, 2-D surveys
are the most economical for many applications (Loke, 2022). Two-dimensional ERT surveys
allow for detecting both horizontal and vertical changes in the subsurface. However, 2-D ERT

relies on the assumption that there is no change in resistivity perpendicular to the survey line.
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Figure 2-3. The series of measurements in a Wenner array to build a 2-D pseudo section of
apparent resistivity measurements (Loke, 2022).

Electrode arrays in direct current (DC) ER methods refer to the arrangement of electrodes
for injection of current and measurement of potential. The selection of array types is an
important consideration when planning an ERT survey and controls the geometric factor used in
calculating apparent resistivity. Moreover, different array types may be better suited for the
geological target of interest. The most commonly used array types in 2-D ERT are Wenner,

dipole-dipole (DD), Wenner-Schlumberger, pole-pole, pole-dipole, and multiple gradient arrays
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(Loke, 2022; Samouélian et al., 2005). This ERT surveying for this research utilized 2-D,
multiple gradient and dipole-dipole array types; accordingly, these array types are the focus of

this literature review (Figure 2-4).

In the DD array, the current is injected at two electrodes (electrodes A and B) and
potential (electrodes M and N) is measured across another set of electrodes (Figure 2-4). In a
dipole-dipole survey, the depth of investigation is increased by increasing the distance between
the current and potential electrode pairs. The DD array is more sensitive to horizontal changes in
resistivity (e.g., voids, dikes) than vertical changes (e.g., horizontal stratigraphy changes) (Dahlin
& Zhou, 2004; Loke, 2022). Additionally, the DD array is more sensitive to noisy site conditions

and has poorer resolution at depth than other array types (Dahlin & Zhou, 2004).
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Figure 2-4. Common electrode array types and geometric factors (k) (modified from Loke et al.
(2013)).

Multiple gradient arrays were developed for usage with multichannel ER systems and allow for
simultaneous measurement of potential at multiple electrode pairs while current is injected at an
electrode pair (Figure 2-4). These arrays allow for more efficient ERT surveys without
compromising the ERT image quality and produce inverted imagery comparable to more
traditional arrays (e.g. Wenner, dipole-dipole and Schlumberger) and a high signal-to-noise ratio
(Dahlin & Zhou, 2004, 2006). This research uses a combination of the dipole-dipole array and
the strong gradient array. In the strong gradient array, the current is injected into an outer pair of
electrodes, and the potential is measured across each electrode pair within the current electrode
(Sean, 2019). The strong gradient array measurement sequence moves each current electrode
spacing sequentially through the array, which produces a strong signal-to-noise ratio and reduces

the number of measurements (Sean, 2019).

12



The primary disadvantage of DC ERT surveys is that installing electrodes and collecting
the required data is very time-consuming. Additionally, increasing the number of electrodes to
cover a larger area increases data acquisition time. Conversely, in dynamic methods, the survey
area is increased by dragging the array of transmitters and receivers (Loke, 2022). The
capacitively coupled resistivity (CCR) method of ER is commonly applied to evaluate levees and
embankment dams (e.g., Rahimi et al., 2018, 2019). The CCR method utilizes capacitive line
antennas as the receiver and transmitter dipoles in a towed dipole-dipole array allowing for rapid
acquisition of ER data over large areas (e.g., entire levee systems). In CCR surveying, capacitive
coupling of the transmitter and receivers to the surface allows for the initiation of current flow in
the soil and measurement of voltage across the DD array without the need for staked electrodes

(OhmMapper TR1 Operation Manual, 2001).

After completing an ER survey, a pseudo section of apparent resistivity versus pseudo
depth is plotted. Standard pseudo section plotting convention places the measured apparent
resistivity at the center of the current and potential electrodes. The measured apparent resistivity
is often placed vertically by intersecting lines at 45 degrees between the current and potential
electrodes. Once plotted, the pseudo section is useful for removing anomalous points from the
apparent resistivity data. To determine the subsurface distribution of ER, first, numerical
methods (e.g., finite difference, finite element) are used to forward model the apparent resistivity
distribution, then inversion methods are used to find the ER distribution that results in the

modeled apparent resistivity (Loke, 2022; Loke et al., 2013).

The resolution of an ER survey must be considered when interpreting the survey results.
In general, for staked DC ERT surveys, the highest horizontal resolution is taken to be half of the

electrode spacing. However, increased dipole spacing is required to obtain deeper subsurface
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information, leading to decreased resolution with depth. The resolution of surface ER methods
decreases exponentially with depth (Loke, 2022). Additionally, the influence of offline features
(e.g., a zone of internal erosion damage that is offset from and parallel to the survey line) must
be considered when interpreting the results of DC ERT surveys. Generally, the horizontal
influence of an offline interfering object is taken to be equal to the depth of the interfering object
(i.e., the width of horizontal influence on a survey line increases with depth). Other important
considerations when interpreting the results of an ER survey include poor current penetration due
to a surficial high or low ER layers, depth of investigation (generally one-fifth to one-sixth of the

array length), and non-uniqueness of the subsurface model (Loke, 2022).

The ER of natural materials is dependent on many factors, which leads to a significant
overlap in the resistivity values of materials. The ER of igneous and metamorphic rocks is
largely dependent on the degree of fracturing and the presence of fluid-filled fractures (Loke,
2022). For sedimentary rocks, ER is primarily controlled by porosity and the composition of pore
fluids (Loke, 2022). An early relationship referred to as Archie’s Law relates the ER of a
saturated soil to the soil porosity, pore fluid ER, and constants related to the soil solids and pore
structure (Abu-Hassanein et al., 1996; Archie, 1942). In Archie’s Law, the soil ER increases as
porosity and porewater ER increases; however, Archie’s Law is primarily applicable for granular
soils with free pore water (Abu-Hassanein et al., 1996; Mofarraj Kouchaki et al., 2019).
Electrical resistivity values of soils are influenced by porosity (both distribution and connectivity
of soil pores), pore fluid conductivity, soil mineralogy, particle size distribution and orientation,
saturation level, and temperature (Abu-Hassanein et al., 1996; Mofarraj Kouchaki et al., 2019;
Rein et al., 2004; Samouélian et al., 2005). In sand and gravel-sized material, electrical

conduction is primarily within the pore fluids (Abu-Hassanein et al., 1996). While in clays,
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electrical conduction occurs both in the pore water and along the surface of clay particles (Abu-
Hassanein et al., 1996). Significant overlap in the resistivity ranges of different USCS soil types,

as shown in Table 1, makes the determination of soil type based on ER alone problematic.

Table 1. Resistivity ranges of USCS soil types (modified from (Mofarraj Kouchaki et al., 2019)).

USCS Resistivity (2.m) Resistivity (Q.m)
Soil Type (Kaufman and Hoekstra, 2001) (Palacky, 1987)

CH 10-50 3-100

CL 24-60 -

oL 27-75 -

ML 27-73 -

SC 47-178 -

MH 72-240 -

SM 96-453 475-10,000
GW 563-918 475-10,000
GC 129-405 -

GP 915-2,333 -

A study by (Mofarraj Kouchaki et al., 2019) investigated the effect of pore water
composition, water content, saturation level, density, and temperature on measured ER. The
study found that under saturated conditions, the measured ER is not sensitive to soil density, and
the soil types tested were easily distinguished by ER when fully saturated. These results support
that the soil type for saturated soils can potentially be determined using ER. The height of the
capillary fringe above the water table must be considered when interpreting ERT data to estimate
soil type. The zone of capillarity can extend the saturated zone and high saturation levels many
meters above the water table. Generic Soil Water Characteristic Curves (SWCC) can estimate the
capillary fringe height above the water table and aid in the interpretation of ERT data (Kouchaki

etal., 2019). Additionally, Mofarraj Kouchaki et al. (2019) showed that the ER of soils is
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highly dependent on saturation levels up to approximately 60% saturation. The dependence of
measured ER on saturation level makes differentiation of soil types above the water table
problematic and requires developing site-specific relationships (Kouchaki et al., 2019; Rahimi et

al., 2018).

Temporal changes in ER must also be considered when interpreting ER data collected
over extended periods. A long-term DC ER monitoring study by (Rein et al., 2004) found that
natural changes to subsurface ER are primarily due to changes in soil saturation, soil and
groundwater temperatures, and groundwater ionic concentration. The temporal changes in the
saturation of soils are primarily due to groundwater level fluctuations and water content changes
within the vadose zone. Rein et al. (2004) found that changes in saturation and near-surface soil

temperature have the largest influence on ER.

2.4 Surface Wave Methods

Seismic waves are classified as body waves and surface waves. Body waves occur within
the surface of a medium and are either compressional waves (P-Waves), with particle motion
parallel to the propagation direction, or shear waves (S-Waves), with particle motion
perpendicular to the propagation direction. Surface waves occur at the interface between a free
surface and a medium (e.qg., the ocean floor or the surface of the earth) due to the interaction of
body waves. The primary surface waves of interest for geophysical site characterization are

Rayleigh waves and Love waves (Figure 2-5).
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Rayleigh Wave b. Love Wave

Figure 2-5. The direction of propagation and particle motion of a) Rayleigh Waves and b) Love
waves (modified from (Dal Moro, 2015)).

The multichannel analysis of surface waves (MASW) method relies on the dispersive
nature of surface waves to obtain the subsurface distribution of shear wave velocity (Vs). As a
result of surface wave dispersion, the depth of materials influencing surface wave propagation
increases as the wavelength (1) of a given surface wave component increases. For typical
geotechnical applications, the frequency content of surface waves utilized ranges from 4-50 Hz,
and as a rule of thumb, the maximum depth influencing surface wave propagation is taken as A/2

to M3 of the longest wavelength resolved (Dal Moro, 2015).

The Vs of a material is directly related to the shear modulus and stiffness of the material.
Accordingly, the generation of 2-D Vs profiles along levees can delineate subsurface
stratigraphy and anomalous zones in levees and dams (e.g., Rahimi et al., 2018, 2019).
Multichannel Analysis of Surface Waves can be performed using active sources (e.g.,
sledgehammer surveys, drop weights, vibroseis, explosives) or passively generated surface

waves from ambient noise (e.g., waves along sea levees, wind turbines, traffic). The frequency
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content from active sources generally provides the depth of exploration needed for many
geotechnical applications. However, passive sources can provide the required low-frequency

content when deep Vs profiles are required.

Active source MASW data is collected using a linear array of geophones and can be
performed with the same data acquisition system used for traditional refraction surveys. For
typical geotechnical applications, a linear array of 24 to 48 horizontal or vertical geophones are
used for MASW surveys acquired using Love or Rayleigh Waves, respectively. A sledgehammer
source is adequate for many applications, with Love Waves generated by horizontal blows to a

shear beam and Rayleigh Waves generated by vertical blows to a steel plate.

In MASW data acquisition, no mid-array sources are required; typically, multiple source
offsets off each array end are acquired. At each source location, sledgehammer blows are stacked
to increase the signal-to-noise ratio. In sledgehammer surveys, a trigger mounted to the
sledgehammer initiates seismograph recording of the seismic record. The array geometry, length
of the seismic record, and sampling interval (digital sampling of the analog signal from
geophones) must be selected considering both the survey objectives and geological conditions

(Dal Moro, 2015).

Once the MASW data are collected, the data must be transformed from the offset-time
domain to the frequency-velocity domain to generate a frequency-velocity spectra. Notably, this
phase-velocity spectra is a product of mathematical operations prior to any interpretation, and
any subsequent products require user interpretation of the phase-velocity spectra (Dal Moro,
2015). Various transformations exist to generate a frequency-velocity spectra of the acquired

MASW data, and common transformations include the frequency-slowness, frequency-
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wavenumber, frequency domain beam former, and phase shift transformations (Rahimi et al.,
2021). The frequency domain beam former method (FDBF) developed by (Zywicki, 1999) was
utilized to generate the frequency-velocity spectra for this research and generally provides the

highest resolution for most geological conditions (Rahimi et al., 2021).

After generation of the frequency-velocity spectra, dispersion curves are created through
interpretation of the frequency-velocity spectra. This research uses the multiple source offset
method, where the maximum spectral peak for each source offset is automatically picked to
reduce user bias (Cox & Wood, 2011). The automatically picked points of maximum spectral
acceleration are then combined into a composite dispersion curve. The use of multiple source
offsets aid in the identification of higher modes, identification of near-field and far-field effects
and provides an estimate of the uncertainty in the dispersion data (Cox & Wood, 2011). Once the
final experimental (i.e., the field data) dispersion curve is obtained, an inversion process is
performed to obtain a 1-D Vs profile. In addition to MASW surveys, horizontal-to-vertical
spectral ratio (HVSR) tests were performed on the levee crest and landside toe to allow for joint
inversion of the MASW data. The joint inversion of MASW data and HVSR peaks allows for the
greater constraint of inversions at depth, as there is limited low-frequency content when using a
sledgehammer source. Further details of dispersion curve processing and the inversion process

are presented in Chapter 3.2.

The resolution and depth of investigation of the MASW method are important
considerations for interpretation of the resulting 2-D Vs profiles. Generally, the vertical and
horizontal resolution of the MASW method are taken as twice the receiver spacing and 10% of
the array length, respectively (Moody, 2017). Additionally, the resolution of the active source

MASW method decreases with depth resulting in greater uncertainty in the Vs profiles at depth
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(Foti et al., 2015). Generally, for the MASW method, the depth of investigation can be estimated
as half the length of the array (Foti et al., 2015). However, following experimental data
collection, the depth of investigation is generally controlled by the maximum measured

wavelength observed in the experimental dispersion curve.

2.5 Existing research on geophysical assessment of internal erosion damage in levees
Geophysical methods allow for rapid assessments of levees and are continuous, cost-
effective, and non-destructive. Geophysical methods commonly applied to levee assessment
include ER methods, electromagnetics (EM), Seismic Refraction Tomography (SRT), MASW,
and Ground Penetrating Radar (GPR) (Barner et al., 2001; Dunbar et al., 2003, 2007; Hayashi &
Konishi, 2010; Rahimi et al., 2018; Wodajo et al., 2019). The geophysical properties measured
by these geophysical methods allow for detecting defects in levees. For example, in ER and EM
surveys, the measured ER/conductivity can be used to estimate the subsurface distribution of soil
types. The presence of reflections and refractions in GPR data can be used to detect shallow
levee defects (e.g., animal burrows). In MASW and S-Wave SRT, a 2-D profile of shear wave
velocity is generated and allows for the identification of low Vs zones, which may represent
levee defects. Similarly, the measured P-Wave velocity in P-Wave SRT can identify low Vp
zones due to levee defects. Additionally, the measured Vp from SRT can identify the line of
saturation in levees. The following sections will first review studies on the general geophysical
assessment of levees (e.g., determination of foundation and levee soil types), followed by a

review of studies on the geophysical assessment of internal erosion and erodibility in levees.

Electrical resistivity and EM methods are commonly applied to levees to determine soil
type in the foundation and bodies of levees (Dunbar et al., 2003; Gillip & Payne, 2011; Llopis &

Simms, 2007; McKenna et al., 2006). These methods can detect coarse-grained channel deposits
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that cross underneath levees and characterize the fine-grained flood plain deposits present on the
landside of levees. Continuous geophysical characterization of levee foundation materials
provides insights into the geological controls on internal erosion in levees. Llopis and Simms
(2007) investigated the foundation conditions at California levees using CCR, DC ERT, and EM.
The CCR, DC ERT, and EM surveys yielded comparable results and were used to produce 2-D
soil profiles and identify anomalous zones in the foundation soils. The study found CCR and EM
methods the most effective; however, the EM methods required multiple passes, while the Ohm-
Mapper five receiver CCR unit allowed collection in one pass. Similarly, McKenna et al. (2006)
successfully applied EM and CCR surveys to map an obscured paleo-channel deposit under a
levee on the Rio Grande River in Texas. The study observed a sharper anomaly response to the
paleo-channel in the CCR data than in the EM data, potentially due to anthropogenic noise at the

site.

Airborne multi-frequency EM surveys have been effectively used for large scale
characterization of levee systems and targeting of higher resolution surface based geophysics
(Dunbar et al., 2003, 2007a). Dunbar et al. (2003) used aerially collected EM along 270 miles of
the levee on the Rio Grande in Texas to identify anomalous regions for surface geophysical
testing. The airborne collected EM data displayed an overall smoother profile when compared to
surface based EM due to the lower resolution of airborne methods. While airborne EM can be
valuable for assessing levees, the method is significantly more expensive than surface-based

geophysics.

Ground penetrating radar has been applied to assess damage from burrowing animals in
levees that may lead to internal erosion in levees (Barner et al., 2001; Chlaib et al., 2014). Chlaib

et al. (2014) successfully used GPR to locate air-filled, water-filled, and clay-filled animal
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burrows at the Lollie Levee in Arkansas. However, levees are typically constructed with
electrically conductive clay rich soils, which severely limits the depth of investigation for GPR.
Chlaib et al. (2014), for example, had a maximum depth of investigation of 1.05m at the Lollie
Leeve. The limited depth of investigation of GPR in conductive soils limits the utility of GPR for

the assessment of internal erosion in levees.

Multichannel analysis of surface waves is commonly applied to levee assessment. Pseudo
2-D Vs profiles generated by MASW can be used to identify low Vs anomalies corresponding to
levee defects. Lane et al. (2008) used the MASW method at the Citrus Lake Levee in Louisiana
in an early application of the method for levee evaluation. The surveys successfully detected
lateral and vertical changes in subsurface materials consistent with on-site boring logs in a
seismically active area that would be problematic for refraction-based methods. Additionally,
low Vs anomalies potentially representing levee defects were resolved; however, due to the
prevalence of higher modes and non-Rayleigh wave types in the dispersion data, Lane et al.
(2008) suggested further numerical modeling of surface wave propagation in levees was needed.
In the inversion of an MASW derived dispersion curve, the assumption that the subsurface can
be modeled as a layered elastic half-space is implicit (Karl et al., 2011). Karl et al. (2011)
evaluated the validity of this assumption through numerical modeling and field studies. In the
numerical modeling study, the dispersion curves of various synthetic levee models were
compared to forward modeling of equivalent layered elastic half-space models. Karl et al. (2011)
found that for levees with a width to height ratio greater than four, the subsurface at a levee can
be modeled as a layered elastic half-space. The modeling included the presence of a velocity
inversion and verified the application of MASW to detect low Vs anomalies in levees. In

addition to active source MASW methods, passively sourced surface wave methods have been
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applied to levee evaluations. Kita et al. (2013) applied the 2-D Linear Array Microtremor Survey
(2D-LAMS) method to levee evaluation, finding the combination of 2D-LAMS and active
source MASW effective for obtaining high resolution data for levee body and foundation

materials.

Multiple geophysical methods are often applied to levee evaluations to provide
complementary information. Dunbar et al. (2007b) performed multiple method time-lapse
geophysical monitoring during a ponding experiment on a section of the Retamal Levee in
Texas. Time-lapse geophysical monitoring included ERT, spontaneous potential (SP), GPR,
SRT, and MASW. Landstreamer applied MASW effectively detected increasing Vs due to
hydration of levee soils, leading to increased soil density during the ponding experiment.
Additionally, Vs measured by MASW was the material property most sensitive to hydration-
induced soil density increases during the ponding experiment. Notably, Dunbar et al. (2007b)
found the accurate measurement of Vs using SRT problematic due to the influence of levee
geometry. Two-Dimensional ERT was successful in monitoring changes in soil moisture
content; however, SP was unsuccessful in detecting anomalous seepage during the ponding
experiment, likely due to the low permeability of the levee. Dunbar et al. (2007b) highlight the
complementary nature of Vs measured by MASW and ER measured by ERT in levee

assessments.

Similarly, Cardarelli et al. (2010, 2014) applied MASW, SRT, and ERT to assess
embankment dams. In combination with seismic methods, the studies found ERT capable of
verifying the continuity of embankment and embankment foundation materials. Cardarelli et al.
(2014) applied MASW and SRT (P-Wave and S-Wave) to characterize the body and foundation

of an embankment dam, respectively, with the MASW data reaching twice the depth of
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investigation as the SRT data for the same data set due to increased attenuation of body waves.
Samyn et al. (2014) applied integrated CCR and MASW geophysical surveys to assess sinkhole
susceptibility along dykes on the Loire River in France. The study correlated CCR-derived ER to
soil type using boring logs and found ERT valuable for detecting the flow of soils into karst
networks. While Vs from MASW effectively determined the degree of karstification of the
limestone bedrock below the Loire River dykes. By integrating ERT and MASW results, Samyn
et al. (2014) produced a quantitative method of assessing sinkhole susceptibility. Similarly, the
integration of MASW and ERT has the potential to provide an assessment of internal erosion and
erodibility in levees. Rahimi et al. (2018) applied MASW and CCR to the Wood River Levee in
Ilinois to assess the levee body and foundation materials for defects causing internal erosion
issues at the levee. The study successfully correlated Vs and ER to soil type, allowing for the
determination of geological controls on internal erosion at the site. Shear wave velocity was
correlated to soil type based on reference Vs curves from Lin et al. (2014) and blow counts from
boring logs. The relationship between ER and soil type was primarily defined by comparison
with boring logs. The relationships between soil types and geophysical properties developed
allowed for the detection of paleo-channels crossing underneath the Mel Price Levee. The paleo-
channels were interpreted to have eroded the surface clay layer on the landside of the levee and
correspond well to locations of sand boil clusters. Rahimi et al. (2018) demonstrate the
complementary nature of CCR and MASW for assessing levees, finding CCR valuable for

shallow characterization and MASW effective for deeper characterization.

Cross-plot analysis is another approach for the integration of multiple geophysical
methods; cross-plot analysis of ER and seismic velocities combines the strengths of both seismic

and ER methods for levee assessments (e.g., Goff et al., 2015; Hayashi & Inazaki, 2013; Hayashi
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& Konishi, 2010; Inazaki et al., 2008). The cross-plot analysis method has been applied
extensively to Japanese levees, primarily utilizing CCR and MASW to measure ER and Vs,
respectively. Inazaki et al. (2008) collected MASW and CCR data for cross-plot analysis on a
3000m levee reach with seepage and internal erosion issues. Cross-plots of Vs versus ER showed
that seepage and piping zones in the levee foundation and body correspond to low Vs and high
ER zones. Additionally, ground-truthing of CCR and MASW data at an open cut showed a clear
relationship between mean grain size, allowing for estimation of permeability based on ER.
Conceptually in cross-plot analysis, high ER and low Vs correspond to a dangerous, loose, and
sandy levee condition, while low ER and high Vs correspond to a safe, stiff, and clayey levee
condition (Hayashi & Konishi, 2010). Hayashi & Konishi (2010) applied cross-plot analysis
using MASW and CCR to 1800m of levee on the Kuwano river in Japan to estimate soil type for
both levee and foundation materials. The cross-plot criteria were developed by comparing
measured ER and Vs with boring logs within the geophysical surveys. Hayashi & Inazaki (2013)
used cross-plot analysis to estimate soil type on the Chikuma River levees in Japan and found
anomalous seepage zones correlated to gravel zones from the cross-plot analysis. Hayashi et al.
(2014) applied a more rigorous statistical approach to cross-plot analysis resulting in polynomial
approximations for estimated soil type based on extensive geophysical surveys (CCR and
MASW) and borings; however, these approximations were formulated based on Japanse levees
and modifications may be necessary for other levee systems. Goff et al. (2015) applied the
polynomial approximation developed by Hayashi et al. (2014) for statistical estimation of soil
type at the London Avenue Canal levee, located along a brackish lake in Louisiana. The study
found that the polynomial approximation developed for Japanese levees effectively estimates soil

type for levees in the Mississippi river delta, although modification of the classification system
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was required to distinguish silts from clays. The existing studies on cross-plot analysis provide

insight into the interpretation of ER and Vs derived from geophysical surveys on levees.

In a recent development for integrated geophysical assessment of levees, Arato et al.
(2022) developed a “seiesmo-electric” land streamer that can acquire data for MASW and ERT.
The siesmo-electric streamer combines a seismic land streamer with the galvanically coupled DC
ER streamer developed by Comina et al. (2020). The electrical streamer consists of electrodes
resembling wire brushes and a drip irrigation system to reduce electrode contact resistances,
allowing for a towable galvanically coupled ER system (Comina et al., 2020). The towable array
of electrodes allows for increased horizontal and vertical data coverage through the overlapping
of electrode arrays (e.qg., shifting the array in 2m increments) and increased survey efficiency
over traditional staked DC ERT surveys (Comina et al., 2020). Arato et al. (2022) implemented
the siesmo-electric streamer on a levee crest of the Chisola River in Italy, finding the results
consistent with staked DC ERT and a standard land streamer acquisitions along the same line.
Additionally, Arato et al. (2022) acquired transverse DC ERT lines, observing that the 3-D
nature of levees leads to an averaging of ER in longitudinal lines (i.e., the measured ER does not
precisely match for transverse and longitudinal ERT lines); accordingly, the 3-D nature of
internal erosion in levees must be considered in the interpretation of 2-D geophysical data.

As reviewed in the preceding section, there are numerous studies on the general
geophysical assessment of levees. However, the research on geophysical assessment of internal
erosion in levees is far more limited. The use of geophysical methods at internal erosion sites can
allow for more effective levee repair and aid in determining the cause of internal erosion for a
given site. Both surface wave and ER methods have been applied to assess internal erosion in

levees. Time-lapse geophysical monitoring of levees can provide valuable information for
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assessing internal erosion. A study by Planeés et al. (2016) used passive seismic interferometry
(using passively generated surface waves) to monitor levees during internal erosion experiments
at both the laboratory and field scales. The study found a 30 percent decrease in surface wave
velocities during a field-scale internal erosion experiment and concluded that zones of severe
internal erosion are likely detectable with surface wave methods. Similarly, Planés et al. (2017)
used the same methodology for time-lapse monitoring of a Netherlands sea levee at a location
with sand boils present. The time-lapse seismic interferometry monitoring showed anomalous
surface wave velocity responses to tidal hydraulic loading in suspected internal erosion zones.
Liu et al. (2021) used MASW and ERT in an embankment dam to locate a seepage zone
characterized by low shear wave velocity. These studies indicate that zones of significant internal
erosion are likely to produce low Vs anomalies in surface wave data. The use of time-lapse (at
various time scales) ER surveys is more common than time-lapse surface wave methods to assess
internal erosion. Sjodahl et al. (2010) used multiple ER and self-potential measurements during a
field scale embankment test with defects blindly placed in the embankment. The study located
several of the constructed defects; however, the defects were primarily detected through the use
of time-lapse ER surveys. Rahimi et al. (2019) used a combination of ERT, CCR, MASW, and
Full Waveform Inversion (FWI) to detect seepage channels at an embankment dam. The authors
found seasonal ER measurements most effective for the detection of seepage channels and

internal erosion zones.

The formation of sand boils is common on the downstream side of levees founded on the
alluvial deposits of meandering rivers. Geophysical methods can investigate the geological
controls on sand boil formation and the risk of sand boils progressing into piping failures. Both

electrical and seismic geophysical methods have been used to assess levee internal erosion sites
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with sand boils present (Brackett, 2012; Kelley et al., 2019, 2019; Tucker-Kulesza & Rutherford,
2019; Wodajo et al., 2019). Kelley et al. (2019) used ERT to investigate under seepage and sand
boil formation at the Preston Levee District on the Middle Mississippi River. Additionally,
geological mapping, cone-penetrometer testing, laboratory testing of sand boil ejecta, and
trenching of sand boils were performed at the site. The ERT lines at the site were able to image
the top stratum thickness and the seepage damage to the top stratum resulting in sand boil
formation. The overall good agreement between ERT and CPT results in Kelley et al. (2019)
demonstrate the utility of ERT in the assessment of internal erosion sites. Strange et al. (2016)
used ERT to determine the geological controls of sand boil formation at the Tara Wildlife Lodge
Area on the Lower Mississippi River Levee System. The ERT results showed that the
impervious top stratum at the site is thin to nonexistent, leading to sand boil formation.
Additionally, the ERT was valuable in the interpretation of the ridges and swales of the point bar
deposits underlying the levee. Electrical resistivity methods combined with more traditional
methods (e.g., geological mapping, invasive methods, laboratory testing) allow for more
effective assessments of sand boil areas (Kelley et al., 2019; Strange et al., 2016; Tucker-Kulesza

etal., 2019).

Cross-plot analysis of electrical and seismic geophysical data is another method to assess
internal erosion sites on levees. In cross-plot analysis, levees are classified (in terms of safety)
both on seismic velocities (Vs or Vp) and ER. Wodajo et al. (2019) used cross-plot analysis of
SRT and ERT data to investigate an internal erosion site at the Francis Levee on the Mississippi
River. Conceptually in cross plot analysis, as the seismic velocity increases and the ER
decreases, the levee safety increases, the conceptual model of cross-plot analysis for Francis

Levee from Wodajo et al. (2019) is presented in Figure 2-6. Wodajo et al. (2019) identified
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anomalous zones of low Vp and high resistivity on both the landside and riverside of the Francis
Levee. Identification of anomalous zones aided in interpreting the geological cause of internal
erosion at the site. Cross-plot analysis of seismic and electrical geophysical data has also been
used to estimate soil type and soil parameters of levee materials (e.g., Hayashi et al., 2014,
2019). Hayashi et al. (2019) performed a cross-plot analysis utilizing CCR and MASW surveys,
including approximately 670 km of surveys and 400 borings on Japanese levees. A database of
shear wave velocity, ER, and soil properties (from borings) was created to allow for statistical
estimation of soil type, percent fines content (Fc), the effective grain size (D20), and blow counts
(N-value). However, the correlations were developed for Japanese levees and cannot be applied
directly to other levee systems (Hayashi et al., 2019). While the development of cross-plot
relationships to soil properties at the project site is beyond the scope of this research, the work of
Hayashi et al. (2019) provides insight into interpretation of ERT and MASW results at levees.
Based on a review of the existing literature, ERT and MASW were determined to be the most

effective for assessing internal erosion and erodibility in levees.
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Figure 2-6. Conceptual design of the cross-plot analysis for the Francis Levee (Wodajo et al.,
2019).

Geophysical methods have also been used for estimation of surface soil erodibility (e.g.,
bridge scouring and levee overtopping). Fundamentally, the erodibility of a material can be
represented by the relationship between the erosion rate (z) in depth/time and the shear stress (1)
at the particle interface (National Academies of Sciences, 2019). The erodibility of a material is
not defined by a discrete value and must be represented by a function of erosion rate versus shear
stress (Briaud, 2008). Briaud (2008) introduced an erodibility categories classification system in
the form of erosion rate versus velocity or erosion rate versus shear stress; this system is
primarily based on extensive Erosion Function Apparatus (EFA) testing. The erodibility category
of a material is determined by plotting the erodibility function of the material on the erosion

category chart. Later work by the National Academies of Sciences (2019) added USCS soil types
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to the erosion category chart (Figure 2-7). The width of each USCS soil type represents the zone

that 90% of samples tested, for a given soil type, using EFA plotted on the erosion category chart
(National Academies of Sciences (NAS), 2019). Although the erosion categories provide insight

into the erodibility of a material, the erosion category is not adequate for design purposes (NAS,

2019). The interested reader is directed to NAS (2019) for guidance on determining soil

erodibility for design purposes based on soil properties.
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Figure 2-7. Erodibility Category Charts of Shear Stress (Pa) versus Erosion Rate (mm/hr) with
USCS soil types (National Academies of Sciences, 2019).

Commonly measured soil properties that influence soil erodibility, as complied by NAS
(2019), include plasticity index, liquidity index, unit weight, water content, undrained shear
strength, fines content, soil gradation, median grain size, coefficient of uniformity, percent

compaction of fills, soil swell potential and soil void ratio. Soil properties that influence
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erodibility also influence geophysical properties, such as ER and seismic velocities. For
example, several factors influencing both erodibility and ER of soils include unit weight, percent
compaction of compacted soils, particle size distribution, median grain size, mineralogy, pore-
water composition, and saturation level (Abu-Hassanein et al., 1996; Mofarraj Kouchaki et al.,
2019; NAS, 2019; Rein et al., 2004; Samouélian et al., 2005; Tucker-Kulesza et al., 2019).
Tucker-Kulesza et al. (2019) used 2-D ERT to estimate the erosion potential due to scouring of
15 bridge sites in Kansas. A 2-D ERT survey was completed at each site, and a continuously
sampled boring was advanced. The collected samples were used for laboratory analysis,
including erodibility classification using the Kansas State University-EFA and erosion categories
(from Briaud, 2008), water content, percent fines, median grain size, and USCS soil
classification. Using statistical analysis, Tucker-Kulesza et al. (2019) determined that field
measured ER values over 50 Q-m had a 93% probability of classifying as high erodibility.
According to Tucker-Kulesza et al. (2019) the samples collected may not be representative of
saturated soils; however, the results have the potential to identify soils highly susceptible to

scouring erosion in the near surface of levees.

While extensive research has been performed on the geophysical assessment of levees,
less research has been applied directly to the assessment of zones of heavy internal erosion
damage in levees. Additionally, much of the existing research assessing internal erosion damage
with electrical and seismic methods utilizes limited transverse geophysical surveys. This study
utilizes extensive perpendicular longitudinal and transverse DC ERT lines complemented by
MASW and CCR surveys. The combination of geophysical methods applied to the project site

provides further insight into the geophysical signature of internal erosion damage in levees.
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Geophysical assessment of internal erosion damage in levees offers the potential to more

effectively detect and repair zones of internal erosion damage than conventional visual methods.

This thesis presents a geophysical investigation of an internal erosion site at the Crawford
County Levee near Van Buren, Arkansas, using DC ERT, CCR, and MASW. First, the project
site is introduced, followed by a discussion of the collection and processing of the geophysical
surveys. Finally, the geophysical survey results are discussed and interpreted to determine the
cause and extent of internal erosion at the project site and the application of geophysical methods

to the assessment of internal erosion damage in levees.

2.6 Background of the Crawford County Levee District No. 1 Project Site

The project site is located on the Crawford County Levee District (CCLD) levee segment,
downstream of VVan Buren, Arkansas, on the Arkansas River from levee stations (STA) 686+00
to 735+00 (Figure 2-8). The CCLD levee segment is part of the Van Buren Levee District No.
1/Crawford County Levee System. The city of Van Buren is responsible for the levee and
floodwalls adjacent to the Arkansas River in VVan Buren, AR, and the CCLD is responsible for
the remaining earthen levee segment downstream of VVan Buren (National Levee Database
(NLD), 2020). The CCLD levee segment (referred to as the levee hereafter) consists of 19.7
miles of earthen levee on the left descending bank of the Arkansas River with an average height
of 15 ft, crown width of 10 ft, and 1 Vertical: 3 Horizontal riverside and landside slopes (NLD,
2020). Construction began on the levee in 1947 and was completed in 1950, with a partial
setback levee constructed from 1953 to 1954 (NLD, 2020). In 2009, the levee was certified by
the Federal Emergency Management Agency (FEMA) to protect against the 100-year flood event

following a levee certification study performed by Freese and Nichols, Inc (NLD, 2020).
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Figure 2-8. Project location (red) on the CCLD levee segment (blue) at coordinates of
(35.399970, -94.178028).

The project site is located within the Arkansas River Valley, which is bound by the
Boston Mountains to the north and the Ouachita Mountains to the south; in the Arkansas River
Valley, discontinuous alluvial deposits consisting of flood-plain and terrace deposits overlying
bedrock (Kresse et al., 2014). The groundwater in the alluvial deposits of the Arkansas River
forms the Arkansas River Valley alluvial aquifer, which is an important water source for
irrigation and municipal water supply (Kresse et al., 2015). These alluvial deposits underlie the
CCLD levee segment and generally display a coarsening downward sequence with silts and clays
at the surface, transitioning to sands and fine gravel at depth (Kresse et al., 2015). Kreese et al.
(2015) investigated the lithology of the Arkansas River Alluvial aquifer downstream of Van
Buren, AR, including the project site location, finding that point bars deposits represented the
most permeable deposits with the highest percent of sand found on the concave side of point bar
deposits. Point bar deposits can easily be observed crossing the levee and the project site in
satellite imagery (Figure 2-8). Point bars form through lateral accretion of coarse-grained

sediments on the concave side (the inside bank) of a migrating meander, as a meander migrates
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abandoned point bar deposits are stacked laterally in deposits known as scroll bars, that are
subsequently covered with overbank deposits (Bierman & Montgomery, 2014). Point bar
deposits are characterized by an overall fining upwards and downstream in the deposits (Thomas
etal., 1987). The surface expression of scroll bars deposits is characterized by a ridge and swale
topography that is observable in both Light Detection and Ranging (LIiDAR) imagery and in the
distribution of vegetation (van de Lageweg et al., 2014). In ridge and swale topography, the
ridges are formed by point bar deposits and the swales are depressions separating adjacent

ridges. Swales are filled with fine-grained materials that may extend for meters into the
subsurface and the distribution of ridges and swales is an important geological control of sand

boils formation at levee sites (Strange et al., 2016).

Numerous historical boring logs exist for the CCLD levee segment that were advanced
by the USACE during levee construction and design. Additionally, 28 borings were advanced
through the levee crest by Freese and Nichols, Inc during the 2009 levee certification. The levee
certification study found that the soils in the levee body consist of mixtures of clay, silt, and sand
(CL, ML, CL-ML, SC, and SM) with variable gravel content, and the foundation materials
consist of silts, clays, and sands with increasing sand content with depth. The depth to bedrock at
the site varies from 16.5 m to 18.6 m ft below the levee crest; however, only 7 of the 28 borings
were advanced until bedrock was reached, with shale and sandstone bedrock encountered in
these borings (USACE Little Rock District, personal communication, July 2021). Groundwater
was encountered at 7 m to 12 m below the levee crest during the 2009 certification study drilling.
The groundwater conditions at the site are uncertain; however, the Arkansas River Valley
alluvial aquifer is generally unconfined with groundwater flowing toward the Arkansas River

(Kresse et al., 2015).
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The flooding on the Arkansas River from May to June of 2019 resulted in significant
damage to five levees and breaches of three levees between Fort Smith, AR, and Little Rock, AR
(Lewis & Trevisan, 2019). Locations in Kansas and Oklahoma within the Arkansas River Basin
received over 20 inches of rain in May of 2019 alone, producing a peak flow with a 200-year
recurrence interval for the Arkansas River near Van Buren, AR (USGS streamgage No.
07250550) (Lewis & Trevisan, 2019). On the CCLD levee segment, the 2019 flooding resulted
in several areas of internal erosion damage, identified by sand boil activity and a slope stability
failure (USACE Little Rock District, personal communication, July 2021). The levee is currently
(as of December of 2022) active in the USACE Rehabilitation and Inspection Program (RIP),
and repairs were recently completed, including the installation of a seepage berm and repair of

two slope stability failures under Public Law (PL) 84-99.

The project area was selected to investigate a section of the levee that experienced a slope
stability failure (35.399970, -94.178028) and extensive sand boil formation during the 2019
flooding. On the initial site visit on June 16, 2021, the slope stability failure (35.399970, -
94.178028) (Figure 2-9c) that formed during the 2019 flooding had been repaired (this slide will
be referred to as the 2019 slide hereafter); however, a second slope stability failure (35.400050, -
94.178713) (Figure 2-9a) was present approximately 110m to the west of the 2019 slide (this
slide will be referred to as the 2021 slide hereafter). It is unknown exactly when the 2021 slide
initiated; the formation of the slide occurred between the 2019 flooding and the initial site visit
on June 16, 2021. The project site is approximately 1530 meters in length, with geophysical
surveys performed longitudinally along the levee crest and landside toe, and transverse to the
levee. The project site extends approximately from CCLD STA 686+00 to STA 735+00, with an

existing landside seepage berm present from STA 686+00 to STA 704+00 and a recently
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constructed landside seepage berm from STA 703+00 to STA 735+00 (Figure 2-9d). Notably,
the construction of the new seepage berm was ongoing throughout much of the fieldwork, and
the construction process must be considered when interpreting subsequent geophysical surveys
in the construction area. The project site is divided based on the two main areas of geophysical
testing, which will be referred to as the internal erosion area and the control area. The internal
erosion area encompasses the area of the slope stability failures and heavy sand boil activity
(Figure 2-9a,b,c). The control area is located at the western end of the new seepage berm, where

no significant damage occurred during the 2019 flooding (Figure 2-9d).

Sand boil locations from 2016 and 2019 satellite imagery
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Figure 2-9. Project site on the CCLD levee segment showing a) the 2021 slide b) sand boils on
the landside of the levee in June of 2019 during the flooding and near the 2021 slide (USACE
Little Rock District, personal communication, July 2021) c) the 2019 slide (USACE Little Rock
District, personal communication, July 2021) d) overview of the project site with sand boil,
slide, relief well, and seepage berm locations identified on satellite imagery from 2021.
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On June 24, 2019, the Arkansas Forestry Commission identified a landslide (the 2019
slide) and sand boil activity at the project site (USACE Little Rock District, personal
communication, July 2021). In the internal erosion area, the USACE observed numerous sand
boils over 2.5 m in diameter and at distances of up to 30 m from the levee. Flood fighting efforts
included the placement of 0.3 m of gravel at the base of the 2019 slide for slope stabilization and
to act as a filtered exit (Figure 2-10). The gravel placement on the 2019 slide successfully
prevented any further slope displacement. It is unknown to what extent the gravel placed to
stabilize the 2019 slide is present following the repair of the levee and seepage berm
construction. The potential presence of this gravel must be considered when interpreting
geophysical data collected in the 2019 slide area. The USACE attributed the 2019 slope failure to
the increased height of the levee in the area and the presence of pervious foundation materials
(USACE Little Rock District, personal communication, July 2021). The new seepage berm has a
design width of 46 m with a 1.5 m thickness at the levee toe and thinning to 0.6 m away from the

levee (USACE Little Rock District, personal communication, July 2021).
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Figure 2-10. Placement of gral at the base of the 2019 slide on June 25, 2019 (USACE, 2019).
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Chapter 3: Geophysical Investigation of Internal Erosion at the Crawford County Levee
3.1 Introduction

Geophysical surveys, including CCR, DC ERT, and MASW, were performed to assess
internal erosion damage at the project site on the CCLD levee segment. The geophysical surveys
were acquired from June 2021 to April 2022; surveys included CCR, DC ERT, and MASW
along the levee crest and landside toe. Additionally, transverse DC ERT surveys were performed
at select locations. The geophysical surveys are concentrated in two main areas, including the
internal erosion and control areas, as described in the preceding section (Figure 3-1).
Geophysical testing outside the control and internal erosion areas included two transverse DC
ERT lines, one landside longitudinal DC ERT line, and CCR lines along the entire crest and
landside of the project area. The survey locations and data processing for each geophysical

method are detailed in the following sections.

Sand boil locationsfrom 2016 and 2019 satellite
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Figure 3-1. Overview of geophysical testing at the project site.
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3.2 Multichannel Analysis of Surface Waves (MASW)

Multichannel analysis of surface waves (MASW) using Rayleigh-type surface waves was
performed at parallel crest and landslide lines in the internal erosion and control areas on
September 24, 2021 (Figure 3-2). MASW Line A and Line C are 172.5 m long and are located
on the landside toe and crest of the internal erosion area, respectively. MASW Line B and Line

D are 115 m long and are located on the control area landside toe and crest, respectively.
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Figure 3-2. Layout of MASW surveys at the project site.

The MASW data was acquired using a landstreamer system with 24, 4.5 Hz, vertical
geophones, and a uniform geophone spacing of 1 m (Figure 3-3a). Seismic records were
recorded using a Geometrics Geode seismograph. The landstreamer system relies on pressure
coupling of geophones to the ground surface using weighted sleds, which allows the geophone
array to be dragged along the survey line and significantly increases survey efficiency over
staked arrays. Vertical blows from a 12 Ib sledgehammer source were used to generate Rayleigh
waves at multiple source offsets, including +10 m, +5m, +1m (i.e., off the far end (geophone 24)
of the array), the array midpoint, and -1m (i.e., off the near side (geophone 1) of the array) for
each landstreamer setup. Three sledgehammer blows were stacked for each source location to
increase the signal-to-noise ratio (Figure 3-3b). The landstreamer data acquisition process starts

with the midpoint of the geophone array at the start of the survey line. The seismic data is then
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Figure 3-3. Landstreamer acquisition of Rayleigh type surface wave data at the project site a)
landstreamer acquisition geometry b) mid-array shot point with vertical sledgehammer blows for
Rayleigh wave generation.

§ i N
o L

recorded for each source offset. The array is then dragged, shifting the midpoint of the array by a
set interval, and the data acquisition process is repeated. This overall process is repeated until
the survey line is covered. For this project, the midpoint of the geophone array was shifted by
11.5 m or half an array length between array setups. The location of the array midpoint for each
landstreamer setup was recorded using a Trimble Geo 7x centimeter GPS. Fifteen landstreamer
setups were required for the 172.5 m internal erosion area crest and landslide MASW lines, and
ten landstreamer setups were required for the 115 m control area MASW lines (Figure 3-2).
Horizontal to vertical spectral ratio (HVSR) tests were performed at one crest location and one
landside location for use in the joint inversion of the Rayleigh wave data. Horizontal to vertical
spectral ratio tests were performed with a minimum record length of 20 minutes using a

Nanometrics Trillium Compact seismometer and the Nanometrics Centaur Digitizer.

For each MASW setup, the experimental MASW data (i.e., the collected field data) was

processed in MATLAB using the frequency domain beamformer method (FDBF) to transform
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the data from the time domain into the frequency domain for each source offset (Zywicki, 1999).
The use of multiple source offsets aid in the identification of higher modes, identification of
near-field and far-field effects and provides an estimate of the uncertainty in the dispersion data
(Cox & Wood, 2011). The maximum spectral peak was automatically picked in the velocity-
frequency spectra of each source offset for each frequency to reduce operator bias (Cox & Wood,
2011) (Figure 3-4a). The maximum spectral peak (i.e., the dispersion curve) for each offset was
then combined to form a composite dispersion curve for each landstreamer setup. The composite
dispersion curves were divided into 100 frequency bins on a log distribution from 1 to 200 Hz to
calculate the mean dispersion curve and associated standard deviation (Figure 3-4b). All MASW
data for this site was inverted using only the fundamental mode. The composite dispersion
curves for each setup were cut to remove higher modes, near-field effects, and noise; however,
the normal scatter in the dispersion curves was left to preserve the uncertainty in the dispersion
data (Cox & Wood, 2011). An example of the cutting process for Setup 3 on MASW Line A to
isolate the fundamental mode is presented in Figures 3-4b and 3-4c. It can be observed in the -1
m source offset velocity spectra (Figure 3-4a) that the fundamental mode is followed from
approximately 8 Hz to 75 Hz before jumping to a higher mode. Additionally, near field effects
can be observed in the steep take off in the +1 m offset and -1 m source offset dispersion curves

at low frequencies.
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Figure 3-4. Composite dispersion curve cutting process for Setup 3 on MASW Line A a)
automatic picking of the maximum spectral peak for each frequency for the -1 m source offset b)
composite dispersion curve from multiple source offsets, with mean dispersion curve and
associated standard deviation shown (for each frequency bin) c) final dispersion curve after the
cutting process.

After the dispersion curve cutting process was completed, the composite dispersion
curves for each MASW setup were inverted in dinver within the Geopsy software package
(Wathelet, 2008). Dinver provides a graphical user interface for the inversion of surface wave
data to estimate the 1-D Vs profile that resulted in the experimental dispersion curve. In dinver,
multiple parameters are input to constrain the inversion, including ranges of Vs, Vp, layer

thicknesses, and Poisson’s ratio. A joint inversion of the MASW data and the frequency of the
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HVSR peaks was performed in Geopsy with weighting factors of 0.8 and 0.2, respectively. The
joint inversion of MASW data and the HVSR peaks allowed for greater constraint of the
inversions at depth, as there is limited low frequency content when using a sledgehammer
source. A minimum of 100,000 models were searched using the neighborhood algorithm in
Geopsy for the dispersion curve of each MASW setup. In the inversion process, Vs models are
searched to minimize the misfit between the theoretical dispersion curve (i.e., the dispersion
curve resulting from a Vs model) and the experimental dispersion curve. Multiple
parameterizations (e.g., layer thickness, number of layers, and layer velocity ranges) were
explored to fit the experimental dispersion data. A parameterization of 9 to 11 layers with
increasing layer thickness with depth and Vs ranging from 75 m/s to 1000 m/s was determined to
best fit the experimental dispersion data. Water level measurements at the B-23 piezometer
located in the internal erosion area were used to guide the Vp parameterization. The quality of
the fit between the theoretical and experimental dispersion curves was judged on both the value
of the misfit parameter and by visual comparison with the experimental dispersion curve. Visual
comparison between the theoretical and experimental dispersion curves is necessary as the misfit
parameter is not a physically meaningful parameter, and low values do not directly correlate to a
high quality fit (Griffiths et al., 2016; Rahimi et al., 2018). This comparison was made on the
level of dispersion curves and the 1-D Vs profiles resulting from the inversion process. For
example, profiles of Vs versus pseudo depth (approximated as wavelength/2 of the experimental
dispersion data) were plotted to ensure that any low velocity zones (LVZ) in the resulting 1-D Vs
profiles correlated to velocity inversions in the experimental dispersion curves. The 1-D Vs
profile of each MASW setup was taken as the median Vs profile of the 1000 lowest misfit

profiles (Figure 3-5). It can be observed that there is more uncertainty in the Vs profiles with
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depth; this is likely due to a loss resolution with depth and the limited low frequency content of
the sledgehammer source. The individual 1-D Vs profiles from each MASW setup were
combined into pseudo 2-D Vs cross-sections. The pseudo 2-D Vs cross-sections for each MASW
line were produced using triangulation with linear interpolation between the 1-D Vs profiles in

the Surfer 14 program from Golden Software.
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Figure 3-5. The 1000 lowest misfit profiles from the inversion process and standard deviation
(blue) for MASW Line A Setup 3. The counted median shown in red is used as the 1-D Vs
profile for each MASW setup.
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3.3 DC Electrical Resistivity Tomography

A total of 21 DC ERT surveys were performed at the project site from June 2021 to April
2022. Survey information for each DC ERT survey, including date, location, and array geometry,
is presented in Table 2. All DC ERT lines were collected from riverside to landside for
transverse lines (i.e., electrode 1 starts on the riverside of the levee) and from east to west for
longitudinal line. Seven transverse DC ERT lines were surveyed in the internal erosion area,
including VBL7, VBL7B, VBLS, VBLY, VBL12, VBL13, VBL15, and VBL19 (Figure 3-6).
Additionally, six longitudinal lines were surveyed, including the crest line VBL5 and five
landside lines. The longitudinal landside lines included lines near the levee toe on the seepage
berm VBL1, VBL6, and VBL14, and lines at a distance from the levee, including VBL2 and
VBL16 (Figure 3-6). Line VBL6 was located to overlap with VBL1 and VBL6 and allow for
observation of temporal changes at the survey location. Two additional DC ERT lines, VBL17
and VBL18, were collected to the east and west of the internal erosion area, respectively (Figure
3-6). VBL17 and VBL18 were collected along transverse sections without significant sand boil

activity.

A total of four DC ERT surveys were performed in the control area, including two
overlapping transverse lines, VBL11 and VBL11B, a longitudinal crest line, VBL10, and a
longitudinal landside line, VBL3 (Figure 3-7). VBL11B was located as an extension of VBL11
and for observation of temporal changes in the control area. An additional longitudinal landside
DC ERT line (VBL4) was collected approximately 210 m west of the control area on the outside

edge of the existing seepage berm, as measured along the levee crest.
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Sand boil locations from 2016 and 2019 satellite imagery

Legend
® Relief Wells
&» DCERT Lines

Figure 3-7. Control area DC ERT lines.

48

VBL11B

VBL11B

N
I 400 ft I




Table 2. DC ERT survey geometry.

Survey Electrode Date Collected and
Line ID Location Length (m) Spacing (m) Line Orientation Day No.
Internal Erosion Area DC ERT Lines
VBL7 Internal Erosion Area 55 1 Transverse 7/15/2021 — Day 2
VBL7B Internal Erosion Area 137.5 25 Transverse 1/11/2022 — Day 6
VBLS Internal Erosion Area 55 1 Transverse 7/15/2021 — Day 2
VBL9 Internal Erosion Area 55 1 Transverse 7/15/2021 — Day 2
VBL12 Internal Erosion Area 55 1 Transverse 12/1/2021 — Day 5
VBL13 Internal Erosion Area 55 1 Transverse 12/1/2021 — Day 5
VBL15 Internal Erosion Area 110 2 Transverse 12/1/2021 — Day 5
VBL19 Internal Erosion Area 110 2 Transverse 4/8/2022 — Day 8
Landside
VBL1 Internal Erosion Area 55 1 Longitudinal 6/23/2021 — Day 1
VBL?2 Internal Erosion Area 55 1 Longitudinal 6/23/2021 — Day 1
VBL6 Internal Erosion Area 83 1 Longitudinal 7/15/2021 — Day 2
VBL14 Internal Erosion Area 138 2 Longitudinal 12/1/2021 — Day 5
VBL16 Internal Erosion Area 1375 25 Longitudinal 1/28/2022 — Day 7
Crest
VBL5 Internal Erosion Area 165 3 Longitudinal 6/23/2021 — Day 1
Control Area DC ERT Lines
VBL11 Control Area 55 1 Transverse 9/1/2021 — Day 3
VBL11B Control Area 137.5 25 Transverse 1/28/2022 — Day 7
Crest
VBL10 Control Area 110 2 Longitudinal 9/24/2021 — Day 4
Landside
VBL3 Control Area 55 1 Longitudinal 6/23/2021 — Day 1
DC ERT Lines Outside of Control and Internal Erosion Areas
veL1y  68mEastof intemal gy 25 Transverse  1/28/2022 - Day 7
Erosion Area
vBL1g ~ 2omWestof Intenal )57 25 Transverse  1/28/2022 - Day 7
Erosion Area
Landside
vBLa 2t0m ngrz‘;f Control 55 1 Longitudinal ~ 6/23/2021 — Day 1

49




All DC ERT surveys were performed using the AGI Supersting R8/IP Wifi resistivity
meter with 56 stainless steel electrodes. The AGI Supersting R8/IP system is an eight-channel
electrical resistivity system that can perform automated ER measurements using multiple array
types. A combination of the D-D and the strong gradient array was used for this research, which
combines the high horizontal resolution of the D-D array and the greater data coverage and high
signal-to-noise ratio of the strong gradient array (Sean, 2019). Electrode spacings of 1 m, 2 m,
2.5 m, and 3 m were used for this research (Table 2). For the transverse DC ERT lines, the
relative location of the electrodes was surveyed using a total station, and the GPS location of the
line ends was surveyed using a Trimble Geo 7x centimeter GPS (Figure 3-8a, b). For the
longitudinal surveys in low relief areas, the electrode elevations and positions were surveyed

with the Trimble Geo 7x centimeter GPS (Figure 3-8c).
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Figure 3-8. DC ERT field acquisition a) transverse line across 2021 slide (VBLS8) with electrode
locations being surveyed in by total station b) transverse line across the new seepage berm and
levee c) Supersting and switch box at a longitudinal line with 1 m electrode spacing.

All ERT Data were processed using the Earthimager 2D (Earthimager) software program
from AGI. Earthlmager uses an iterative inversion process to solve for the subsurface
distribution of ER, resulting in the modeled apparent resistivity distribution. The default
parameters for surface data processing in EarthImager were used with slight modifications.
Forward modeling of the apparent resistivity data used a finite element method model with a
Cholesky decomposition forward solver and Dirichlet boundary conditions. Additionally, two

mesh divisions, a thickness incremental of 1.1 and a depth factor of 1.1, were used in the forward
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modeling. Prior to inversion, the surveyed topography for each line was imported into
EarthImager for inclusion in the inversion. A smooth model inversion process was used for all
inversions with a maximum of 8 iterations, a horizontal-to-vertical roughness factor of 0.5, a
smoothness factor of 10, a damping factor of 10, and suppression of noisy data. After the initial
inversion, poorly fit data was removed using the data misfit histogram tool in EarthImager to
remove data with greater than 10% relative misfit. The inversion process was then repeated, and
further poorly fitting data was removed if the Root Mean Squared Error (RMSE) between the
modeled and measured apparent resistivity data was greater than 5%. All DC ERT data was high
quality, and the final inversion of all DC ERT lines had less than 5% RMSE. For each DC ERT
line, the effect of inversion settings (e.g., smoothness and damping factors) on high or low ER
anomalous features in the inverted ER profiles was explored. The anomalous features were found
to have low sensitivity to modification of inversion parameters. The final inverted ER profiles
from Earthlmager were exported to Sufer 14 from Golden Software to plot the inverted ER

profiles using triangulation with linear interpolation.

3.4 Capacitively Coupled Resistivity

Capacitively Coupled Resistivity surveys were performed along the levee crest and
landside of the project area on September 21, 2021 (Figure 3-1). The CCR surveying was
performed using the Geometrics OhmMapper TR5 system and a 5 m dipole length for both the
transmitter and receivers (Figure 3-9). In the OhmMapper TR5 system, five receivers form five
dipoles that are separated from the transmitter using various lengths of non-conductive rope, and
apparent resistivity measurements are performed using the DD array (Figure 3-9). As the rope
length between the receivers and the transmitter increases, the depth of investigation increases. A

pseudo section of apparent resistivity measurements is constructed by dragging the OhmMapper
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TR5 system with multiple rope lengths across the survey line. The crest line CCR survey used
rope lengths of 2.5 m and 5 m, and the landside line used rope lengths of 2.5 m, 7.5 m, and 15 m
(Figure 3-1). For each survey, the OhmMapper system was towed at vehicle idling speeds, and
the GPS location of the tow vehicle was continuously measured using the Trimble Geo 7x
centimeter GPS (Figure 3-9). The GPS location and apparent resistivity measurements were

recorded with the OhmLog software program from Geometrics during surveying.
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Figure 3-9. Acquisition of ER data on the levee landside with the Geometrics Ohm-Mpper TR5
system.

The apparent resistivity and GPS data recorded by OhmLog were first processed in the

OhmIimager software from Geometrics to correct the location of apparent resistivity
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measurements and combine the apparent resistivity data at common locations (i.e., combining
the data measured at a given location for each rope length). The data were then exported to the
MagMap software from Geometrics to convert GPS data to UTM format and remove dropouts
and spikes in the apparent resistivity data. The apparent resistivity profiles were then exported to
EarthImager for inversion following the same procedures described for the DC ERT data. The
data were overall much lower quality for the CCR surveys, and, where possible higher misfit
data was removed, and inversions were repeated until RMSE values of less than 10% were
achieved. However, for noisier sections of the CCR surveys, RMSE values of the final inversions
of approximately 20% or less were considered adequate to avoid removing significant amounts
of data. The final inverted ER profiles from Earthimager were exported to Sufer 14 from Golden

Software to plot the inverted ER profiles using triangulation with linear interpolation.
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Chapter 4: Results and Discussion
4.1 Introduction

The geology of the full project site will first be discussed using the CCR results and
available boring logs. Then the results from DC ERT and MASW testing from the internal
erosion and control areas will be discussed. The ability of each geophysical method to detect and
assess internal erosion damage at the project site is evaluated. Ground-truthing of the
geophysical data is performed using a combination of aerial and satellite imagery and existing

boring logs.

4.2 Capacitively Coupled Resistivity Surveys and Review of Project Site Geology
Capacitively Coupled Resistivity surveys were performed across the levee crest and
landside for the full project site (Figure 4-1). The CCR profiles provide continuous assessment of
changing subsurface conditions across the entire project site and allow for the location of
potential internal erosion areas that require further geophysical testing. The CCR profiles of the
levee crest and landside and historical boring logs of the project site are presented in Figures 4-1
and 4-2, respectively. The CCR profiles and historical boring logs are aligned with black and
white United States Geological Survey (USGS) aerial imagery of the project site during a high-
water event in March of 2001. This imagery was selected to highlight saturated low-lying areas
on the levee landside and highlight the ridge and swale topography of the project site. Overall,
the CCR data was of lower quality than the DC ERT data; however, the CCR profiles provide
valuable insight into the overall geology of the project site and allow for the targeting of further
geophysical testing. Due to a malfunctioning receiver, only four receivers were used with the
Ohm-Mapper TR5 system for the crest line and the first 750 meters of the landside line, leading

to a decreased depth of investigation for those survey segments.
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Figure 4-1. Crest and landside CCR lines aligned with USGS aerial imagery from March 2001.

56




' L P
<H ' sand Boils 2016
A 8 . and 2019 Imag o
P !
L g ’" y . o _—
> | L QEENC e
BE) k4 )} .

N
Legend W
@ 2019Side [ RUBE AN

# 2021Side |
il ¥ Borings

&» CCR Lines
&s ERT Lines

CLASSIFICATION SYSTEM

TOPSOIL

FIFINE SAND (0.2 TO 0.06 MM)

Em SAND (0.570 0.2 MM)
ARSE SAND (2.0 TO 0.6 MM)

Ew.n(-n:m)

4 LOCATION OF
PROJECTED BORINGS

~ WATER TABLE ELEV.

F.44D APPROXIMATE BOTTOM —/ COMBINATIONS OF THESE STMBOLS GIVE CLASSIICATIONS

OF LANDSIDE TOE TRENCH OF MATERIALS ACCORDING TO PREDOMINANT

(MAXIMUM DEPTH 12) ' TYPE SHOWN HEAVY MODIFYING TYPE SHOWN LIGHT.
109.7m | ]

Figure 4-2. Historical boring logs aligned with USGS aerial imagery from March 2001.

The DC ERT and CCR profiles were compared with boring logs to develop a relationship
between ER and soil type. In general, sandy soils are associated with ER greater than 70 ohm-m,
and silty and clayey soils with ER less than 70 Ohm-m. The thickness and material type of the
seepage berm must be considered when interpreting landside geophysical surveys. The seepage
berm is approximately 1.5 m thick at the interface between the seepage berm and levee, and the
seepage berm material classified as Poorly Graded Sand (SP). The seepage berm material is 20%
medium-grained sand, 80% fined-grained sand, and 1% finer than the number 200 sieve;
however, it is uncertain if the sample is fully representative of the seepage berm material. In
the first 430m of the landside CCR line, high ER anomalies of over 1000 ohm-m are present,
separated by lower ER soils (Figure 4-1). At the location of the 2019 slide, there is a high ER
anomaly in the landside CCR line and a low ER anomaly at the 2021 slide adjacent to a high ER
anomaly. It can be observed in the internal erosion area that the 2021 slide and heavy sand boil

activity are located along the western margin of a darker saturated area from approximately 175
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to 310 m along the landside CCR line (Figure 4-1). This area is interpreted as a clay-filled swale
in the ridge and swale topography of the point bar deposits that cross underneath the project site.
Additional features in the landside CCR that are interpreted to be clay-filled swales are identified
in Figure 4-1. In the first 430 m of the landside CCR line, there is minimal to non-existent
conductive top stratum present (material less than 70 ohm-m) outside of the interpreted swale
areas. The amount of conductive top stratum present can be estimated by looking below the
estimated bottom of the newly constructed and existing seepage berm (indicated by a red line in
Figure 4-1). Moving toward the control area, the thickness and continuity of the conductive top
stratum increase. Additionally, it can be observed that in the internal erosion area, the point bar
deposits are at a shallow angle with respect to the levee and that moving west towards the control
area, the deposits are approximately perpendicular to the levee (Figure 4-1, Figure 4-2). Notably,
the orientation of point bar deposits with respect to levees is a significant geological control on
under seepage and sand boil formation during high water events. When the point bar deposits
(with ridge and swale topography) cross levees at an acute angle, as in the internal erosion area
(Figure 4-1), seepage in high permeability ridges is concentrated along the edge of clay-filled
swales leading to sand boil formation (Kolb, 1975). In areas where point bar deposits are nearly
perpendicular to levees, such as in the control area, sand boil formation is still typically along
clay-filled swales; however, sand boil locations are less concentrated and more randomized when

point bar deposits are nearly perpendicular to levee alignments (Kolb, 1975).

The CCR crestline survey has a depth of investigation of 4.75 m and does not extend to
the levee foundation materials. In general, the high ER anomalies in CCR crestline correspond to
high ER anomalies in the landside line and areas of thin or non-existent conductive top stratum

(Figure 4-1). High ER anomalies are present in the crestline between the 2019 and 2021 slides
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and to the west of the 2021 slide. A high ER interval is present in the crest line from 1060 m to
800 m without co-located high ER anomalies in the landside line, which is potentially due to
differences in borrow pit materials. The borrow pits for the levee are located directly on the
riverside of the levee and should generally consist of similar materials to those observed on the
landside CCR line; however, from approximately 1250 to 700 m along the CCR lines, the
borrow pits are not located directly adjacent to the levee. Moving to the west from 880 m along
the crestline, the levee materials become more conductive, which may be attributed to increasing

clay content of borrow pit material moving towards the west (Figure 4-1, Figure 4-2).

The historical USACE boring logs from the design and construction of the levee are
aligned with the March 2001 USGS aerial imagery in Figure 4-2. The primary soil type is shown
in bold, and secondary soil types are shown in non-bold, with dots representing sands, angled
lines representing clays, and vertical lines representing silts. Moving to the west along the levee,
it can be observed that the silt and clay content of the borings increases; this is consistent with
the expected decrease in sand content when moving toward the outside (convex) side of point bar
deposits (Kresse et al., 2015). Additionally, the increased clay content moving west along the
levee can be attributed to a clay-filled channel plug that intersects the levee at 1375 m along the

landside CCR line (Figure 4-1, Figure 2-8).

The CCR surveys successfully identified subsurface conditions that are susceptible to the
formation of sand boils and subsequent internal erosion damage, such as the continuity and
thickness of conductive top stratum across the landside of the project site. Additionally, the
landside CCR line resolved high ER anomalies in the vicinity of the 2019 and 2021 slides in the
internal erosion area. A combination of preliminary CCR surveying, review of aerial/satellite

imagery, and review of historical boring logs was effective in selecting locations for more in-

59



depth geophysical assessment of internal erosion damage at the project site. While the location of
internal erosion damage at the project site was apparent before CCR surveying, for levee reaches
without apparent internal erosion damage CCR surveys can be rapidly acquired to locate

potential zones of internal erosion damage for further geophysical testing.

4.3.1 Internal Erosion Area

The most extensive geophysical testing was performed in the internal erosion area and
adjacent areas to assess the internal erosion damage in the area (Figure 3-2). Ground-truthing of
the geophysical data was performed with boring logs and satellite and aerial imagery to locate
levee distress features (i.e., sand boils and slope stability failures). The geophysical testing in the
internal erosion area included longitudinal crest and landside DC ERT Lines, transverse DC ERT
lines, and crest and landside MASW lines. First, the DC ERT results are discussed, followed by a
comparison of co-located DC ERT and MASW lines and then a temporal comparison of co-
located DC ERT lines. The DC ERT lines in the internal erosion area are presented in three
figures, including longitudinal lines (Figure 4-3), all internal erosion area transverse lines (Figure
4-4), and long transverse lines, including VBL17 and VBL18 adjacent to the internal erosion
area (Figure 4-5). All figures are oriented facing towards the levee landside (i.e., in longitudinal
figures, the crest line is located at the top of the figure, and for transverse line figures, the
furthest east line is located at the top of the figure). Annotations to DC ERT profiles include
sand boil locations (from satellite imagery), slide locations (from satellite imagery and field
visits), high ER anomalies (red dashed lines), low ER anomalies of interest (white dashed lines),
and groundwater elevation measured from the B-23 piezometer (when measured). High ER
anomalies were identified and given an identification number for all DC ERT lines at the project

site. High ER anomalies (ER greater than 70 ohm-m) were identified as anomalous zones of high
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ER within low ER materials (e.g., high ER zones within the levee body or below the seepage
berm) or surface zones of high ER that correspond to sand boil locations or that are located

above zones of conductive top stratum thinning.

The same classification of soil type applied to the CCR lines was applied to the DC ERT
lines, with ER values greater than 70 ohm-m corresponding to sandy soils and ER values less
than 70 ohm-m corresponding to silts and clays. Comparing B-23 to VBLY5, it can be observed
that the transition from silts in the levee body and foundation to sands is correctly located using
this approximate soil type classification based on ER (Figure 4-3). In B-23, the raw standard
penetration test (SPT) n-values and the USCS soil classifications are provided on the left and
right sides of the boring log, respectively. The elevation of the sand unit (higher ER material) in
VBL5 (Figure 4-3a) below the levee is variable and increases in elevation below the 2019 and

2021 slides and below the location of high ER anomaly E2.

In the internal erosion area crest line VBL5 (Figure 4-3a), high ER anomaly E1 is present
between the 2019 and 2021 slides and coincides with anomaly E4 in the seepage berm ERT lines
VBL1 and VBL6 (Figure 4-3b). Anomaly E4 extends below the estimated extent of the seepage
berm (elevation 117 m) and into the 2019 slide area. Additionally, the location and elevation
range of anomaly E4 is consistent with anomaly E16 on transverse line VBL12 (Figure 4-4c) and
E18 on transverse line VBL15 (Figure 4-4d). Below anomaly E4 in VBL1 (Figure 4-3b), a
thinning of the more conductive unit at 45 m (elevation of 111 to 115 m) is present, which may

be due to internal erosion damage resulting from the formation of E4 (Figure 4-3b).

A second high ER anomaly, E2, in crest line VBL5 (Figure 4-3a) is present within the

levee body. Anomaly E2 aligns with high ER anomaly E23 in transverse line VBL9 (Figure 4-
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4q), which spans horizontally through most of the levee body. No levee distress features are
present in satellite imagery at the location where E2/E23 would exit the landside slope, and the
feature may be a construction defect due to borrow pit variability (Figure 3-6). However, there is
an increase in elevation in the higher ER unit at the location of E2 on the crest line VBL5 (Figure
4-3a) and the transverse line VBL9 (Figure 4-4g) at 48 m, corresponding to the location of the
landside toe prior to seepage berm construction. The upward flow of high ER materials observed
in VBL5 and VVBL9 at the location of the landside toe prior to seepage berm construction may be
a zone of internal erosion damage to the conductive top stratum resulting in the upward flow of

aquifer sands.

In addition to anomaly E4 in Figure 4-3b, two additional high ER anomalies, E3 and E5,
were identified in landside lines VBL1/VBL6 (Figure 4-3b) along the edge of the seepage berm
closest to the levee. Anomaly E3 on VBL1 (Figure 4-3b) is located within the horizontal extent
of the 2019 slope failure and corresponds to anomalies E10 and E13 in transverse lines VBL7B
(Figure 4-4a) and VBL7 (Figure 4-4b), respectively. However, these anomalies (E3, E10, and
E13) are fully within the extent of the seepage berm and are interpreted to be due to the seepage
berm construction and the slope failure repair process. Similarly, anomaly E5 on VBL6 (Figure
4-3b) within the 2021 slide area is attributed to seepage berm construction and repair of the 2021
slope failure. In the google earth satellite imagery from October 2021 of the project site, it can
be observed that the seepage berm construction involved mounding of borrow pit material along
the interface of the seepage berm and landside toe; this is likely the cause of the high ER
anomalies observed at the interface of the landside toe and seepage berm including anomalies
E10(VBL7B) (Figure 4-4a), E13(VVBLY7) (Figure 4-4b), E21(VBL13) (Figure 4-4e), and

E22(VBLS) (Figure 4-4f). The increased ER of anomalies E16 on VBL12 (Figure 4-4c) and E18
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on VBL15 (Figure 4-4d) compared to surrounding transverse lines is potentially due to the gravel
placed on the 2019 slide during flood-fighting efforts. A comparison of suspected zones of
internal erosion damage in both longitudinal and transverse DC ERT lines was valuable for

interpreting the cause of a given high ER anomaly.

No anomalies were identified in longitudinal line VBL2 (Figure 4-3c), and the transition
from conductive materials to sandy materials occurs at 113 m to 114 m. The estimated seepage
berm thickness at VBL2 is 0.6 m, with an estimated conductive top stratum thickness of 2 m.
VBL2 is located between areas of heavy sand boil activity at the landside toe (prior to seepage
berm construction) and near VBL16. At 20 m along VBLZ2, there is an increase in conductive top

stratum thickness that coincides with the edge of the interpreted swale area (Figure 3-6).

Line VBL16, in Figure 4-3d, is the farthest north landside longitudinal line acquired and
is located along areas of heavy sand boil activity (see Figure 3-6 map). At the time of data
acquisition, VBL16 was located beyond the extent of seepage berm construction and included
the high ER anomalies E6, E7, and E8. The locations of anomalies E6, E7, and E8 can be
observed to directly correspond to the locations of sand boils in Google Earth satellite imagery of
the project site from March 2016 and June 2019 (see Figure 3-6 map). Anomalies E6 and E7
coincide with sand boil locations, and below these anomalies thinning of the conductive top
stratum and upward flow of high ER materials can be observed. These anomalies are interpreted
as zones of internal erosion damage to the conductive top stratum and subsequent upward flow
of aquifer sands. Between anomalies E6 and E7, a low ER zone is delineated; this zone
corresponds to a saturated area in the 2019 Google Earth imagery and is interpreted to be a clay-
filled swale (see Figure 3-6 map). The location of E8 correlates to an area of extensive sand boil

activity, and deposits of sand boil ejecta (Figure 3-6) and high ER material can be observed
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flowing to the surface through the conductive top stratum. The larger extent of sand boils
delineated from satellite and aerial imagery compared to anomaly E8 is attributed to deposits of
sand boil ejecta that have been reworked in agricultural processes. For anomalies E7 and ES8,
determining locations of internal erosion damage using visual methods alone would be
problematic. For example, the location of internal erosion damage at E8 is obscured by
overlapping deposits of sand boil ejecta from multiple sand boils, and ERT allows for the
location of the internal erosion zone forming the sand boils. To the west of anomaly E8, a
second low ER zone is delineated that is interpreted as a second clay-filled swale. Notably, sand
boil activity within these interpreted swale zones is limited, and sand boils are primarily present
along the eastern and western edge of the first interpreted swale area from 22-53 m (Figure 3-6).
For example, VBL13 (Figure 4-4e) in the interpreted swale area does not have any upward flow
of high ER materials at the landside toe prior to seepage berm construction. While in the
surrounding transverse lines VBL15 (Figure 4-4d) and VBLS8 (Figure 4-4f), located at the
margins of the swale area, an upward flow of high ER materials can be observed at the former
landside toe location. Additionally, the 2019 and 2021 slides formed on the eastern and western
edge of the interpreted swale area (22-53 m on VBL16), respectively. The rapid horizontal
change in hydraulic conductivity at the interface of a swale creates a blocked exit condition,

leading to increased hydraulic pressure and sand boil formation (Kelley et al., 2019).

As discussed in Chapter 4.2, the orientation of point bar deposits with respect to the levee is a
significant geological control on the location and severity of sand boil formation and subsequent
internal erosion damage (Kolb, 1975). In the satellite imagery of the internal erosion area, it can
be observed that sand boil formation is concentrated along the eastern and western edges of the

interpreted swale area in the high permeability ridge deposits (see Figure 3-6 map). Additionally,

64



the presence of borrow pits directly adjacent to the riverside slope of the internal erosion area
levee likely contributes to the internal erosion issues. The borrow pits expose aquifer sands
leading to the initiation of seepage and high hydraulic gradients across the levee during high-
water events. The borrow pit removal of the riverside conductive top stratum is apparent in the
transverse ERT lines (Figure 4-4) of the internal erosion area. Another potential contributing
factor to the internal erosion and slope stability issues in the internal erosion area is the levee
being constructed with silt. Silt soils are susceptible to collapse and loss of shear strength when
wetted. Internal erosion damage at the landside toe, in combination with saturation and
subsequent collapse and loss of shear strength in the silt levee soils, is likely responsible for the

2019 and 2021 slope stability failures.
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Figure 4-3. Internal erosion area longitudinal DC ERT lines, a)VBLY5,
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Extended transverse ERT lines using 2 to 2.5 m electrode spacing were collected to evaluate
the internal erosion damage further landward of the levee and are shown in Figure 4-5.
Transverse ERT lines VBL7B (Figure 4-5b) and VBL15 (Figure 4-5c) were acquired in the
internal erosion area and crossed all longitudinal lines. Transverse lines VBL17 (Figure 4-5a)
and VBL18 (Figure 4-5d) were acquired adjacent to the internal erosion area to serve as control
lines where no sand boil activity is evident. As discussed in Section 4.1, there is increased clay
content in levee foundation materials and conductive top stratum thickness in the western region
of the project site. Therefore, transverse lines VBL17 and VB18 may offer better control lines
(i.e., similar geological conditions without internal erosion damage apparent) than the control

area DC ERT Lines.

In Figure 4-5b, transverse line VBL7B is located on the western edge of the 2019 slide and
across two areas of sand boil activity, including at the levee toe (prior to seepage berm
construction) and along VBL16 (see Figure 3-6 map). On the riverside false berm of VBL7B,
high ER anomaly E9 is present with an ER of 860 ohm-m and with high ER materials reaching
the surface. A similar high ER anomaly, E14, is present in the riverside berm of VBL12 (Figure
4-4¢) with an ER of 950 ohm-m. Anomalies E9 and E14 are potentially due to gravel deposits, as
a gravel interval was encountered in the bottom of boring F-44F (see Figure 4-1). Additionally,
the exposure of aquifer sands due to borrow pit excavation is apparent on the riverside of

VBL7B (Figure 4-5b).

On the landside of VBL7B (Figure 4-5b), anomaly E11 is present, corresponding to sand boil
activity at the base of the 2019 slide. At anomaly E11, both thinning of the top stratum and
upward flow of high ER materials are present. It can be observed that if the landslide slope is

extended to the base of the seepage berm at an elevation of 117 m, the location of the original
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landside toe coincides with the area of upward flow in the sand unit at E11. Moreover, the flow
of high ER materials upward in E11 aligns with the upward flow of high ER materials at the
landside toe of the levee prior to seepage berm construction in VBL7 (Figure 4-4b),
VBL15(E19) (Figure 4-4c), VBLS8 (Figure 4-4f), and VBL9 (Figure 4-4g). Anomaly E11 is
interpreted to be showing damage to the top stratum, and subsequent piping erosion and flow of

aquifer sands to sand boils at the base of the 2019 slide.

Landward of the seepage berm on VBL7B (Figure 4-5b), anomaly E12 is present and located
near sand boils (a sand boil is located 3.5 m west of E12), with minor thinning of the conductive
top stratum; however, there is no increase in the elevation of the higher ER material below the
anomaly. With transverse line VBL7B alone, it would be difficult to determine if anomaly E12 is
a zone of internal erosion damage; However, the location of E12 corresponds to E6 on VBL16
(Figure 4-3d), which is interpreted to be a zone of internal erosion damage. Collecting
perpendicular ERT lines allows for further verification of suspected zones of internal erosion
damage. At 118 m along VBL7B, a low ER anomaly is delineated that corresponds to the

interpreted swale area that crosses through the internal erosion area (see Figure 3-6 map).

In Figure 4-5c¢ transverse line VBL15 is located between the 2019 and 2021 slides with
an extension line, VBL19, extending the line by 85 m. High ER anomaly E17 is located on the
riverside slope of VBL15 and is similar in extent to E15 on VBL12 (Figure 4-4c). The cause of
these riverside slope anomalies is unknown; however, they may be due to differences in borrow
pit material. High ER anomaly E18 is located on the landside slope of VBL15 (Figure 4-4d) and
coincides with anomaly E4 in landside line VBL6 (Figure 4-3b). Additionally, landside slope
anomalies E16 and E18 on VBL12 (Figure 4-4c) and VVBL15 (Figure 4-4d), respectively,

coincide with anomaly E4 on landside line VBL1/VBL6 (Figure 4-3b). These anomalies extend
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below the estimated seepage berm depth and are interpreted as zones of internal erosion damage.
Anomalies E19 and E20 on VBL15 (Figure 4-5¢) coincide with sand boil locations, with
thinning of the conductive top stratum present and an increase in the elevation of the higher ER
unit below the anomalies. These anomalies are interpreted to be zones of internal erosion damage
with anomalies E19 and E20, corresponding to the former landside toe and E7 on VBL16 (Figure
4-3d), respectively. Anomalies E25 and E26 on VBL19 (Figure 4-5c) have high ER material at
the surface and thinning of the top stratum present; however, there is no evidence of sand boil
activity or upward flow of the sand unit upwards in the ERT profile at these locations. Additional
testing, such as the advancement of soil borings or acquisition of longitudinal geophysical lines
through the anomalies, would be required to assess if E25 and E26 are due to internal erosion

damage.

Transverse lines VBL17 (Figure 4-5a) and VBL18 (Figure 4-5d) were acquired to
provide control lines adjacent to the internal erosion area along lines without levee distress
features apparent. Line VBL17 is located 100 m east of VBL7B (Figure 4-5b) in an area with
minimal sand boils (see Figure 3-6 map). A minor high ER anomaly, E24, is present in the
landside slope of VBL17 that is attributed to seepage berm construction. On the landside of
VBL17, the top stratum thickness is greater than 3 m, and no zones of internal erosion damage
were identified. The better performance of the levee at VBL17 can likely be attributed to the
prominent ridge deposit crossing the levee at this location and a greater riverside and landside

top stratum thickness.

Transverse line VBL18 (Figure 4-5d) is located 44 m west of VBL9 (Figure 4-4g) in an
area with minimal sand boil activity (see Figure 3-6 map). On the riverside of VBL18 (Figure 4-

5d), the conductive top stratum is minimally present, and high ER anomaly E27 that connects
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with the sand unit is present in the riverside false berm. Anomaly E27 is located within the
riverside false berm and is attributed to high ER borrow pit materials. High ER anomaly E29 is
located at the landside toe prior to seepage berm construction with no top stratum present and
upward flow of the sand unit below the anomaly. Anomaly E29 is interpreted as internal erosion
damage with minor sand boil activity visible at the former landside toe. Acquisition of
longitudinal lines across E29 would be useful for further verifying that the anomaly results from
internal erosion damage. The landside top stratum on VBL18, where present, is approximately 3
m thick; however, the top stratum is non-existent at E30 and E31, with high ER materials present
at the surface. With VBL18 alone, it is unclear if anomalies E30 and E31 are the result of
internal erosion damage to the top stratum or if the anomalies are due to alternating ridge and

swale deposits without a conductive top stratum.

The better levee performance at the location of VBL17 (Figure 4-5a) may be attributed to
the point bar ridge deposit underneath the levee at this location. While in the internal erosion
area, a swale deposit in the levee foundation is concentrating sand boil formation and subsequent

internal erosion damage at the levee landside toe adjacent to the swale (see Figure 3-6 map).

The uncertainty in our interpretation of zones of internal erosion damage based on the DC
ERT surveys must be considered. The primary sources of uncertainty in our interpretations
include the resolution of the DC ERT method, assumptions of 2-D subsurface geometry (i.e.,
neglecting the effects of 3-D subsurface features and the influence of off axis features on our
interpretations), assessment of internal erosion damage at a single site, and a lack of ground-
truthing of observed anomalies. The resolution of DC ERT surveys decreases with depth;
however, the interpreted zones of internal erosion damage were relatively shallow and loss of

resolution with depth is not likely of concern for the project site. In addition to loss of resolution
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with depth, the width of horizontal influence on a DC ERT survey line increases with depth,
which may result in greater horizontal smearing of the resulting ER profiles at depth.
Accordingly, due to loss of resolution and greater horizontal width of influence with depth for
DC ERT surveys, there is greater uncertainty in interpretation of zones of internal erosion
damage at depth (e.g., assessment of internal erosion damage below the levee foundation in

longitudinal crest lines or transverse lines).

Assessment of the 3-D internal erosion process with 2-D ERT surveys introduces
additional uncertainty into our assessment of zones of internal erosion damage. While the
acquisition of perpendicular DC ERT lines provides some insight into the 3-D geometry of
observed anomalies, the 2-D surveys operate under the assumption that the subsurface is only
variable in two dimensions, without considering the influence of off axis features. For example,
in VBL16 (Figure 4-3d), anomalies E6, E7, and E8 were interpreted to be zones of internal
erosion damage. However, it can be observed that the thinning of the conductive top stratum and
upward flow of high ER materials is less prominent in anomalies E6 and E7, than in anomaly E8
and these anomalies may be the result of off axis zones of internal erosion damage. Once
suspected zones of internal erosion damage are identified in initial DC ERT surveys, multiple
parallel lines with reduced electrode spacing could be acquired to reduce the uncertainty in the
location of interpreted zones of internal erosion damage (e.g., see Kelley et al., 2019).
Alternatively, 3-D DC ERT surveys could be performed to reduce the uncertainty in locating and

defining zones of internal erosion damage.

A lack of ground truthing of suspected zones of internal erosion damage represents a
significant uncertainty in our interpretations. As discussed above, higher resolution parallel ERT

surveys could be performed across interpreted zones of internal erosion damage to target test pits
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or borings for ground-truthing of the observed anomalies. Test pits advanced during a low water
period would likely provide better visualization than borings of the interpreted zones of internal
erosion damage. Ground-truthing would help reduce the uncertainty in our interpretations of
internal erosion damage zones and verify that the interpreted thinning of the conductive top
stratum and upward flow of high ER soils are present. Additionally, similar applications of DC
ERT surveying to other sites and subsequent ground-truthing to assess internal erosion damage,

would provide further insight into the uncertainty of assessments based on DC ERT surveys.
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Figure 4-5. Extended transverse lines in the internal erosion area and surrounding areas, a)

VBL17,b) VBLT7B, c) VBL15, d) VBL18.
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4.3.2 Temporal Comparison of Internal Erosion Area DC ERT Lines

The subsurface ER of soils changes naturally with changing soil saturation, soil and
groundwater temperature, and groundwater ionic concentration (Rein et al., 2004). Of the factors
above, changing soil saturation (due to fluctuating groundwater levels and in the vadose zone)
and changing soil and groundwater temperatures (in the near-surface) were considered when
interpreting temporal changes in ER. To understand if these changes are influencing the results
of the study, a repeat seasonal DC ERT survey was acquired to evaluate high ER anomalies and
suspected zones of internal erosion damage in the internal erosion and control areas. In the
internal erosion area, a repeat ERT survey of VBL1/VBL6 was performed with VBL14 on the
levee landside (see Figure 3-6 map for location). In the control area, a repeat (and extended)

survey of transverse line VBL11 was performed with VBL11B (see Figure 3-7 map for location).

The groundwater elevation as measured in the B-23 piezometer (when measured),
cumulative precipitation from the USGS precipitation gauge at the James W. Trimble Lock and
Dam near Van Buren, AR, during the project duration, and the date of each field day are plotted
in Figure 4-6. Line VBL1, VBLS6, and VBL14 were collected on days one, two, and five,
respectively. The groundwater elevation decreased by 1 m from day two to day five, which is
consistent with observations of standing water present on days one and two on the riverside of
the internal erosion area and not on day five (Figure 4-6). There was increased precipitation
between day one and day two and between day two and day five. Lines VBL1/VBL6 and
VBL14 were acquired in the dry summer and wet winter seasons, respectively. Additionally,

when considering the temporal changes in the near-surface ER, the effects of surface

75



temperatures and the seepage berm construction process must be considered (e.g., the

compaction and hydration of seepage berm materials).
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Figure 4-6. Precipitation data from the USGS precipitation gauge at the James W. Trimble Lock
and Dam (AR River at James W. Trimble L&D Nr Van Buren, AR, n.d.) and measured water
level elevations from the B-23 piezometer. The date of each field day is shown with a red bar
labeled with the day of testing number as specified in Table 2. The CCR data were acquired on
September 21, 2022, under similar conditions to VBL10 (collected on ERT Day 4).

In Figure 4-7, the overlapping lines VBL1/VBL6 and VBL14 (where repeat seasonal DC
ERT surveys were performed), and the associated percent difference in ER between
VBL1/VBLS6 (Figure 4-8a) and VBL14 (Figure 4-8b and c) are presented. In Figure 4-7a and b,
the high ER anomalies in VBL1/VBL6 and VBL14 are delineated with dashed and solid red
lines, respectively. Figure 4-7c is a zoomed in version of Figure 4-7b to match the area surveyed
in Figure 4-7a. As previously discussed, anomalies E3 and E5 were attributed to seepage berm
construction, and E4 was interpreted to be the result of internal erosion damage (Figure 4-7a, b,
c). In landside line VBL14, high ER anomaly E32 is present with a similar lateral extent and a

larger vertical extent than E4. As can be observed in Figure 4-4, anomaly E32 coincides with
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anomalies E16 in VBL12 (Figure 4-4c) and E18 in VBL15 (Figure 4-4d). Additionally, the
increased depth of the eastern edge of E32 in VBL14 (Figure 4-7b and c) is consistent with E16
on transverse line VBL12 (Figure 4-4c). Anomalies E4 and E32 extend well below the seepage

berm extent and are interpreted as internal erosion damage related to the 2019 slope failure.

In Figure 4-7d, the resistivity difference between VBL1/VBL6 and VBL14 indicate the
shallow anomalies E3, E4, and E5 in VBL1/VBL6 are primarily decreasing in ER from the dry
season to the wet season. Additionally, these high ER anomalies show a greater decrease in ER
than in surrounding areas, with a decrease in ER of up to 67%. This is likely due to increased
precipitation and saturation levels in the vadose zone prior to the acquisition of VBL14 and the
higher permeability of anomalies. Below the base of the seepage berm (estimated at 117 m), ER
primarily remained stable or increased from VBL1/VBL6 to VBL14, with zones of increasing
ER concentrated between elevations of 117 m to 113 m. The increase in ER is attributed to
decreasing water level elevation between the collection of VBL1/VBL6 and VBL14 (decreasing
from 115.7m to 114.7m between the surveys). Additionally, the VBL1/VBLG6 survey utilized a 1
m electrode spacing and the VBL14 surveys utilized a 2 m electrode spacing; accordingly,

resolution differences between the surveys may have a role in the observed changes in ER.

The acquisition of repeat seasonal ERT surveys allows observation of how suspected
zones of internal erosion damage respond to changing subsurface conditions. For example, in
Figure 4-7d, in the eastern zone of anomaly E32, increases in ER of up to 235% were observed
between acquisition of VBL1/VBL6 and VBL14. The greater increase in ER in the lower eastern
end of E32 may be due to the lowering of groundwater levels and less capillary fringe in a zone
of internal erosion damage than surrounding fine-grained soils. The temporal response of

anomaly E4/E32 further supports the presence of a zone of internal erosion damage leading to
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the sand boils present at the landside toe near the 2019 slide. However, with the water level
elevation measured at 114.7 m on the levee crest on the day VBL14 was acquired, the ER in
anomaly E32 is increasing below the groundwater level elevation. The increasing ER of anomaly
E32 below the groundwater elevation may be the result of a higher permeability (and relatively
free draining) internal erosion damage zone locally lowering groundwater elevations.
Advancement of a test pit at the location of anomaly E4/E32, would reduce the uncertainties
associated with resolution differences between the surveys and verify the interpreted zone of

internal erosion damage.
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4.3.3 Internal Erosion Area Co-located MASW and DC ERT Lines

Co-located MASW and DC ERT lines were collected along the landside and levee crest
of the internal erosion area and are presented in Figures 4-8 and 4-9, respectively. For the co-
located MASW and DC ERT lines, annotations include the 2019 and 2021 slide locations, the
groundwater elevation were measured, high ER anomalies (annotated with red dashed lines), and
low Vs anomalies (annotated with white dashed lines). MASW Line A (top) and DC ERT line
VBL14 (bottom) are co-located along the landside of the internal erosion area and are presented
along with satellite imagery (middle) in Figure 4-8. In general, there was difficulty in discerning
the stratigraphy based on the Vs profiles alone. Boring B-23 is aligned with MASW Line A for
comparison of Vs and stratigraphy. The transition from the seepage berm material (extending to
an elevation of approximately 117m) and the silt top stratum material to sandy soils
approximately coincides with the 180 m/s Vs contour. In MASW Line A, a velocity inversion
and low Vs anomaly S1 are present from 0 to 16 m at an elevation of 115 m to 113 m. The cause
of low velocity anomaly S1 is uncertain, with the anomaly outside the extent of any ERT testing.
Additionally, low velocity zone S2, which coincides with high ER anomaly E32 in VBL14, is
present between the 2019 and 2021 slides. As previously discussed, anomaly E32 is interpreted
as a zone of internal erosion damage related to the 2019 slope failure. The presence of co-located
low Vs anomaly S2 and high ER anomaly E32 further supports that internal erosion damage is
present at this location. Additionally, transverse lines VBL12 (Figure 4-4c) and VBL15 (Figure
4-4d) cross low Vs anomaly S2 with corresponding high ER anomalies, E16 and E18,

respectively.
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Figure 4-8. Comparison of co-located internal erosion area DC ERT and MASW landside lines.
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In Figure 4-9, MASW Line C (top) and DC ERT line VBL5 (bottom) are co-located
along the crest of the internal erosion area along with an aerial image of the area (middle). In
MASW Line C, a low Vs layer is present at the levee crest extending to a depth of approximately
2.5 meters below the levee crest. The low Vs of the levee crest may be the result of desiccation
cracking of the crest under dry summer conditions. Additionally, a velocity inversion and low
Vs anomaly, S3, is present in MASW Line C from 0 to 112 meters at an elevation of 115 to 119
meters. Low Vs anomaly S3 is located at the approximate elevation of the levee foundation
(estimated to be 117 meters) and crosses the 2019 and 2021 slide areas and high ER anomaly E1

(Figure 4-1).

Looking back at VBL5 (Figure 4-3a), high ER anomaly E1 coincides with anomaly E4 in
the longitudinal seepage berm ERT lines VBL1/VBL6 (Figure 4-3b) which was interpreted as a
zone of internal erosion damage. In Figure 4-9, the location of low Vs anomaly S3 coincides
with low ER materials of the levee foundation present in the transverse ERT lines (Figure 4-4),
that are attributed to the conductive top stratum of the point bar deposits. In Figure 4-9, at 80 m
along the MASW Line C Vs profile, there is an increase in the elevation of low Vs anomaly S3
that coincides with the interpreted swale area (i.e., the saturated area in Figure 4-9). The internal
erosion damage apparent to the west of the interpreted swale area and in the upward movement
of high ER materials in transverse lines VBL8 and VBL9 (Figure 4-4f and g) was not resolved in
the MASW Line C Vs profile (Figure 4-9). Additionally, zones of internal erosion damage were
not resolved below anomaly S3 or in the levee foundation. In both the DC ERT lines and MASW
Lines, the geophysical signature of internal erosion damage (i.e., increased ER and decreased
Vs) was more readily resolved along the levee landside. In the backwards erosion piping process,

piping erosion propagates from the levee landside to the riverside; therefore, internal erosion
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damage that is more readily resolvable using geophysical methods may be more likely to be
present on the landside of the levee. While the MASW surveys provided additional insight into
the stratigraphy of the internal erosion areas, no zones of internal erosion damage were identified

that were not already identified in the DC ERT lines.

Sources of uncertainty in our interpretation of zones of internal erosion damage based on
the MASW surveys must be considered. Some sources of uncertainty in our interpretations for
the MASW surveys include the resolution of the MASW method, a lack of ground-truthing of
the geophysical surveys, and application of the method to a single site. The horizontal resolution
for MASW surveys is generally taken as 10-50% of the array length, which is equal to 2.4 meters
for this study. However, this depends significantly on the impedance between various materials
in the subsurface. The vertical resolution for MASW surveys is generally taken as twice the
receiver spacing, which is equal to 2 meters for this study. Additionally, the resolution of the
MASW method decreases with depth resulting in greater uncertainty in the resulting Vs profiles
at depth (Foti et al., 2015). For this study, the MASW landstreamer setups were spaced at 11.5
meters apart, which significantly reduces the working resolution of the 2-D Vs profiles.
Decreasing the spacing of landstreamer setups would increase the resolution of the resulting 2-D
Vs profiles and decrease the uncertainty of the location and depth of interpreted zones of internal
erosion damage. As previously discussed, the lack of ground-truthing of geophysical data was a
significant source of uncertainty for assessment of internal erosion damage, for both the MASW
and DC ERT surveys. Targeting of test pits and further application of the methods of this study,
as described in Section 4.3.1, would reduce the uncertainty in our interpretations of zones of

internal erosion damage.
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The results of a combination of CCR, DC ERT, and MASW geophysical surveying
support that internal erosion damage can be assessed using geophysical methods. However,
further geophysical testing at the project site, ground-truthing of interpreted zones of internal
erosion damage, and application of the methods of this study to other project sites is needed to
understand the uncertainties associated with geophysical assessment of internal erosion damage
in levees and the applicability of these results to other sites. The use of preliminary CCR
surveys in combination with a review of satellite and aerial imagery and historical boring logs
was valuable for targeting further geophysical testing. The CCR method provides a rapid and
continuous assessment of subsurface conditions to identify potential areas of internal erosion
damage for further geophysical surveying. A combination of transverse and longitudinal DC
ERT lines was valuable in identifying potential zones of internal erosion damage. Potential zones
of internal erosion damage in the DC ERT lines were characterized by high ER, thinning of the
conductive top stratum, upward flow of high ER soils, and typically sand boils present at the
surface in satellite imagery. Often perpendicular DC ERT lines across a suspected zone of
internal erosion damage were required to support that a given high ER anomaly potentially
resulted from internal erosion damage. DC ERT surveying identified zones of potential internal
erosion damage that would not be correctly located with visual methods alone due to surficial
agricultural processes and overlapping deposits of sand boil ejecta (e.g., internal erosion damage
along VBL16). Repeat DC ERT surveys provided further information on suspected zones of
internal erosion damage by allowing observation of the anomaly response to seasonal changes.
Repeat DC ERT surveys provided further support of potential internal erosion damage on the
landside toe of the internal erosion area. The MASW lines provided further support of potential

internal erosion damage at the toe line of the levee; however, MASW surveying was
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unsuccessful in identifying any zones of internal erosion damage not already identified in the DC
ERT lines. The use of transverse and longitudinal DC ERT surveys for assessment of internal
erosion damage in levees is recommended over MASW based on the results in the internal
erosion area. The DC ERT surveys were more effective for detailed mapping and assessment of
internal erosion damage and the processing of ERT data is less complex and time intensive than
processing of MASW data. However, decreasing the spacing of MASW landstreamer setups
should be considered for future studies to obtain higher resolution 2-D Vs profiles. If limited
time and resources are available to assess internal erosion damage at a given site, an initial
review of aerial imagery followed by acquisition of targeted perpendicular longitudinal landside

and extended transverse DC ERT lines is recommended.
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Figure 4-9. Comparison of co-located internal erosion area DC ERT and MASW crest lines.
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4.4.1 Control Area

The control area was selected along a levee section without significant levee distress
features associated with internal erosion damage (e.g., heavy sand boil activity and slope stability
failures) or significant damage during the 2019 flooding for comparison with the internal erosion
area (Figure 3-1). Two relief wells are present in the western section of the project site, including
one in the control area, located at approximately 115 m along and 5 m to the west of transverse
DC ERT Line VBL11B (Figure 3-7). It is unclear if these relief wells are functional as they have
not been addressed in inspection reports or during the 2009 levee certification study of the Van
Buren Levee District No. 1/Crawford County Levee District. The geophysical testing in the
internal erosion area included longitudinal crest and landside DC ERT lines, transverse DC ERT
lines, and crest and landside MASW lines. First, the DC ERT results will be discussed, followed
by a discussion of co-located DC ERT lines and MASW lines and a comparison of the internal
erosion area and control area lines. The DC ERT lines in the control area are presented in Figure
4-10. Longitudinal line VBLA4, located to the west of the internal erosion area on the existing
seepage berm, is presented in the appendices (Appendix A-4). All control area figures are
aligned from east to west for longitudinal lines and south to north for transverse lines (i.e., from
riverside to land side). The control area DC ERT lines were annotated in the same manner and
using the same criteria for anomalies as the internal erosion area. The same classification of soil
type based on ER applied to the internal erosion was applied to the control area, with ER values
greater than 70 ohm-m corresponding to sandy soils and ER values less than 70 ohm-m

corresponding to silts and clays.

87



Elevation (m)

Transverse Lines

1aYBL1B - Day7 }

. VBL11-Day 3

VBL10 VBL3

1234 ---------

121
LT} A
174
115+
13l
114
109 8

Elevation (m)

10742 - = - e e e e m -

105

26 29 33

37 a1

45 49| 53 57 61 65 69 73 77

Distance (m)

|
VBL3
b

1221
120+
118
1161

14+

1121

110+

108+
106
104
102+
100

Longitudinal Lines

124

Distance (m)
__VBL10-Day4 \FUTIandVELTR

122+
120+
118+ - -
116
114+
12
110
108
106
104
102
100

Elevation (m)

108 104 100 96 92 88 84

Elevation (m)

80 76 72 68 64 60 5
Distance (m)

52 48 44 40 36 32 28 24 20 16 12 8

VBL3 - Day 1

123
1214
1194
174
115
1134
111
1091
1074

05+ 7+ T T T T T T
0246 810121416182022242628 3032 34 36 38404244 46485052 54
Distance (m)

¥/ 2, Oa < Pa 7 Ty Sa 7 B 7
o5 %0 % v @00‘9%00%00‘90000

Resistivity (Ohm-m)
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Partially overlapping DC ERT lines VBL11 (Figure 4-10a) and VBL11B (4-10b) were
collected to assess temporal change in ER in the control area. Additionally, VBL11B was
collected as an extension of VBL11 for comparison with the extended internal erosion area
transverse lines. No levee distress features related to internal erosion damage were observed
along VBL11 or VBL11B in a review of satellite imagery or the USACE assessment of the 2019
flood damage. High ER anomaly E32 on the riverside slope is present in both VBL11 and
VBL11B; The cause of high ER anomaly E32 is uncertain, and the anomaly is likely due to
differences in borrow pit material. Notably, no upwelling of high ER soils or thinning of the
conductive top stratum is present on the landside toe of VBL11 or VBL11B, as was observed in
interpreted areas of internal erosion damage (e.g., E11 located at the landside toe of VBL7B in

Figure 4-4a) in the internal erosion area.

In Figure 4-10, no high ER anomalies were observed in longitudinal DC ERT lines
VBL10 (Figure 4-10c) or VBL3 (Figure 4-10d) located on the crest and landside toe of the
control area, respectively. In crest line VBL10, the slight undulation of the contact between low
ER materials and high ER materials is present, which could be interpreted as areas of upwelling
high ER material; however, there is no corresponding upwelling of high ER material in
perpendicular lines VBL11 or VBL11B. The undulations in the contact between the low ER
materials and high ER materials in VBL10 may be due to the ridge and swale topography of the
point bar deposits. For example, the increased thickness of low ER materials at 90 m on VBL10
corresponds well to an area interpreted as a clay-filled trough in the landside CCR data at 950 m

(Figure 4-1).

In Figure 4-11, a comparison of longitudinal toe line VBL3 (bottom) of the control area

with the internal erosion area longitudinal toe lines VBL1/VBL6 (top) is presented. The
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conductive top stratum is more continuous in the control area. Additionally, there is no thinning
of the conductive top stratum present in VBL3, as was observed in areas of interpreted internal

erosion damage in VBL1/VBLS6 at high ER anomaly E4.
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Figure 4-11. Comparison of select longitudinal internal erosion (top) and control area (bottom)
DC ERT lines.
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A comparison of transverse lines VBL7B (4-12a), VBL12 (4-12b), and VBL15(4-12c) in
the internal erosion area and control area transverse line VBL11B (Figure 4-12d) is presented
below. There is a greater top stratum thickness present in the riverside slope of VBL11B than
present in many of the internal erosion transverse lines (e.g., VBL7B and VBL15). The
decreased riverside top stratum thickness is due to the excavation of borrow pits directly adjacent
to the riverside slope of the internal erosion area. The presence of borrow pits directly adjacent to
the internal erosion area leads to the formation of high hydraulic gradients across the levee
during high water events and is likely a contributing factor to the poor levee performance in the
internal erosion area. On the landside toe of VBL11B (Figure 4-12d), no thinning of conductive
top stratum or upward flow of high ER materials is present, as was observed in interpreted zones
of internal erosion damage (e.g., E16 on VBL12 (Figure 4-12b) and E18 on VBL15 (Figure 4-

12¢)).
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4.4.2 Temporal Comparison of Control Area DC ERT Lines

In Figure 4-13, the overlapping lines VBL11 and VBL11B (where repeat seasonal DC
ERT surveys were performed), and the associated percent difference in ER between VBL11
(Figure 4-13a) and VBL11B (Figure 4-13b and c) are presented. In Figure 4-13a and c, the
location of high ER anomaly E32 in VBL11 is delineated with dashed red lines. Figure 4-13c is a
zoomed in version of Figure 4-13b to match the area surveyed in Figure 4-13a. Line VBL11 was
collected in the dry summer season, and VBL11B was collected in the wet winter season. The
ER of seepage berm materials increased by greater than 150 percent between the collection of
VBL11 and VBL11B (Figure 4-13d). The increasing ER of seepage berm materials and near-
surface soils (e.g., the levee crest) can likely be attributed to decreased soil temperatures between
the collection VBL11 and VBL11B. The ER decreased in most of the levee and foundation
materials between the collection of VBL11 and VBL11B (Figure 4-13d). This decrease in ER
can likely be attributed to increasing groundwater elevation and vadose zone saturation levels
during the wet season. The consistent response of high ER anomaly E32 to changing surface
temperatures and saturation levels further supports the interpretation of the anomaly resulting
from material differences. The acquisition of repeat seasonal DC ERT surveys was valuable for
evaluating high ER anomalies and suspected zones of internal erosion damage at both the

internal erosion and control areas.
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4.4.3 Control Area Co-Located MASW and DC ERT Lines

Co-located MASW and DC ERT lines were collected along the crest, and landside of the
control area and are presented in Figures 4-14 and 4-15, respectively. The co-located MASW and
DC ERT lines for the control lines were annotated in the same manner as the internal erosion
area. Additionally, the projected location of historical boring F44C5 is included for comparison

of VS/ER and stratigraphy.

MASW Line B (top) and DC ERT Line VBL3 (bottom) are co-located along the landside
of the control area and are presented aligned with satellite imagery (middle) in Figure 4-14.
Comparing MASW Line B with historical boring F44C5, discerning the stratigraphy based on
the Vs profile is difficult. The transition from seepage berm materials to native soils coincides
with the 140 m/s contour at an elevation of approximately 117 m (Figure 4-14). Landside DC
ERT Line VBL3 more effectively resolves the transition from near-surface silty clay and sandy
silt to sand than MASW Line B (Figure 4-14). No high ER or low Vs anomalies of interest are
present in the landside of the control area, which is consistent with the lack of levee distress

features observed in the area.
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MASW Line D (top) and DC ERT Line VBL10 (bottom) are co-located along the crest of
the control area and are presented aligned with satellite imagery (middle) in Figure 4-15.
Comparing historical boring F44C5 with MASW Line D, the Vs profile resolves the transition
from near-surface silty clay and sandy silt to sand more effectively than landside line MASW
Line B (Figure 4-15). The transition from fine-grained soil to sand corresponds approximately to
the 220 to 180 m/s contour at an elevation of 114 m in MASW Line D. The MASW Line D Vs
profile agrees well with DC ERT line VBL10, with the interpreted contact between fine-grained
soils (of the levee body and conductive top stratum) and sands varying from approximately 113
mto 117 min elevation in VBL10 (Figure 4-15). Low Vs anomaly S4 is present in the levee
foundation materials from approximately 0 to 10 m along MASW Line D; however, there is no
corresponding high ER anomaly in DC ERT Line VBL10 or observed levee distress features in
the satellite imagery. Accordingly, low Vs anomaly S4 is not interpreted as a zone of internal
erosion damage and is likely a clay-filled swale crossing underneath the levee. Low Vs anomaly
S4 coincides with a trough of low ER material in VBL10 in the levee foundation, which further
supports the interpretation of a clay-filled swale crossing the levee at this location. Additionally,
satellite imagery supports this interpretation with differences in vegetation apparent in the

suspected trough area.
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The higher performance of the levee in the control area can largely be attributed to more
favorable geological conditions. The continuity and thickness of the conductive top stratum
increase moving west from the internal erosion area to the control area, which can be observed
both in the CCR data (Figure 4-1) and when comparing internal erosion area landside toe lines to
the control area landside toe lines (Figure 4-11). Additionally, as discussed in Section 4.1, the
clay content of soils encountered in the historical borings increases moving west from the
internal erosion area to the control area (Figure 4-1). The observed decrease in sand content of
the levee foundation materials in the CCR, DC ERT, and boring data is consistent with the
expected fining of point bar deposits towards the convex side of point bar deposits; therefore, the
lack of levee distress features associated with internal erosion damage observed in the control
area is likely due to increased clay content of foundation soils moving towards the convex side of
the point bar deposits. As previously discussed, the point bar deposits in the control area are
nearly perpendicular to the levee, leading to a more randomized distribution of sand boils rather
than a concentration of internal erosion damage at the landside toe as observed in the internal
erosion area (Kolb 1975). In addition to geological factors, the relief well present near VBL11B,
if functional, may prevent the formation of a blocked exit condition and sand boil formation in

the control area.
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Chapter 5: Conclusions

The results of geophysical surveys, including CCR, DC ERT, and MASW, performed on
a section of the Crawford County Levee System supports that internal erosion damage can be
assessed using geophysical methods. However, further research including additional geophysical
surveying at project site, ground-truthing of interpreted zones of internal erosion damage, and
application of the methods this study to other projects sites is needed to understand the
uncertainties associated with geophysical assessment of internal erosion damage in levees.
Preliminary continuous CCR surveying was found to be valuable for selection of locations for
additional DC ERT and MASW surveying. A combination of longitudinal and transverse DC
ERT surveys was more effective than MASW for assessing internal erosion damage at the
project site. The MASW surveying provided additional information on subsurface stratigraphy
and verified a zone of internal erosion damage identified in the DC ERT lines; however, no
additional zones of internal erosion damage were identified in the MASW lines. Multi-Channel
Analysis of Surface Wave surveys with decreased spacing of landstreamer setups are

recommended for future studies to obtain higher resolution 2-D Vs profiles.

Zones of potential internal erosion damage in the DC ERT lines were identified by high
ER, thinning of the conductive top stratum, upward flow of high ER soils, and the presence of
levee distress features in satellite imagery. Due to the 3D nature of internal erosion damage, the
acquisition of perpendicular DC ERT lines is valuable for assessing potential zones of internal
erosion damage and provides improved visualization of internal erosion damage over traditional
destructive testing methods. Additionally, repeat DC ERT surveys in different seasonal

conditions assisted in assessing suspected zones of internal erosion damage.
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Appendix A-1. Crest and landside CCR lines.
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Appendix A-2. Internal erosion area longitudinal landside DC ERT lines VBL1 and VBLS6.
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Appendix A-3. Control area longitudinal landside DC ERT line VBL3.
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Appendix A-4. Longitudinal landside DC ERT line VBLA4, located to the west of the control
area.
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Appendix A-5. Internal erosion area longitudinal crest DC ERT line VBLS5.
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Appendix A-6. Internal erosion area transverse DC ERT Line VBLY7.
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Appendix A-7. Internal erosion area transverse DC ERT Line VBL7B.
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Appendix A-8. Internal erosion area transverse DC ERT Line VBLS.
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Appendix A-9. Internal erosion area transverse DC ERT Line VBLO.
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Appendix A-10. Control area longitudinal crest DC ERT line VBL10.
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Appendix A-11. Control area transverse DC ERT Line VBL11.
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Appendix A-12. Control area transverse DC ERT Line VBL11B.
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Appendix A-13. Internal erosion area transverse DC ERT Line VBL12.
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Appendix A-14. Internal erosion area transverse DC ERT Line VBL13.
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Appendix A-15. Internal erosion area longitudinal landside DC ERT line VBL14.
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Appendix A-16. Internal erosion area transverse DC ERT Line VBL15 and VBL19.
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Transverse DC ERT line VBL17 located to the east of the internal erosion area.
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Appendix A-19. Transverse DC ERT line VBL18 located to the west of the internal erosion area.
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MASW Line C - Crest - Internal Erosion Area
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Appendix A-20. Internal erosion area crest MASW line C.
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Appendix A-21. Internal erosion area landside MASW line A.
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MASW Line D -Crest - Control Area
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Appendix A-22. Control area crest MASW line D.
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Appendix A-23. Control area landside MASW line B.
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