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Academic Abstract

Geotechnical sediment properties such as moisture content, relative density, bearing capacity, and
undrained shear strength have been discussed in the context of coastal sediment dynamics.
However, these properties have rarely been assessed in their respective relevance or quantitatively
related to sediment transport and erodibility. Also, to date there is no framework available for
collecting direct measurements of these properties for estimating initiation of motion and erosion
rates. Here, it is postulated that improving the ability to measure geotechnical sediment properties
in energetic foreshore environments can improve our ability to predict coastal response to climate
change. Through a series of field measurements, the research presented here (1) provides a
framework for conducting geotechnical measurements of beaches, (2) advances portable free fall
penetrometer (PFFP) data analysis in intertidal environments through the introduction of an impact
velocity dependent strain-rate correction factor, (3) relates textural and sediment strength
properties derived from PFFP measurements to an erosion rate parameter and hydrodynamically
driven bed-level change, and (4) uses PFFP measurements to develop a sediment classification
scheme in terms of soil behavior and erosion behavior for a mixed sediment type Arctic
environment. Relationships between sediment properties other than grain size, most significantly
void ratio, and erodibility parameters highlight the relevance of these measurements in
geomorphodynamically active sandy beach environments. For the cohesive sediments in the
Arctic, undrained shear strength was also related to an erosion rate parameter, allowing for a
categorical framework for erodibility classification to be developed. The cohesive framework was
combined with the relationships developed for sandy sediments and used to highlight areas of
active sediment transport in the context of local morphodynamic and ice gouging processes.
Finally, a simple case study showed how implementing in-situ erodibility parameters was
important for long-term morphological modelling. The results represent a step forward in our

ability to predict and mitigate climate change related issues from coastal erosion.
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General Audience Abstract
Climate change driven impacts on coastal environments include increasing frequency and severity
of storms, coastal erosion, and inundation of populated areas. Specifically for Arctic environments,
warming has caused more sediment to be introduced into coastal waters as well as accelerated rates
of permafrost melting and shoreline retreat and decreases in sea ice. One aspect of understanding
how these changes will continue to affect coastal communities and our ability to predict climate
change effects is understanding the role of sediment properties on sediment erosion and shoreline
change. Physical and geomechanical (strength) properties of coastal sediments are important for a
variety of coastal applications but have rarely been investigated in the context of quantifying,

predicting, and assessing erosion, specifically in the context of field measurements.

Towards this end, a series of field surveys were conducted along the coast of North Carolina at a
sandy beach, and in Harrison Bay, Alaska, an Arctic coastal zone with both sandy and muddy
sediments. Tools for taking physical samples of the beach and seabed, measuring the sediment
strength, among other properties in place were used to characterize the local sediments. Once a
framework was developed for characterizing the type of sediment, the measured properties were
then related to measurements of erosion rate from a series of laboratory experiments performed on
physical samples taken from the sites. Finally, one of the instruments for measuring sediment
strength both on land and in the water was used to develop classification schemes for seabed

sediments in terms of their erodibility.

The results of this work highlight the importance of geotechnical properties for coastal sediment
transport processes, reveal new relationships between sediment properties and properties
quantifying erosion behavior, and offer a framework for future research to classify erodibility of
coastal environments in the field with a single piece of equipment. Overall, the work presented

here contributes to our ability to measure, quantify, and predict coastal response to climate change.
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Chapter 1: Introduction

1.1. Motivation

Climate change is expected to increase sea level, rates of sea level rise and the frequency and
intensity of severe meteorological events, posing an increasing threat to coastal areas in coming
years (Sallenger 2000, Bender et al. 2010, Knutson et al. 2010). Beach erosion, shoreline retreat,
and coastal flooding are predicted to become more severe as a result of these changes (Zhang et
al. 2004, Jones et al. 2008). In Arctic environments, climate-related changes in environmental
conditions have led to decreases in seasonal sea ice and an increased sediment yield from rivers
and permafrost bluff erosion (Jones et al. 2009, Overeem and Syvitski 2010, Wang and Overland
2015). Understanding the mechanics of sediment dynamics in these areas is key to predict coastal
evolution and associated impacts on communities and habitats. Thus, an improved understanding
of the relationship between foreshore and nearshore sediment characteristics and the driving
mechanisms of erosion has the potential to improve erosion prediction and to mitigate climate-
related impacts on coastal communities and habitats. To-date, foreshore sediments are often
considered as a single particle problem in erosion relationships for sandy sediments, but there are
bulk sediment properties that have been acknowledged but rarely considered for erosion processes
(Shields 1936, National Academy of Science, Engineering, and Medicine 2019). It is hypothesized
that considering geotechnical properties of foreshore sediments in the investigation of coastal
erosion geomorphodynamics will improve our predictive capabilities for coastal evolution in the

context of climate change.

1.2. Background

1.2.1. Geotechnical Properties and Geomorphodynamics

Local hydrodynamics serve as the driver of geomorphodynamics in coastal environments
(Dalrymple 1992, Masselink and Short 1993, Dean and Dalrymple 2004, Masselink et al. 2006).
The role of geotechnical sediment properties, and their relation to geomorphodynamics has been
acknowledged, but is seldom a main area of research. However, some studies have highlighted
their importance on sediment dynamics in subaquatic and coastal areas (Mulhearn 2001, Watts et
al. 2003, Albatal and Stark 2017, Jafari et al. 2018).

The individual sediment grain has been the focus when investigating erosion, and erosion problems

are often modelled as a fluid-particle interaction (Shields 1936, Briaud 2001). While particle

1



properties, namely grain size and particle density are important in modelling geomorphodynamics,
the particle properties do not necessarily represent the behavior of the sediment as a bulk material
at a beach or on the seabed (Dean 1973, Jackson et al. 2005, Gallagher et al. 2011). Interactions
between individual particles and the stresses that result from interparticle interaction give the
sediment unique geotechnical properties distinct from that of the particle (moisture content,
friction angle, bulk density, shear strength, etc.). These properties have also been acknowledged
to play a significant role in sediment dynamics (Davidson-Arnott et al. 2005, Erikson et al. 2007,
Sassa and Watabe 2007, van Rijn 2007).

The packing state of granular materials can be quantified through a variety of metrics such as void
ratio (e), porosity (n), density (p), unit weight (y), just to name a representative few. Void ratio
and porosity describe the ratios of the volume of voids (volume of air and water in the sediment
matrix) to the volume of sediment and the total volume, respectively. Density gives the mass of
sediment per unit volume, and unit weight give the weight of sediment per unit volume. These two
properties can be expressed as dry density/unit weight (p4, ¥4 ), where there is only air in the voids,
or as bulk density/unit weight (o, v5), Where there is some combination of air and water in the
voids. Conversions between each of these metrics depending upon the engineering application can
be done using weight/volume relationships of soils (see Briaud (2013), Chapter 3 for a detailed
breakdown). Relative density (D,) is another way to quantify packing state of granular materials
on a scale of 0-100%. A relative density of 0% describes the loosest possible state a dry soil can
attain, and D,. = 100% describes the densest possible state. These limits are found through a set of
standardized laboratory procedures. D,. can be computed using unit weights or void ratio, but only
the computation using unit weights will be described here for simplicity. D,, = 0% is found by
determining the minimum dry unit weight (Y4_min) using the “Standard Test Methods for
Minimum Index Density and Unit Weight of Soils and Calculation of Relative Density” procedure
(ASTM D4254). D, = 100% is then found by determining the maximum dry density (V4—max)
using the “Standard Test Methods for Maximum Index Density and Unit Weight of Soils Using a
Vibratory Table” procedure (ASTM D4253). Once these limits are found, D,. can be computed for
any y, from Equation 1.1:



Dr — Yd-max " ( Ya — Vd-min

) «100% (L.1)
Ya

Yd-max — Yd-min

The packing state of sediments in coastal environments can be subject to high variability in both
space and time, and this variability has important implications for local geomorphodynamics and
sediment transport. Suction dynamics in tidal-flat sediments due to tidally driven changes in
groundwater were shown to induce changes in D, of up to 50%, and these changes in turn had
strong impacts on the morphologic evolution of the tidal flats over multiple tidal cycles (Sassa and
Watabe 2007). Bulk density of dune sediments has been used as an input in Rankine Earth Pressure
theory, a common geotechnical earth pressure theory, to model dune recession through shear plane
failure (Erikson et al. 2007). As an example of relationships between packing state metrics,

Equation 1.2 gives the computation for converting py..;x into y, for the purpose of calculating D,.:

— Pbulk9g

Ya (1+w)

(1.2)

where g is gravitational acceleration, and w is the gravimetric water content. A study by
Heathershaw et al. (1981) used a simple penetrometer as a proxy for p;,, of beach sands and found
that bed level change and bulk density were inversely related. Dean and Dalrymple (2004)
suggested that swash and backwash processes on a wave-to-wave basis could act to reduce porosity
(increase density/unit weight/D,.). More recently, Zambrano-Cruzatty et al. (2019) attempted to
include more geotechnical parameters in the formulation for determining the threshold velocity for
aeolian (wind-driven) sediment transport but found that bulk density had only a slight effect on
the results. Albatal et al. (2020) developed an empirical correlation between portable free-fall
penetrometer measurements (PFFP, see Section 1.2.2) and D,. for nearshore sandy sediments, and
found that D, is highly spatially variable in nearshore areas with a range of 30-90%. Additional
work by Albatal et al. (2019) showed that surficial sediment strength from PFFPs (and therefore

D,.) was also highly variable in time, with strong transitions from loose to dense after storm events.

Moisture content (MC) is a controlling variable in aeolian sediment transport. Wind-driven
sediment transport has been found to be closely linked to surface moisture content, with higher
moisture contents having a higher entrainment threshold and therefore being more resistant to
aeolian erosion (Davidson-Arnott et al. 2005, Darke and Neuman 2008, Bauer et al. 2009). Due to
tidal fluctuations in water level as well meteorological effects, moisture content can be highly

variable on beaches and other emerged coastal areas. Partial saturation due to these fluctuations in
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moisture content can have an impact on surface shear strength, and impact morphology (Sassa and
Watabe 2009). One way to quantify the impacts of partial saturation is through suction stresses,
which is an additional source of sediment strength due to capillary action in the pores (Kim 2001,
Lu and Likos 2006, Lu et al. 2009). The model for dune recession dune proposed by Erikson et al.
(2007) also used moisture content by determining shear strength using a formulation that
accounted for added strength due to partial saturation. Additionally, Sassa and Watabe (2007)
showed that changes in suction stresses on tidal flat sediments could induce significant variations

in surface shear strength, affecting bed-level change and erodibility.

The term friction angle is commonly used interchangeably in literature to encompass three terms
for the same conceptual property, with different ways of being defined. The most traditional
concept of the “friction angle” describes sliding object (e.g., a block) friction, or the angle at which
a ramp must be inclined for the object to overcome friction and start sliding. The second is the
“angle of repose” which is the natural settling angle for a mass of loosely placed sediment. This
definition is common in literature to describe the angle between single sediment grains when they
come to rest on a bed and can be used to define entrainment thresholds for sediment transport
(Miller and Byrne 1966, Kirchner et al. 1990). The third type of friction angle is called “angle of
internal friction” and has the symbol ¢'.This is the primary term for the friction angle used in
geotechnical engineering. This definition is a measure of frictional resistance to shearing stresses
within the bulk sediment mass. In well-graded sediments (large range of particle sizes), gaps
between larger particles can be filled with smaller one which increases frictional resistance and
therefore ¢’ (de Beer 1965, Bolton 1986, Duncan et al. 2014). Other factors that control ¢’ are D,
(increases with D,.), and confining stress (decreases with confining stress) (Lee and Seed 1967,
Duncan et al. (2014). Since D, is directly related to ¢’, it follows that ¢" should also be highly
variable in coastal environments. The listed “friction angles” are connected, for example, the angle
of repose describes the angle of internal friction for a loosely packed dry sand. While ¢’ by itself
is not commonly found in literature pertaining to sediment transport processes, it has a controlling
influence on shear strength (as will be discussed in the next section) that makes it important for

these considerations (Erikson et al. 2007).

Shear strength of soil is the maximum magnitude of shear stress that can be applied to the bulk

mass of sediment before inducing failure along a shear plane. In geotechnical engineering,



frictional contact between particles (effective stresses) for dry and saturated material control shear
strength. (Lee and Seed 1967, Duncan et al. 2014). Since erosion processes are governed by fluid
exerting a shear stress on the sediment bed surface, it follows that shear strength is an important
parameter for characterizing erosion. As mentioned in the previous sections, suction stresses
generated due to partial saturation can increase shear strength (Lu and Likos 2006, Briaud 2013).
There are different equations to describe shear strength accounting for partial saturation (Fredlund
and Rahardjo 1993, Lu et al. 2009, Briaud 2013), but all commonly attempt to quantify the effect

of soil moisture on shear strength. An example by Briaud (2013) is shown in Equation 1.3:
7 =c' + (0 — Su,,)tang’ (1.3)

where ¢’ is the effective stress cohesion, o is the normal stress on the failure plane, u,, is the water
pressure, and S is the degree of saturation (0-100%). In this simple example, low values of
saturation will provide a higher shear strength than higher values of saturation. The properties
described previously (D,, MC, and ¢') all have a controlling influence on shear strength. These
properties are highly variable at intertidal beaches, tidal flats, and other emerged coastal
environments, and thus it follows that shear strength is also highly variable across temporal and
spatial scales (Sassa et al. 2014, Manning and Stark 2019, Sassa and Yang 2019). Geotechnical
sediment properties are highly variable and affect the sediment’s erodibility. However, there is
still a lack of studies quantitatively and generally connecting geotechnical sediment properties,
erodibility, and coastal geomorphodynamics, particularly under a wide range of environmental

conditions.

1.2.2. Portable Free-Fall Penetrometer

Coastal environments present a unique set of challenges for conducting geotechnical sediment
characterization. Energetic hydrodynamics, rapidly changing water levels, and unpredictable
environmental conditions make the operation of large cone penetration testing (CPT) systems and
boring rigs dangerous. Additionally, traditional CPT is expensive and often lacks accuracy and
sensitivity for measuring soft or loose surficial sediment properties. Specifically in Arctic
environments, the presence of sea ice and limited open ocean availability in the summer months
further complicates potential surveys and would be difficult without the additional expense of an
icebreaker vessel, while pack-ice conditions in winter are not representative for studies of sediment

dynamics.



Portable free-fall penetrometers (PFFP) have emerged as a suitable tool for conducting
geotechnical characterization in these difficult environments (Stark et al. 2014, Albatal and Stark
2016, Stark et al. 2017). They provide a cost-effective complement to traditional geotechnical
measurements, can be deployed under energetic hydrodynamic conditions, and focus on the
uppermost sediment layer (Stoll and Akal 1999). These devices typically feature onboard
accelerometers recording free-fall through the water column, impact, and penetration into the
seabed. While initial work focused on rapid seabed sediment characterization, more recent work
has focused relating PFFP data to more detailed geotechnical properties (Aubeny and Shi 2006,
Randolph 2016) and to sediment transport processes (Stark and Kopf 2011, Stark et al. 2011,
Albatal and Stark 2017, Albatal et al. 2019). They have succeeded to estimate bearing strength
(Akal and Stoll 1995, Stark et al. 2011, Stark et al. 2012, Albatal et al. 2018, Dorvinen et al. 2018),
relative density of sands (White et al. 2018, Albatal et al. 2020), and undrained shear strength of
fine-grained sediments (Aubeny and Shi 2006, Chow and Airy 2014, Chow et al. 2017, Stark and
Ziotopoulou 2017, Kiptoo et al. 2020). Additionally, when equipped with pore pressure sensors,
PFFPs have been used to study pore pressure response to dynamic penetration and the subsequent
effects on soil behavior (Silva et al. 2006, Seifert et al. 2008, Lucking et al. 2017, Mumtaz et al.
2018, Mumtaz and Stark 2020).

The PFFP used in this work, blueDrop, was specifically designed for use in coastal areas that
provided difficulty for traditional measurements (Stark et al. 2014). Its rugged and lightweight
design makes it suitable for deployment in energetic conditions from a variety of platforms. The
probe features a streamlined shape, can accommaodate steel tips of either conical or parabolic shape,
has a mass of 7.7kg, and length of 63.1cm. Five onboard vertical accelerometers (ranging from
+2g to +250g, where g is gravitational acceleration) and two horizontal accelerometers (£55g)
record continuously at 2kHz. The device free-falls through the water column and impacts the
seabed, with the sediment resistance ultimately bringing the probe to a stop. Impact velocity and
penetration depth can be derived via single and double integration, respectively, of the
deceleration-time record from impact until stop (Dayal and Allen 1973, Stoll and Akal 1999, Stark
and Wever 2009). Due to the probe’s streamlined shape, smooth body, and vertical impact,
sediment resistance is assumed to act at the tip. Thus, the total sediment resistance force (F) can

estimated via Newton’s second law (Equation 1.4) and has been proposed to be considered an



estimate of tip resistance in the absence of detailed soil information to estimate soil buoyancy and
soil drag in addition to buoyancy and drag in water:

F =mxdec (1.4)

Where, m is the buoyant mass of the probe and dec is the measured deceleration. To convert this
resistance force to a dynamic bearing strength (qq,,), it is divided by the area of the tip (A)

(Equation 1.5):

F

Qayn = (15)

This bearing strength is considered a dynamic strength as the PFFP is impacting at a high and
changing velocity (on the order of m/s), when compared to other testing methods such as a CPT,
which penetrate the sediment as a much slower and constant rate (on the order of cm/s). Due to
this high strain rate, the experienced bearing capacity will likely be higher than a comparable test
at a lower strain rate (Stoll et al. 2007). To mitigate these effects, a strain rate correction (f;,) is
applied in an attempt to normalize the results to a slower, constant penetration velocity (Dayal and
Allen 1973, Steiner et al. 2014). Equation 1.6 gives the logarithmic form of the strain rate
correction, most commonly applied to submerged sands and other seabed sediments in the absence
of complementary information about soil type and properties (Stoll et al. 2007, Stark et al. 2009,
Stephan et al. 2015, Albatal et al. 2020):

v
for =1+ Klogqg <v > (1.6)
ref

Where K is the strain rate correction factor, v is the dynamic velocity over the course of penetration

into the seabed, and v,..f is the reference velocity, typically taken as 2cm/s. The empirical strain

rate correction factor K, is soil dependent and highly variable (True 1976). Values ranging from
K =0-1.5 have been suggested for sands (Dayal and Allen 1975, Stoll et al. 2007, Stark et al. 2012,
Stephan et al. 2015, Albatal et al. 2020) and K = 0.15 is considered a conservate estimate for clays
(Aubeny and Shi 2006). Dividing the dynamic bearing capacity by the strain rate correction, gives
the quasi-static bearing capacity (gsbc), which is the proxy for equivalent static sediment strength
(Stark et al. 2012), and is given by Equation 1.7:



qshc = % (1.7)

While the aforementioned studies have shown the utility of PFFPs for estimating sediment
parameters in submerged environments, until recently, PFFPs have not been used for surveying of
intertidal beach environments. However, it is posited to be a useful tool in this setting due to its
rapid deployment and the device’s capability to also measure both emerged and submerged, which
can link different foreshore zones (Reeve et al. 2018). The ability to collect geotechnical
information easily and rapidly in different coastal zones makes the PFFP an attractive tool for
investigating relationships between erodibility, geotechnical sediment properties, and
morphodynamics in coastal systems. However, the data analysis of PFFP records at beaches has
only been rarely explored (Reeve et al. 2018, Paprocki et al. 2019).

1.2.3. Sediment Properties and Erodibility

Sediment dynamics (of the seabed, riverbed, beach face, etc.) is determined by the interaction
between mobilizing and stabilizing forces. Mobilizing forces are mostly aero/hydrodynamics such
as fluid flow and turbulence, and stabilizing forces are predominantly associated with sediment
properties (Grabowski et al. 2011). If the mobilizing forces overcome the stabilizing forces,
sediment motion is initiated, representing the first step to erosion. This is referred to as incipient
motion. The minimum shear stress needed to initiate sediment motion is the critical shear stress
(tcr). While there are several formulations for determining the critical stress (e.g., Madsen and
Grant 1976, Hallermeier 1980, Soulsby and Whitehouse 1997), a most traditional and still
commonly applied expression is the critical Shield’s Parameter (8,,-), which is a non-dimensional
version of the critical shear stress (Shields 1936):

TCT

9, =— <
T (ps —p)gdsg

(1.8)

Where p, is the sediment particle density, p is the density of the fluid, g is gravitational
acceleration, and d, is the particle diameter. For sediment beds with a range of grain sizes present,

the median size of the grain size distribution (ds,) can be used (van Rijn 2007).

Once particle motion has been initiated, erosion may result if net sediment transport is associated
with material loss. The rate at which sediment is removed from the bed per unit area during erosive

processes is called the erosion rate (E). Again, there are various expressions for determining E



(see Wilson 1993, Roberts et al. 1998, Ternat et al. 2008), but most take a form similar to one
presented by Grabowski et al. (2011):

E = M(Tb - Tcr)n (1.9)

Where t,, is the shear stress applied to bed and M is referred to as the erosion rate parameter. The
fitting parameter n is set to a value of one when assuming a linear relationship between erosion
rate and shear stress (Graf 1984, Parchure and Mehta 1985). Erodibility of sediment can be
described by the critical shear stress (i.e., if and when sediment is mobilized) and the erosion rate
(i.e., how much sediment is eroded) and exhibits high variability between sediments (Briaud 2008).
Thus, sediment properties have a significant impact on erodibility (Briaud 2013). Numerous
attempts have been made to correlate erodibility and sediment properties (see National Academy
of Science, Engineering, and Medicine 2019 for a detailed summary), and there is a stark difference
in the properties influencing erodibility between cohesive and non-cohesive sediments, as cohesive
sediments have strong inter-particle attraction due to electro-chemical processes referred to as
cohesion (Winterwerp and van Kesteren 2004, Grabowski et al. 2011). Sediment properties known
to influence erodibility include grain size, water content, unit weight, plasticity index, undrained
shear strength, void ratio, swell, fine fraction, amongst others (National Academy of Science,

Engineering, and Medicine 2019).

1.2.3.1. Erodibility of Non-Cohesive Sediment

For non-cohesive sediments (sands & gravels), a controlling parameter for erodibility is particle
size (Briaud 2013). Grain size was the basis of the work done by Hjulstrom (1935) and Shields
(1936) as the first attempts to correlate erosion thresholds with sediment properties. Table 1.1
contains examples of existing correlations between erodibility and sediment properties for non-

cohesive sediments.



Table 1.1: Examples of simple correlations between sediment properties and erosion thresholds
for non-cohesive sediments.

Relationship Erosion Parameter Reference
vz D —-0.2
Pler _ 550 (—g) Critical velocity Neill (1967)
beg VA
T = 0.05y, D5, Critical shear stress Chen and Anderson (1987)
v.r(m/s) = 0.35(Dg)%*° Critical velocity Briaud (2008)
T (Pa) = Dgy (mm) Critical shear stress Briaud (2008)

where v, is the critical velocity for erosion, D, = ,/Dg4D; is the effective grain diameter from
Neil (1967), z is the flow depth, and y;, is the submerged unit weight. As seen from Table 1.1,
though these are just a few examples of correlations for non-cohesive sediments, they all require

a grain size, either using the median grain size (Ds,) or the effective grain diameter (D). The other

sediment property included in some of the relations is the submerged unit weight, y; which is a
metric of the packing state of the material. Kirchner et al. (1990) studied relationships between
critical shear stress and friction angles in the form of angle of repose (Miller and Byrne 1966) and
found that critical shear stresses were highly variable functions of the sediment size, angle of
repose, grain protrusion, and grain exposure. The authors suggested that a single value of critical
shear stress was insufficient to describe the entrainment behavior of riverbed sediment, and that a
probability distribution was a more effective method of determining entrainment (Kirchner et al.
1990). Particle sorting and shape have also been shown to be important for initiation of motion for
non-cohesive sediments. Sediment beds composed of a wide range of particle sizes (well-sorted)
will have selective entrainment of smaller particle sizes first based on the flow conditions, which
can lead to a coarsening of the surficial particles in a process known as bed armoring (Proffitt
1980, Chin et al. 1994). This can be juxtaposed to a poorly sorted bed (similar particle sizes) which
will all entrain at a similar flow regime when motion is assessed using a grain size based approach.
With regard to particle shape, Lane and Carlson (1954) found that flatter particles could become
“stuck” in the bed due to their shape and resist motion when compared to spherical particles, but
once entrained would travel further than spherical particles due to a lower settling velocity, which

was also suggested by Bridge and Bennett (1992).
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A variety of sediment characteristics influence the erosion behavior of non-cohesive sediments
such as grain size, shape, and sorting as well as packing state and angle of repose. However, a
majority of these properties have not been studied in the context of coastal sediment transport
processes. The work done using submerged unit weight by Neill (1967) focused on glass spheres
and gravel sized particles, and the Chen and Anderson (1987) relation came from a study on soil
erosion during dam overtopping. Further, the studies mentioned with regard to grain size, shape,
and sorting were all conducted in the context of riverine environments and unidirectional flow.
Studies on coastal sediment transport with regard to erodibility have focused on a Shields (1936)
style approach, using grain size as the sediment property determining motion, with the difference
being in how bed shear stress are computed to account for combined wave-current flows (see
Nielsen 1992, Soulsby 1997, and Dean and Dalrymple 2004). As mentioned in Section 1.2.1,
moisture content is an important parameter for aeolian sediment transport in emerged coastal
environments such as beaches, but moisture is not a factor in water-driven erosion as the sediment
are fully saturated (Davidson-Arnott et al. 2005, Darke and Neuman 2008, Bauer et al. 2009).
Zambrano-Cruzatty et al. (2019) attempted to introduced bulk density into relations for critical
fluid velocity for wind-driven sediment transport on beaches but found that considering density
only had slight effect on the results. This lack of consideration for additional sediment properties,
specifically in the context of water-driven erosion in coastal environments, is an opportunity to

explore potential relationships containing more than simply the grain dimensions.

1.2.3.2. Erodibility of Cohesive Sediments
Grain size does not correlate well with erosion behavior of cohesive sediments (silts and clays)
(Briaud 2013). This has led to numerous attempts to correlate other sediment properties with

erodibility for fine-grained sediments, with Table 1.2 providing a brief list of examples:
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Table 1.2: Examples of existing relationships between erosion threshold and sediment properties
for cohesive sediments.

Relationship Sediment Property Reference
T = 0.0034(P1)084 Plasticity Index (PI) Chen and Anderson (1987)
T = 0.0323 — 0.00653e Void Ratio (e) Lyle and Smerdon (1965)
Ter = 0.493 % 1000182Fc Percent Clay (P.) Smerdon and Beasley (1961)
Ter = 5.44 % 107%p, — 0.28 Bulk Density (pp,) Amos et al. (2004)
T = 0.70exp (0.06MC(%)) | Moisture Content (MC) | Singh and Thompson (2015)

Additionally, as one example of the variety of sediment properties that have been used in
correlations, Lyle and Smerdon (1965) provided expressions for relationships between erosion
threshold and dispersion ratio, percentage of organic matter, vane shear strength, cation exchange
capacity, and calcium/sodium ration. These examples serve to highlight the wide range of sediment
properties that affect the erodibility of cohesive sediments. However, the use of empirical
relationships and linear regression to correlate limited numbers of sediments properties with
erodibility has been met with limited success (Cao et al. 2002). This is due to the complexity of
the erodibility problem in general, and the influence of a large number of sediment-specific
properties (Briaud 2013). Still, these types of relationships represent the state of the art for
obtaining erodibility parameters from soil properties, specifically when combined with the
laboratory tests discussed in the next section, and the varying degrees of success do not undermine
the importance of developing such relationships for practical engineering applications. One
improvement that could be made in the area of cohesive sediment erodibility in coastal
environments is the introduction of direct soil strength measurements. Parameters such as vane
shear strength or undrained shear strength have been considered for both the determination of .,
(Lyle and Smerdon 1965, Ghebreiyessus et al. 1994), and the erosion rate parameter M from
Equation 1.9 (Winterwerp and van Kesteren 2004). However, these studies did not make in-situ
measurements of shear strength, instead relying on remolded samples or laboratory testing, which
has the potential to change the measured properties due to sample disturbance (Duncan et al. 2014).

A tool such as the PFFP has been shown to be able to make in-situ measurement of s,, in coastal
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and marine environments (Kiptoo et al. 2020, Jaber 2022). This ability to directly measure strength
properties of cohesive sediments has the potential to generate new relationships between in-situ
geotechnical properties and erodibility.

1.2.3.3. Measuring Erodibility

Laboratory tests such as the Jet Erosion Test (JET) and Erosion Function Apparatus (EFA) have
been used to determine erosion parameters for field sediment samples and varying laboratory
prepared samples (Hanson 1991, Briaud et al. 2001). The JET measures erodibility by setting a
head tank to fixed height, shooting a jet of water into a sediment sample for fixed time intervals
and recording the resulting depth of scour in the sample (Hanson 1991). Measured parameters are
erosion rate (E) from the scour depth measurements, and the applied shear stress (7) from head
tank height and flow conditions of the jet nozzle (Hanson and Cook 2004). Erosion parameters (k4
and t.,) are obtained by iteratively solving the excess shear equation (Graf 1984), which is
equivalent to Equation 1.9, with the detachment coefficient k, replacing M. M and k, both
describe the erosion rate of a material once erosion has been initiated (z > t..), and a higher
M /k, indicates a higher erosion rate at a given excess shear stress. The parameter M describes
erosion rate in terms of mass, and k, is a volume based parameter, thus converting between the
two can be done by knowing the sediment density (p;). The EFA measures erodibility by pumping
water through a rectangular flume while a Shelby tube sample (ASTM D1587) is extruded from
the bottom into the flow (Briaud et al. 1999, Briaud et al. 2001). Erosion rate is measured by
recording the time to reach 50 mm of erosion under a given flow velocity, and the test is repeated
at different flow velocities to cover a range of shear stresses. These types of laboratory tests have
led to the development of a more categorical approach to erodibility, as shown in Figure 1.1 for
the EFA, whereby soils can be grouped into different classes of erodibility behavior based on
laboratory measurements of erosion rate and shear stresses (Briaud 2008). Hanson and Simon
(2001) developed a similar classification chart for samples tested with the JET. From this chart,
fine sand is the most erodible material, with clays and rock being the most difficult to erode (Figure
1.1).
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Figure 1.1: Relationship between applied shear stress and erosion rate for different of sediment
types (taken from Briaud 2013). SM and SP refer to well and poorly graded sands, ML and MH
refer to low and high plasticity silts, and CL and CH refer to low and high plasticity clay,
respectively.

While laboratory testing provides a valuable method for obtaining erosion parameters, these tests
can often be time consuming and expensive to perform, especially in field settings, and can be
affected by the difficulty required to obtain undisturbed samples, specifically for coarse-grained
sediments and in challenging coastal areas such beach/nearshore zones and Arctic environments
(National Academy of Science, Engineering, and Medicine 2019). Measuring soil properties and
strength characteristics of in-situ coastal sediments using tools such as the PFFP (see Section 1.2.2)
and comparing these properties to the laboratory measures of erodibility described above has the
potential to mitigate some of the issues related to obtaining soil properties during lab testing and
allow for field erodibility characterization in challenging coastal settings. Based on the work
detailed in Section 1.2.1 highlighting the importance of geotechnical soil properties for a variety
of coastal sediment transport processes, it can be hypothesized that geotechnical parameters
measurable in-situ can be correlated to coastal sediment erodibility, paving the way for accessible

field measurements to predict coastal erosion more accurately.
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1.2.4. Sediment Dynamics in Arctic Nearshore to Continental Shelf Systems

The Arctic has seen some of the highest rates of shoreline retreat in the world due to climate change
(Jones et al. 2008, Frederick et al. 2016). Seasonal sea ice thickness and extent has decreased due
to warming temperatures, resulting in more open water during the summer months and increasing
fetch available to generate storm driven wind waves, which attack and erode the coastline (Aré
1988, Overeem et al. 2011, Barnhart et al. 2016). This issue is exacerbated by melting of
permafrost bluffs which induces slumping and block failure (Lantuit and Pollard 2008). The
drivers of these erosive processes (wave energy and ground thaw) are expected to continue
increasing, leading to further increases in shoreline retreat rates and vulnerability of coastal
communities (Ford et al. 2006, Jones et al. 2009). In addition to coastal erosion, increases in
precipitation are expected to drive increases in river discharge, all of which point to an increase in
sediment supply to Arctic marine environments (Rachold et al. 2000, Box et al. 2019). Factors
impacting the transport mechanisms of this new sediment include coastal morphology, and
winter/summer differences in currents generated by the presence of sea-ice. Coastal bluffs reflect
wave energy, driving offshore directed currents, whereas low-lying barrier islands allow wave
energy to move sediment onshore (Héquette et al. 2001). The presence of ice near the shore in the
winter promotes offshore directed bottom currents, while calm conditions in the summer months
promote deposition on the inner shelf, although storms during the summer increase erosion, as
mentioned previously (MacDonald et al. 2015, Forest et al. 2016). While understanding the
complex interactions between transport processes, climate change, and local/seasonal
hydrodynamics is an area of current study (Osborne and Forest 2016), one underserved area related
to the concepts presented in the previous sections is the role of sediment properties. Previous work
has acknowledged the importance of geotechnical sediment properties such as grain size, packing
state, and shear strength for determining erosion rates of coastal bluff and for the protection of
buried pipelines from ice scour (Reimintz et al. 1985, Nematzadeh and Shiri 2020, Hashemi et al.
2022). Additionally, Arctic seabed sediments are known to be highly variable spatially as well as
in vertical stratification due to reworking from ice gouging, which implies a similar degree of
variability in erodibility (Barnes et al. 1980, Barnes et al. 1984, Reimintz et al. 1977). Measuring
sediment properties and erodibility poses a difficult challenge in Arctic environments due to the
presence of sea-ice for most of the year, and the logistics required for performing field work in

remote areas. Still, these vulnerable coastal systems present a unique opportunity explore new
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relationships between sediment properties and erodibility across a variety of sediment types (see
Section 1.2.3). PFFPs have been successfully employed in Arctic nearshore systems for the
purpose of geotechnical sediment characterization, and the challenging location provides an ideal
setting for advancing PFFP measurements to directly estimate erosion parameters (Stark et al.
2015, Stark et al. 2017). Using PFFP measurements to rapidly characterize both sediment
properties and erodibility in-situ would allow for more accurate values to be implemented into
long-term morphodynamic models, such as in the study by Malito et al. (2022), with the goal of
improving our understanding of sediment dynamics in Arctic environments, and our ability to

model the response of these systems to climate change in the future.

1.3.  Gaps in Knowledge

There have been numerous studies acknowledging the variability of geotechnical sediment
properties in emerged coastal environments and their role in affecting local geomorphodynamics
(see Section 1.2.1). Example of such properties include moisture content (Darke and Neuman
2008, Davidson-Arnott et al. 2005), shear strength (Sassa and Watabe 2007, Sassa and Yang 2019),
packing state in the form of relative density or bulk density (Erikson et al. 2007, Zambrano-
Cruzatty et al. 2019), and bearing capacity (Paprocki et al. 2019). However, these properties have
all been studied for specific applications, and rarely in reference to their general variations in the
crosshore beach profile with active geomorphodynamics (Heathershaw 1981). Improving our
understanding of sediment dynamics and geomorphodynamics, and thus, of coastal erosion and
shoreline change, requires a better understanding of how these properties vary across spatial and
temporal scales in beach environments and how they relate to geomorphodynamics. Collecting
geotechnical and geomorphodynamic data in-situ can contribute to tackling this gap in knowledge.
Yet, there has been little research directed toward the direct measurement of geotechnical sediment
properties in emerged beach environments. PFFPs have paved the way to obtain geotechnical
information of surficial sediments in nearshore and submerged sites, but have just recently been
considered to enable seamless measurements from subaerial over intertidal to subtidal cross-shore
locations (Reeve et al. 2018, Paprocki et al. 2019). Developing and evaluating a strategy for PFFP
measurements in partially saturated intertidal environments would enhance the ability of
researchers to understand how variations in sediment properties affect and are affected by local

sediment transport, hydrodynamics, and morphology at beaches.
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Further, once these properties can be directly measured in an efficient and reliable manner, their
connections to in-situ erodibility behavior can be investigated. Specifically for non-cohesive sandy
sediments to-date, the sediment property of interest in terms of quantifying erodibility is grain size
(Shields 1936, Nielsen 1992, Soulsby 1997, National Academy of Science, Engineering, and
Medicine 2019). Other sediment properties such as packing state or sediment strength have been
explored for non-cohesive sediments, but these relationships have not been explored in the context
of coastal/nearshore environments (Neill 1967, Chen and Anderson 1987). For mixed/cohesive
sediments, relations to a variety of sediment properties have been attempted with mixed results
(Cao et al. 2002). Further, a majority of these studies and relationships were developed based on
laboratory tests of erodibility and samples prepared to specific properties. While there are tools for
in-situ measurement of erodibility (Hanson and Cook 2004), there is a lack of work pertaining to
relationships between directly measured soil properties and directly measured erodibility
parameters, likely due to challenges presented by measuring either set of these parameters in the
field. This problem is exacerbated by the aforementioned lack of guidance on collecting
geotechnical measurements of beaches and measurement challenges presented by

difficult/energetic coastal and nearshore environments.

From the identified gaps in knowledge, the goal of this research is to improve geotechnical data
collection techniques for surficial sediment properties relevant for erosion in coastal environments
and to advance our understanding of the relationships between geotechnical sediment properties
and erodibility in coastal settings. Regarding specific coastal settings, this study focuses on sandy
beach environments and then stretches into Arctic coastal to shallow water environments,
representing settings of particular urgency to improve of understanding of sediment dynamics in
the context of climate change and of significant challenges for field data collection. This goal will

be addressed by testing the following research hypotheses:

1. In-situ geotechnical properties of coastal and nearshore sediments such as relative density,
moisture content, and bearing capacity can be measured safely and reliably in energetic
coastal environments subject to significant geomorphodynamics and possibly shoreline

erosion.

2. Geotechnical properties of foreshore and nearshore continental shelf sediments vary in

response to local geomorphodynamics along crosshore beach profiles and across other
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morphologic features. Quantifying these variations is key to understanding the complex
relationships between sediment properties, morphology, and hydrodynamics.

Considering geotechnical properties as significant variables in erodibility relations can

improve our understanding and prediction of coastal morphodynamics.

To address these hypotheses, the following set of tasks were completed, reflecting the contents in

the main body of the dissertation (Chapters 2-5):

1.4.

1. A series of field data sets of geotechnical sediment properties were collected at sandy

beaches in North Carolina and Southeast Alaska. Drawbacks in the measurement
techniques were assessed and local environmental conditions affecting the measurement
techniques were identified. Finally, the quality and feasibility of collecting geotechnical
measurements was assessed and focused on areas of improvement in data collection and
processing.

Geotechnical properties, erodibility, geomorphodynamics, and hydrodynamic regime were
related using data from the sandy beach in North Carolina. Field data collection was
performed using the knowledge gained from Task #1. Laboratory erodibility testing and
theoretical modelling of sediment mobility using the collected field data and physical
samples from the beach were performed, and comparisons to morphological change
measured using ground-based LiDAR were made.

Using a field data set collected in Harrison Bay, Alaska, variations in geotechnical
sediment properties and erodibility across a mixed nearshore to continental shelf system
were quantified. Relationships developed in Objective #2 between erodibility, sediment
properties, and morphology for coarse sediments were applied to the new results. Finally,
new relationships were investigated for fine sediments using the field data and further
laboratory erodibility testing of gravity core samples to build a more complete picture of

sediment dynamics at the site.

Contributions

This research makes the following contributions to current knowledge and data availability:

1. Advancement of geotechnical measurements of beaches. Moisture content was measured

over rapid spatial and temporal scales and a calibration scheme was developed to mitigate
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1.5.

seawater effects on the sensors. Measurement of relative density was incorporated into
beach measurements and identified to fall into the range of negative values due to partial
saturation. A new PFFP data analysis method is presented, introducing a new velocity-

dependent strain-rate correction factor, K,,,,4 Which is a function of the impact velocity.

Relationships between direct measurements of void ratio, bulk density, firmness factor,
and gsbc and laboratory derived erodibility parameter k; which controls the erosion rate
after onset of erosion. A parametric study performed using laboratory derived and
empirical relations for z.,- showed that motion would be initiated under most circumstances
for the given hydrodynamic regime at the field site, implying that k; (which controls
erosion rate) is more important than .. for characterizing the erodibility of sands.
Additionally, a framework is proposed to explain the relationship between sediment
properties prior to morphologic change and how hydrodynamics driven changes in

morphology change sediment properties in-situ.

. Aregional sediment classification model for an Arctic nearshore/continental shelf system

is proposed using PFFP measurements to differentiate cohesive and non-cohesive
sediments. Once sediments have been grouped in this way, the framework developed by
Jaber (2022) is expanded upon to create categories based on erodibility parameters. These
categories are able to identify zones of high and low erodibility across small and large scale
spatial areas and highlight the need for consideration of high variability in sediment

properties and erodibility in morphological models.

Dissertation Structure and Content

The chapters of this dissertation are a series of paper manuscripts that are combined to make the

contributions outlined in the previous section. The dissertation contains an introductory chapter,

four main body manuscript chapters, and six appendices.

Chapter 2 is a peer-reviewed conference contribution which details one of the first studies on PFFP

deployments in beach environment. Local variations in sediment strength were studied in relation

to position in the crosshore profile, and crosshore variations in strength were studied across three

hydrodynamically and morphologically distinct sites in Yakutat, AK. The results of this study

further supported the first hypothesis regarding the feasibility of performing geotechnical

surveying of beaches.
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Chapter 3 is a journal manuscript that addresses geotechnical surveying of beaches (Objective #1).
A large field data set was collected using a moisture gauge, density sampling, three penetrometers,
and a vane shear. Changes in geotechnical sediment properties in the crosshore profile are shown,
and their importance for surficial sediment erosion is highlighted. Additionally, the suite of field
tools is assessed in terms of measurement quality and feasibility. A method for obtaining relatively
undisturbed density samples is presented. PFFP measurements in emerged environments are
compared to a partially saturated bearing capacity theory by Vanapalli and Mohammed (2007),
and this model is used to introduce a new type of velocity dependent strain rate correction. This
work was motivated by the second research hypothesis regarding the importance of measuring
geotechnical properties at beaches and provided further evidence of the variability in sediment
properties.

Chapter 4 is journal manuscript that builds upon the lessons from Chapter 3 to begin relating
geotechnical properties to erodibility at a beach environment (Objective #2). A second field data
set was collected in Duck, NC with the addition of LIDAR to measure bed change. A series of in-
situ samples were collected and tested in a Jet Erosion Test setup and these results are compared
to the measured sediment properties. A relationship between the erosion rate parameter and
packing state is established. Initiation of motion is address through both a parametric study and
with the laboratory results. Discussion is focused on how sediment properties affect changes in
morphology and how morphodynamic change can lead to changes in sediment properties in a type
of feedback loop. This study was a first step in support of the third research hypothesis, showing
that sediment properties were indeed linked to erodibility, and had implications for

geomorphodynamics at beaches.

Chapter 5 is a journal manuscript assessing relationships between sediment properties and
erodibility in a mixed sediment Arctic environment (Objective #3). Specific challenges and
research questions for Arctic nearshore zones due to climate change are addressed in the context
of better understanding local sediment dynamics. PFFP measurements are used to create a regional
sediment classification scheme, and this framework is then applied to obtain strength properties
for the seabed sediments. These properties are then used in conjunction with JET tests on gravity
core samples to define categories of erodibility at the site. These differences in erodibility are
discussed in the context of large and small scale sediment variability at the site and for use in

improving numerical models of shelf morphology. The results of this work represented further
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evidence in support of the third research hypothesis, as a second dataset in differing sediment types
also showed the importance of including sediment properties in erodibility relationships and using
those new relationships to give insights into local sediment dynamics.

Appendix A contains the data repository information and link in addition to the readme file that
describes the repository files organization and contents.

Appendix B presents a calibration method for soil moistures sensors. Seawater acts to artificially
increase moisture measurements in dielectric permittivity probes. This conference submission
provides a simple laboratory calibration method, as well as a comparison with a field data set to
affirm the utility and necessity of such calibrations, and further addresses the goal in Objective #1
of improving geotechnical characterization methods at beaches.

Appendix C is an abstract from a conference presentation providing an overview of the
measurements collected in Harrison Bay, Alaska. Emphasis is placed on the high degree of
variability found in the area, both across the bay as whole and on smaller scales such as single
stations or along small transects. This presentation served as introduction to the measurements and

concepts detailed in Chapter 5, towards completing Objective #3.

Appendix D is an extended abstract from a conference presentation detailing differences in
geotechnical properties and their potential effects on local sediment transport processes. Friction
angles and relative density are determined for a series of nearshore transects on a large spit via a
framework proposed by Albatal et al. (2020). Differences in strength properties are discussed in
terms of different migration rates for certain areas of the spit. This work highlighted again the
variability of geotechnical properties in coastal environments as well as how that variability is

connected to local morphodynamics, as proposed in the second research hypothesis.

Appendix E is a conference manuscript detailing crosshore variations in moisture content and
sediment strength for a field site with complex morphology in Yakutat, Alaska. Variations in these
properties well as the topography are discussed in context of the dominant sediment transport
processes and local hydrodynamics at the site. This contribution served as a first look at
highlighting the need for collecting geotechnical properties and connecting those properties to

sediment transport and mobilization processes, supporting the first two hypotheses.
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Appendix F is a text version of a poster presentation given to highlight a series of long term beach
measurements. A long term field study was undertaken in Yakutat, Alaska that involved
topographic, moisture content, and sediment strength measurements. These measurements are
discussed in terms of variations in the crosshore and present another example of the utility of
performing geotechnical surveys of beach environments (Objective #1).

Appendix G provides an overview of a sensitivity analysis aimed at understanding the role of
erodibility parameters in numerical models. A simple case study was performed using a Delft3D
cross-shelf morphodynamic model. Erosion parameters for cohesive sediments were updated to
reflect the measured in-situ values, showing a reduction in bed morphological change. Future work
will continue to explore the integration of in-situ variability of erodibility in the model to better
the understanding of long-term shelf evolution in response to climate change, supporting the

second research hypothesis.
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2.1.  Abstract

Phipps Peninsula is a sandy peninsula located near the town of Yakutat, Alaska. In the summer of
2018, a field study was conducted in three areas of the peninsula. All three locations feature
complex sediment remobilization processes shaping the local geomorphology. Here, variations in
geotechnical properties at the three test sites are investigated. For this purpose, a portable free fall
penetrometer (PFFP) was deployed along several transects at the three sites, totaling approximately
750 deployments throughout the course of the study. Since field studies using PFFP on sub-aerial
and intertidal beach areas are limited, and results are highly variable, novel methods were
implemented for the analysis of the PFFP data. This study represents a first step towards the use
of PFFP data to characterize geotechnical properties on sub-aerial and intertidal beaches. Temporal
differences in strength are discussed in the context of local physical processes, and spatial

variability was related to differences in morphology and hydrodynamics.

2.2.  Introduction

Sediment strength (e.g., in terms of bearing capacity and/or shear strength) is an important
consideration for many coastal applications, including assessing beach trafficability and
understanding local sediment transport/remobilization processes. However, coastal environments
present unique challenges for measuring sediment strength. Nearshore areas are often highly
energetic and beach environments can be affected by dynamic geomorphodynamics. This makes
the use of the heavy equipment typical to geotechnical surveying impractical in these areas and
sometimes unsuitable to test near-surface sediments. In the nearshore zone, portable free-fall
penetrometers (PFFPs), which are low-cost, lightweight, and easily deployable from a small craft,
enable a geotechnical characterization of surficial subaqueous sediments in energetic coastal
environments (Stark et al. 2014a). For sandy nearshore sediments, analysis of PFFP data can
provide an estimate of equivalent cone resistance (Akal and Stoll 1995; Stoll et al. 2007; Stark et
al. 2009, 2012; Lucking et al. 2017), relative density, and friction angle (Albatal et al. 2019) using
deceleration measurements. However, this work has rarely been extended onto the sub-aerial and
intertidal (exposed to the air, not submerged) beach areas (Reeve et al. 2018). An added complexity
of using PFFP on beaches stems mainly from the effects of partial saturation, which introduces an
apparent cohesion adding to the sediment strength that may change with time (Lu and Likos 2006,
2013). Other factors affecting local sediment strength include complex groundwater-swash zone

interaction (Heiss et al. 2014, 2015) and spatiotemporal variations in geomorphology and sediment
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distributions in response to tidal variations and hydrodynamic forcing (Masselink et al. 2006; Sassa
and Watabe 2007, 2009). As an initial step towards extending the use of PFFPs into sub-aerial and
intertidal beach environments, this paper aims to examine the strength data obtained from PFFP
deployments at three beaches, analyze temporal differences in strength along a crosshore transect,
and discern if hydrodynamic and morphodynamic differences can explain differences in strength
profiles at three distinct sites.

2.3.  Regional Context

This study was performed on Phipps Peninsula, a sandy peninsula west of the town of Yakutat,
Alaska. Yakutat is located about 225 miles northwest of Juneau, and Phipps Peninsula is bordered
by the Gulf of Alaska to the southwest, Yakutat Bay to northwest, and Monti Bay to the northeast.
Figure 2.1 shows the overall area and the location of the three study sites. The following sections

will detail the local geology, geomorphology, and hydrodynamic conditions of the three different
sites.

‘—‘-," .

Gulf of Alaska Cannon Beach

[ sampeumme|

2 miles

Google Earth

Figure 2.1: Site Geography and Study Locations, Source: “Yakutat” 59°32'33.01"N and
139°49'35.74"W. Google Earth. May 11, 2016.
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2.3.1. Geology

All three test sites are composed of predominantly fine quartz sand, having a dark color due to the
presence of heavy minerals. Cannon Beach was the only site characterized by an appreciable
increase in median grain size (ds,) along a crosshore profile, increasing from 230 um to 310 um
from the dune towards the low water line. Sediment distributions at Ocean Cape and Point Carrew
were more uniform, with a median grain size of 260 um. Ocean Cape features additionally a large
boulder field located on a low-tide terrace, likely due to local erosion of the headland, which was
not surveyed in this study. The Yakutat area is seismically active. Thus, the beaches have the

potential for liquefaction and/or impacts of submarine landslides during earthquakes (Yehle 1971).

2.3.2. Morphology

Cannon Beach is wide (150 m) and has the most gently sloping intertidal zone (3°) of the three
beaches evaluated, Ocean Cape is much narrower (80 m) and steeper (5°) and Point Carrew is a
very wide sandy spit (460 m), also with a steeper intertidal zone (5°) (Table 2.1). Ridge-runnel
systems (King and Williams 1949) were observed at all three sites, but the crosshore transect at

Cannon Beach did not capture this feature at the time of measurements.

Table 2.1: Morphology Summary

Site Low-Tide Beach Width (meters) | Intertidal Slope (degrees)
Cannon Beach 150 3.1
Ocean Cape 80 5.1
Point Carrew 460 5.0

2.3.3. Hydrodynamics

Exposed to swell from the Gulf of Alaska, Cannon Beach features the overall highest wave energy
of the three sites, with the predominant wave direction from the south. Ocean Cape is exposed to
similar hydrodynamic conditions as Cannon Beach, being located at the headland between the Gulf
of Alaska and Yakutat Bay. The annual average significant wave height for these two sites is 1.9
m at the 10 m depth contour (Previsic and Bedard 2009). The wave climate drives strong longshore
sediment transport along the beach to the north. Here, the waves refract around the peninsula,
depositing sediment and forming the spit at Point Carrew. Point Carrew is sheltered from the ocean
swell, facing northeast on Monti Bay, and has an average significant wave height of 0.5 mat 10 m

depth. The average annual wave height 50 km offshore is 2.5 m (Previsic and Bedard 2009).
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2.4.  Methods

Two to three (eight in total) cross-shore transects were investigated at each site over a 6-day period.
The PFFP blueDrop (Stark et al. 2014b) was deployed three times at each station along the cross-
shore profiles. The device is of streamlined torpedo-like shape, 63.1 cm long, and has a mass of
7.71 kg. Itis equipped with five vertical microelectromechanical systems (MEMS) accelerometers,
two horizontal MEMS accelerometers, a pressure transducer, which was not utilized for this study,
and a conical steel tip. The accelerometers can measure +1.7-250 g in the vertical, and +55 g (g
is gravitational acceleration) in the horizontal to determine tilt. The device was released about 1 m
above the sediment surface, which is high enough for the probe to obtain an impact velocity of 4-
5 m/s while not tiring the operator. It fell freely through air, and then penetrated the sediment,
being brought to a stop by the sediment resistance. The accelerometers, recording continuously at
2 kHz, captured the full acceleration-deceleration profile at a sub-centimeter vertical resolution
once double-integrated. Using Newton’s 2" Law, the deceleration profile from impact to stop is
converted into a sediment resistance force, and then into a dynamic bearing capacity or cone
resistance considering the cone area. The equivalent of a quasi-static bearing capacity (gsbc) is
then estimated by applying a strain rate correction to normalize to a constant velocity (2 cm/s)
following Dayal and Allen (1973). The underlying assumptions and detailed explanation of the
process to acquire a gsbc profile from the deceleration profile is provided in Stark et al. (2012).
While there is uncertainty related to the strain rate correction factor, K, Albatal et al. (2019) found
good agreement using K = 0.3 for sands from this region. This value was therefore adopted here
as well. Finally, integrating the deceleration profile can provide the impact velocity, and double
integration provides the penetration depth (Dayal and Allen 1973; Stoll and Akal 1999; Stark and
Wever 2009). Time constraints prevented independent measurements of penetration depth at every
deployment location, but the derived penetration depth was confirmed by occasional
measurements and available photo materials. The pressure sensor was not utilized here due to
limited penetration depths (often < 7.5 cm, thus, the pressure transducer ports have not been
embedded in the soil) and a complex pore pressure response to partially saturated sediments that
was out of the scope of this article. Over the course of the study, the PFFP was deployed 753 times

along the eight transects.

Other field methods included: sediment sampling along each transect at PFFP deployment

locations to obtain moisture contents and bulk densities, simplistic topographic profiling to
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measure beach slopes and small-scale temporal morphological change, and recording of wave
heights by anchoring an RBR Solo pressure sensor in the beach face. Over 300 sediment samples
were weighed and oven-dried, and pressure sensors were deployed over several tidal cycles to

accurately represent the wave climate.

2.5.  Results

2.5.1. Beach Profiles
Topographic profiles measured at each location are provided as visual aid to explain the differences

in morphology and as support for discussion (Figure 2.2).
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Figure 2.2: Topographic profiles at Cannon Beach (Top Left), Ocean Cape (Top Right), and
Point Carrew (Bottom), Point Carrew profile adapted from Stark et al. (2019). The beginning of
each profile (Om crosshore distance) corresponds to the toe of the dune.

2.5.2. Penetrometer Deployments

High variability of the PFFP profiles was observed (Figure 2.3). The profiles were grouped into
three general types, based on their shape with sediment depth. Type A profiles (Figure 2.3 left)
resembled the typical strength profile shape found by Albatal and Stark (2016) for sediments just
offshore of Phipps Peninsula, and were seen predominantly for penetration depths greater than 10
centimeters. They feature low strengths in the upper 5 cm of the profile, followed by an increase

in strength with depth until reaching a maximum, after which the decrease is due to the
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penetrometer coming to a stop. Type B profiles (Figure 2.3 center) exhibited an approximately
constant sediment strength with depth, lacked a well-defined maximum, and were typical of
penetration depths of 7-10 centimeters (slightly deeper than the cone height). Type C (Figure 2.3
right) profiles were observed for deployments in the swash zone of the beach where the penetration
depth was less than 7 centimeters (less than the cone height). The observed decrease in strength
could be due to the probe falling over. It is important to note that the maximum gsbc increased
from Type A to C, ranging from 50-500 kPa. For profiles resembling the Type A shape, the
maximum qsbc is often compared to investigate spatiotemporal variations (Albatal and Stark
2016). However, defining a consistent strength from maximum value becomes difficult when Type
A, B, & C profiles were all observed along the same transect. Therefore, it was decided to use the
gsbc at 4 centimeters of penetration depth as a comparable sediment strength between all
deployments. This depth was chosen because all deployments reached at least 4 centimeters, giving
a surficial strength for every deployment, and this decision allowed for a consistent comparison
between otherwise varying results. It should be noted that this choice of depth is somewhat
arbitrary, and could vary for different sites, based on the range of penetration depths present in the

data set.
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Figure 2.3: Variability in PFFP profiles: (Left) Type A — increasing strength with depth, defined
maximum, & penetration > 10 cm, (Center) Type B — constant strength with depth, lack of
defined maximum, penetration 7-10 cm , (Right) Type C — swash zone deployments, highest
strength magnitudes, penetration < 7 cm

2.5.3. Temporal Variations at Cannon Beach
Transects were tested at Cannon Beach every twelve hours during daylight over the course of two

full tidal cycles, capturing three low tides. This allowed for a temporal comparison of the strength
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profiles (Figure 2.4). Within the dry zone of the beach above the high tide mark (from the dune at
0 m out to 40 m), there was little variability in the sediment strength. However, this changed
drastically in the intertidal zone with profiles fluctuating from 50 — 300 kPa. The intertidal zone is
the area of the beach between the high tide line and the low water line. The emerged width of this
zone changes throughout the tidal cycle, being smallest at high tide and widest at low tide. All
transects displayed a large increase in strength approaching the swash zone. It is important to note
the order of magnitude of difference in sediment strength along the profiles, with the dry zone

being on the order of tens of kPa and the intertidal/swash zone going up to hundreds of kPa.
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Figure 2.4: Strength profiles from 3 low tides at Cannon Beach. Green star marks the high tide
line which is the extent of the dry zone. The green line on the topographic profile shows the
extent of the fluctuations of the swash zone during measurements.

2.5.4. Spatial Variations between the Sites

To compare the different sites, strength profiles were selected for transects that were surveyed at
the same point on the tidal cycle, just after low tide, and plotted versus the non-dimensional
distance along the total transect length, L, to place transects of different lengths on the same scale
(Figure 2.5). All three sites exhibited similar magnitudes of strength in the dry (sub-aerial) zone,
and all three featured a spike in strength at the end of the profile that corresponded to the swash
zone. Cannon Beach was the only site to show variability in the intertidal zone (it also has the
largest intertidal zone of the three sites). Ocean Cape did not show intertidal variability but did

show a similar increase in strength approaching the swash zone. Point Carrew represented a long
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consistent profile, and showed a strength increase at the swash zone that was less than at the other
two sites. Ocean Cape and Point Carrew each exhibited a small decrease in strength right before
the increase at the swash, which was not seen on the Cannon Beach profile.
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Figure 2.5: Strength profiles along transects for the three sites near low tide. Cannon Beach
shows fluctuation within intertidal zone and Ocean Cape lacks this variability. Point Carrew has
a very wide dry zone, but all three increase approaching the swash.

2.6. Discussion

2.6.1. Temporal Variations at Cannon Beach

The consistency of strength in the dry (sub-aerial) zone for all four measurement times matched
expectations (Figure 2.4). This area is above the high tide line and the water table, and such, it is
not subject to daily fluctuations in water content or density. However, it rained during all four
measurement times. This introduced somewhat of water content across the beach, but this effect
was consistent for all measurements, and thus, is not expected to affect the comparison. All profiles
show a large increase in strength approaching the swash zone, which was also seen by Reeve et al.
(2018). This increase can be tied to reworking of sediments due to swash and backwash processes
and porosity reduction over time due to wave action. (Heathershaw 1981; Dean and Dalrymple
2004). As waves break and disturb the sediment bed, the induced swash could remove any loose
sediments, leaving only the denser, stronger, less erodible sediments behind. Shear stresses can

also contribute to particle rearrangement and densification.

The intertidal zone at Cannon Beach is very wide (~100 meters) which means that large portions

of the beach are cyclically submerged and drained throughout the tidal cycle. The swash zone at
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any given time during the tidal cycle appears to be subject to sediment strengthening processes
mentioned previously. Yet, the entire intertidal zone does not display such high strengths, only the
swash zone. Thus, the same processes that serve to strengthen the sediment in the swash zone
cannot account solely for the high variability seen in the intertidal zone. As the tide goes in and
out each day, sediment is constantly being moved and reworked by the waves and currents. Loose
sediments eroded by the waves are deposited elsewhere on the beach, and as the location of the
swash zone changes so does the location of high strength. Thus, this implies an inherent spatial
variability of sediment strength in the intertidal zone. Furthermore, as sections of beach emerge as
the tide retreats, the beach face must drain, leaving zones of partially saturated soil, which is
another source of strength (Lu and Likos 2006, 2013, Lu et al. 2009). With the large tidal variation
seen at this site (~3 meters), the effects of groundwater table fluctuations likely act to complicate

drainage and partial saturation (Heiss et al. 2014, 2015).

In summary, the dry zone was temporally consistent in strength due to being above the high tide
line and the groundwater table, the swash zone is consistently higher in strength due to active
localized wave action and swash processes, and the intertidal zone is highly variable due to
deposition/erosion throughout the tidal cycle and complex groundwater/partial saturation effects.
The processes contributing to high variability in the intertidal zone are only described here as
potentially causing changes in the sediment strength, and future work will need to be conducted to

adequately quantify such changes.

2.6.2. Spatial Variations

In the surveyed areas of the three sites, Cannon Beach featured a slight increase in grain size
towards the water, while Ocean Cape and Point Carrew were characterized by uniform grain sizes.
At Ocean Cape, a large cobble and boulder field was observed below the survey site. The increase
in grain size along the transect is consistent with the literature (Abuodha 2003), and Duncan,
Wright, & Brandon (2014) noted an increase in shear strength with grain size of sands, gravels,
and rockfills as well as between well-graded and poorly-graded sands. However, the effects of
these differences unlikely explain alone the high range of strengths seen in the profiles. Thus, grain
size is not a large contributor to differences in strength between the sites. The gravel and boulder
field seen on the low tide terrace of Ocean Cape may have effects on the sediment transport

processes between the nearshore and intertidal, which could in turn have effects on the measured
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strengths, but since this area was not surveyed, such effects are outside the scope of this study, and

will be considered in future work.

Cannon Beach featured no distinct morphological bedforms but an approximately constant
intertidal beach slope at the time of measurements (Figure 2.2 Left). Nevertheless, it has the highest
amount of intertidal variability in strength (Figure 2.5). The reason that the other two sites, which
also have intertidal zones affected by the same processes, do not show such variability is tied to
the morphology. The transects at Ocean Cape and Point Carrew both exhibited a ridge-runnel
profile in the intertidal zone at the time of measurements (King and Williams 1949). When
surveyed at low tide, the runnel is filled with water and the ridge is exposed. From the top of the
ridge, the beach then again slopes back down to the swash zone and water line. (Figure 2.2, Right
& Bottom). In Figure 5, there is a small decrease in strength just before the substantial increase in
strength in both the Ocean Cape and Point Carrew profiles. This decrease is consistent with the
location of the water-filled runnel. The sand in the runnel is fully saturated and loose due to being
fully submerged and constantly reworked by flows within the channel and the morphodynamics
of intertidal bar systems (Masselink et al. 2006). The subsequent increase would then be due to
partial saturation effect increasing the strength on the exposed ridge, and the small intertidal zones
at both sites putting the swash zone just below the ridge. Finally, the majority of the Point Carrew
profile represents the sub-aerial zone. The typical increase in strength is seen at the swash zone,
but to a lesser extent than the other two sites (Figure 2.5). The waves that reach Point Carrew must
refract around the tip of the peninsula, causing them to become smaller and lose energy (Dean and
Dalrymple 2004). Since the wave energy is lower at Point Carrew, the strength increase from
densification is lessened at this site. The three sites are different morphologically, and these
differences are in line with the strength differences. Still, more research is needed to quantify the

effects of hydrodynamic processes on the measured sediment strengths.

2.7.  Conclusions

A portable free-fall penetrometer was deployed at three sites on a sandy peninsula to explore the
use of PFFP’s in sub-aerial and intertidal coastal environments. Additional goals of the study were
to assess the temporal and spatial differences in sediment strength between the sites, using the
obtained geotechnical properties. Cannon Beach is a wide, high energy beach with no

morphological features at the time of measurements, Ocean Cape is a narrow, high energy beach,
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with a ridge-runnel system, and Point Carrew is a very wide spit, also with a ridge-runnel, but with
low wave energy due to being on a protected bay. Lack of consistency in results of PFFP
deployments along beach transects motivated using the strength at 4 centimeters of penetration
depth as the sediment strength for comparison between all deployments. Temporal variations at
Cannon Beach were explained by a number of interacting processes: in-situ densification from
waves and swash, partial saturation over tidal cycles, and groundwater table fluctuation.
Quantifying the effects of these processes will be the subject of future work. Finally, the
differences in strength along transects between the sites were explained by the differences in
morphology and hydrodynamics, namely the presence of ridge-runnel systems and differences in

wave energy.
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3.1.  Abstract

Geotechnical properties of surficial beach sediments affect beach erosion and shoreline changes.
This study sets out to measure relative density, moisture content, friction angle, and shear strength
of sandy beach surface sediments from dune to swash zone towards the goal of assessing their
importance in sandy beach morphodynamics. Methods of sediment sampling, a conductivity based
moisture probe, field penetrometers, and a field vane shear were deployed to collect data at the
sandy Atlantic-side beach in Duck, North Carolina. The tools used were assessed based on their
operability in the beach environment and data quality, and results are discussed in the context of
beach morphodynamics. A digital field vane shear provided an efficient and direct method of
measuring shear strength, but the difficulty of computing stresses on the failure plane, which is
necessary to validate the results, ultimately reduced the usability of this instrument. The results
from three penetrometers were compared to a partially-saturated bearing capacity model, where a
portable free-fall penetrometer yielded the best fit. However, a modified velocity-dependent strain
rate correction factor (K = 0.31v;) was required to convert dynamic sediment resistance to a
quasi-static resistance for the partially saturated sands. A small-scale digital push in penetrometer
also achieved a positive correlation when compared to moisture content, but the small tip diameter
(5 mm) coupled with the grain size at the beach (0.35 mm) raised concerns about the ability to
derive an accurate measure of strength. It was determined that estimating strength parameter using
a partially saturated bearing capacity model was appropriate for water contents less than 25% by
volume, or anywhere in the crosshore above the swash to the dune. Relative density and moisture
content were found to be closely linked, with partial saturation resulting in samples that featured

negative relative densities up to —40%.

3.2.  Introduction

Dynamics of surface sediments in beach environments driven by aeolian and hydrodynamic
processes are complex and can lead to active geomorphodynamics, beach erosion, and shoreline
change. High spatiotemporal variations in sediment dynamics also affect geotechnical properties
of beach surface sediments (sediment depth < 0.2 m), which in turn may enhance or restrict local
sediment dynamics. The interaction of the dominant forcing processes with the sediment depends
on the location on the beach face. Sediment dynamics in the subaerial zone of the beach (above
the high water line), or backbeach, are primarily driven by aeolian processes (Darke and Neuman,
2008; Davidson-Arnott et al., 2005; Zambrano-Cruzatty et al., 2019). In this zone, the interaction
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between wind and sediment is the main driver for morphological change, and precipitation and
humidity primarily govern the sediment’s water content when not considering inundation events
(Bauer et al., 2009). Conversely, the sediment in the intertidal zone (high water line to swash zone)
is mobilized mainly by hydrodynamic processes. Tides and waves interact with and reorganize the
local geomorphology and surface sediments. Generally, the local hydrodynamics and a
representation of grain size (e.g., median grain size, particle settling velocity) serve as a predictor
of beach morphology (Dalrymple, 1992; Dean and Dalrymple, 2004; Masselink et al., 2006;
Masselink and Short, 1993; McNinch, 2004). The role of variations in geotechnical sediment
properties (e.g., relative density, friction angle, apparent cohesion) on local sediment dynamics
has been acknowledged, but rarely been studied in detail, despite their relevance for local sediment
dynamics in coastal and subaquatic environments (Albatal and Stark, 2017; Jafari et al., 2018;
Kirchner et al., 1990; Mulhearn, 2001; Watts et al., 2003).

Much work has been focused on the sediment as an individual particle where each grain can be
described by its size and particle density, and thus, sediment mobilization/deposition processes
can be modelled as a fluid-particle interaction. These studies have shown that beach sediments
are highly variable on both temporal and spatial scales (Abuodha, 2003; Gallagher et al., 2016),
and that sediment particle properties can be useful in modelling morphological change (Dean 1973;
Medina et al. 1994; Jackson et al. 2005; Gallagher et al. 2011). However, sediment particle
properties may not always reflect the behavior of the sediments as a bulk material, i.e., particle-
particle interaction with stress-driven processes between the particles and a matrix of interacting
particles that has unique, and possibly, spatiotemporally varying geotechnical properties.
Properties such as shear strength, friction angle, moisture content, bulk density, are known to be
significant for sediment transport and morphodynamics (Davidson-Arnott et al., 2005; Erikson et
al., 2007; Sassa and Watabe, 2007; van Rijn, 2007; and others). Through an in-depth literature
review, four geotechnical properties were selected based on the importance for sediment transport
processes at a sandy beach and the ability to be measured in-situ at a sandy beach: relative density

(D,.), moisture content (MC), friction angle (¢'), and shear strength (s).

Relative density is a measure of the packing state of granular materials. It is based on a scale of 0-
100%, with 0% corresponding to the loosest possible state, and 100% corresponding to the densest
possible state. The relative density of coastal sediments can be highly variable, both spatially and

temporally, which can affect local sediment transport and morphological change. Sassa and
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Watabe (2007) found that suction dynamics due to tide-induced groundwater level change could
lead to changes in D,. up to 50% and has strong effects on bed evolution over tidal cycles. Erikson
et al. (2007) found good agreement with measured data by modelling dune erosion and recession
using Rankine Earth Pressure theory, a common geotechnical earth pressure theory which utilizes
soil bulk density (p,.ix), @ parameter directly related to relative density. Swash and backwash
processes can reduce porosity over time (increase bulk density), leaving behind less erodible
sediment (Dean and Dalrymple, 2004). Additionally, Heathershaw et al. (1981), using penetration
resistance as a proxy for packing state, showed an inverse relationship between soil bulk density
and net bed level change on beaches. Recent work by Zambrano-Cruzatty et al. (2019) suggested

that bulk density had only a small effect on the threshold velocity for wind erosion.

There is general consensus about the importance of moisture content for aeolian sediment
transport. The surface moisture content has significant control over the entrainment threshold for
wind-blown transport with higher moisture contents reduce aeolian erosion (Bauer et al., 2009;
Darke and Neuman, 2008; Davidson-Arnott et al., 2005). Other coastal erosion processes are also
affected by moisture content. The work by Erikson et al. (2007) estimated the shear strength by
using a modified equation for partially-saturated sediments that included matric suction (u, — u,,)
where u, is the air entry pressure and u,, is the water pressure. Matric suction is tied to moisture
content by a Soil Water Characteristic Curve (SWCC) which gives the matric suction as a function
of the volumetric water content. Lastly, the study by Sassa and Watabe (2007) concluded that
moisture content changes cause significant suction stresses that could alter the surface shear

strength, and thus, affect erodibility.

Friction angle, or the “angle of internal friction”, ¢’, and expresses the friction resistance within a
bulk sediment (i.e., the shear plane is located within the bulk mass of the sediment). ¢’ increases
with D,., and decreases as confining pressure increases (Duncan et al., 2014; Lee and Seed, 1967).
Also, it is typically higher for well-graded sediments versus uniformly-graded sediments as there
is room for smaller particles to fill in the gaps between larger ones and generate more frictional
resistance (Bolton, 1986; de Beer, 1965; Duncan et al., 2014). Referring again to the work by
Erikson et al. (2007), ¢’ was a key parameter in the determination of shear strength for the study.
Additionally, since D, is known to be highly variable in beach environments, it follows that ¢’

likely exhibits such variations as well.
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The shear strength of sediment describes the amount of shear stress that sediment can withstand
before failure and possibly mobilization. Shear strength is controlled by effective stresses (particle
contact stresses), which are denoted by the * symbol. Since erosion is characterized by a fluid
shearing the surface of the sediment, shear strength is a key parameter for understanding surficial
sediment erosion processes. For dry and saturated sand, shear strength is supplied by soil stresses
and the friction angle (Duncan et al., 2014; Lee and Seed, 1967). However, when sand becomes
partially saturated, which is primarily the case in beach environments, water and air in the sediment
pores can provide an additional source of shear strength through suction between particles (Briaud,
2013). Since some of the controlling properties of shear strength (D,, MC,¢') are all highly
variable at sandy beaches, shear strength is likely highly variable on temporal and spatial scales,
which is supported by recent work (Manning and Stark, 2019; Sassa et al., 2014; Sassa and Yang,
2019; Stark et al., 2022).

Previous studies have highlighted the importance of certain geotechnical properties to sediment
transport processes. Nevertheless, geotechnical parameters are still rarely implemented in
morphological models of beach environments, and if so, often through unspecific and
approximated values (e.g., ¢’ = 32°). A reason for this is that little work has been done to examine
the tools and techniques to obtain field measurements of these properties. There are few tools
designed for the sole purpose of collecting geotechnical measurements in coastal environments or
of frequently reworked surface sediments (Stark et al., 2015; Stoll and Akal, 1999). Developing
new instruments is often expensive and time-consuming, which makes it desirable to repurpose
instruments not necessarily intended for use in these environments (Reeve et al., 2018; Sassa et
al., 2014). This presents its own challenges, as available instruments may not be suited for the
specific site conditions or collect data at the desired spatial or temporal scales (Stark and Brilli,
2021). Additionally, such improvisations often lead to a high degree of individuality and
uncertainty when conducting field studies, as researchers are forced to come up with modified
measurement techniques centered around the tools available. The result is a lack of a generalized,
consistent framework how to conduct geotechnical field measurements of sandy beach surface

sediments.

The goals of this study are to assess variations in relative density, moisture content, shear
strength/friction angle across the subaerial, intertidal, and upper swash zone towards use of

geotechnical properties for prediction of geomorphodynamics at sand beaches. Hand-deployed
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tools that can obtain geotechnical properties were identified and included density sampling, a
moisture gauge, three types of penetrometers, and a vane shear. An emphasis was set on portable
and hand-deployed tools considering that beaches often represent vulnerable ecosystems where
heavy equipment may require special permitting as well as that implementation for erosion and
morphodynamic problems will require to establish spatial and temporal trends, i.e., will require a
significant number of measurements locations and times. The suitability of these tools for beach
environments as well as the quality of the resulting parameters were investigated. It is important
to note that sediment strength via penetrometer measurements will be used as a proxy for friction
angle, as the two are directly related. These goals will be addressed by examining a field data set
collected at the U.S. Army Corp of Engineers’ Field Research Facility in Duck, NC in October
2019 in the framework of the During Nearshore Event Experiment (DUNEX) pilot experiment,

supplemented by geotechnical sediment characterization through laboratory testing.

i USACE FRF - Duck, NC

Image Date: 03/24/17

Figure 3.1 Google Earth satellite image of field site in Duck, NC, highlighting the measurement
transects A,B, and C. (by Terrametrics; lower left corner: N36°10°58.61” W75°45°5.87”)

3.3. Methods

Three transects (A-C) were surveyed at five meter increments, daily between October 7" and
October 11", 2019, at the Atlantic sand beach in Duck, North Carolina, USA (Figure 3.1). The
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suite of field instruments and tools used in this study was comprised of density sampling through
push tubes, a moisture gauge, three penetrometers with different measurement methods, and a field

vane shear (Figure 3.2).

Figure 3.2: Instrument suite used for field experiments. (1) Example of sand sample extracted via
sharpened push-in tubes, (2) Dynamax moisture gauge, (3) GeoTac Soil Sabre in vane shear
configuration, (4) Corp of Engineers (COE) cone penetrometer, (5) blueDrop portable free-fall
penetrometer (PFFP).

3.3.1. Relative Density (D,) Sampling

Physical sediment samples were collected to determine in-situ relative density (Figure 3.2.1) at
every station by pushing a 10 cm long, sharpened tube, into the sediment, trimming and capping
the top, and then carefully digging the sample out and capping the bottom. Diameters and heights
of each tube were measured to obtain the volume as accurately as possible, ranging between 351-
353 cm3. In the laboratory, the samples were removed from the tube, weighed, and bulk density
(Ppwir) Was computed via Equation 3.1. Once weighed, the sample was dried in a soil oven and
weighed again to obtain dry density (p4,) Via Equation 3.2. Finally, Equation 3.3 gives the dry

unit weight (y,;) which is used to compute D,. (Equation 3.4).

My
=— 3.1
Pbuik vy (3.1)
Mp
=— 3.2
pdry VT ( )
Ya = 9Pary (3.3)
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where M is the total mass of sample (water and sediment) in the tube, V; is the total volume of
the sample tube, M}, is the dry mass of sediment, and g is gravitational acceleration. The minimum
unit weight (yq_min) 1S found using ASTM D4254 and the maximum unit weight (V4_max) 1S
found using ASTM D4253. Relative density is then computed using the measured dry unit weight
(y4) and Equation 3.4.

Dr — Yd-max " ( Ya — Vd-min

) £ 100% (3.4)
Ya

Ya-max — Yd—min

Additionally, grain size characteristics and classification of the samples were obtained using sieve
analysis, following the “Standard Test Methods for Particle Size Distribution (G ASTM D6913.

3.3.2. Moisture Content (MC)

Moisture content was measured using the Dynamax SM150T soil moisture gauge (Delta-T Devices
Ltd, Cambridge, UK). The sensor transmits an electromagnetic field into the sediment, which is
influenced by the permittivity of the sediment around the sensor prongs. Since water has a much
higher permittivity than quartz sand (as predominantly present in this study area), the water content
dominates the measurement of the medium (higher permittivity = higher water content). The
interaction with the electromagnetic field results in an output voltage to the instrument which is
calibrated to a specific moisture content. This specific device (Figure 3.2.2) is handheld and allows
for rapid and high density spatial measurements. Five readings at approximately 10 cm distance

were taken at each station and averaged to determine the water content.

3.3.2.1. Sensor Calibration

The sensor is pre-equipped with a general mineral soil calibration. Nevertheless, an additional
calibration to the local sediments and local seawater was performed. Seawater has more free ions
than freshwater, increasing its permittivity. To account for the impact of seawater, a custom
calibration scheme was developed. Using sediment and seawater collected from the survey site,
samples were prepared, and the raw voltage output was read from the sensor. An additional
freshwater calibration was also conducted. The salinity was held consistent to the field conditions
at 30 PSS and tested with a CastAway conductivity, temperature, and depth (CTD) sensor. The
results show an increasing difference between the two curves with increasing moisture content,
which highlights the necessity of calibrating for seawater effects (Figure 3.3). Since this effect was

anticipated, field data was collected in raw output voltage so that it can easily be converted to true
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water content using the seawater calibration. The calibration of handheld moisture gages for the
more generalized use in coastal environments is explored in greater detail in a companion study
(Appendix B).

40%

- 35% ® Fresh "’ A
S 30% A 30 PSS . e
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S 10% 6 £
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Figure 3.3: Moisture sensor calibration results for fresh (blue) and saline water (red) and
performed using site specific sediments

3.3.3. Field Vane Shear and Penetrometer

One of the instruments used to measure in-situ sediment strength was the Soil Saber (handheld
penetrometer) by Trautwein, Houston, Texas (Figure 3.2.3, Figure 3.4). The probe is equipped
with an attachable penetrometer and vane shear. The vane shear (1x1 inch vane, 0.5x0.5 inch
shown in Figure 3.4) is inserted into the sediment and rotated to shear the sediment. The probe
measures the maximum torque, and this is converted into a shear resistance. Since the vane shear
is collecting a direct measurement of shear strength, it could be possible from this alone to draw
conclusions about the sediment transport processes at work. However, the device was designed to
be used in cohesive sediments, assuming a circular failure plane, which is not the case for sandy
sediments (Park et al., 2016). Additionally, validating the shear strength measurement via a
theoretical model would require knowledge of the pore pressures to compute the effective stress

on the failure plane, which is very difficult to determine in partially saturated sediments (Briaud,
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2013). Thus, vane shear results will be considered in the context of similar studies using vane shear
measurements in coastal environments (Sassa and Watabe, 2007; Sassa and Yang, 2019).

The penetrometer (flat, cylindric tip with 0.5 cm diameter, 4 cm long) is slowly pushed into the
sediment (~1-2 cm/s), and a load cell reads the maximum resistance pressure achieved during
penetration. A concern regarding this instrument is the small tip diameter (B), 5 mm, compared to
the predominant grain size (dso), 0.35 mm, seen at the site. For the given penetrometer, the ratio
of tip diameter to grain size (B/dso) is approximately 14. Work by Lee (1990) and Gui and Bolton
(1998) noted that CPT results would be affected by ratios smaller than 25-28 for sandy sediments,
specifically, causing the measurement to be artificially increased. Additionally, de Lima and
Tumay (1991) found that for the same grain size, tip resistance decreased by 15% when moving
from a 10cm? cone to a 1.27cm? (Batachowski, 2007). For field experiments, three measurements
were taken at each station. The instrument is not waterproof. Therefore, measurements in the swash
zone were not possible. It is important to note that the user controls the penetration and shearing
rate, and that the probe digitally records the maximum resistance values over the penetration or

shearing process.

Figure 3.4: GeoTac Soil Saber with penetrometer (top) & vane shear (back) attachments.

3.3.4. U.S Army Corp of Engineers (COE) Cone Penetrometer

The COE Cone Penetrometer (Humboldt Mfg. Co., Elgin, IL) (Figure 3.2.4) is another highly
portable tool for rapidly measuring sediment strength. This instrument will be referred to as
“manual penetrometer” henceforth in the text. It consists of a metal rod with a 30 degree cone at
the tip (2 cm diameter) and estimates the cone index (ClI) using a dial gauge and proving ring. The
cone index is a measure of soil strength and has been widely used to assess the trafficability of

soils. Cl is a direct measurement as the bearing pressure is calibrated to the dial gauge. The
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instrument is pushed into the sediment at a rate of three centimeters per second (cm/s), and the CI
is read off the dial gauge in pounds per square inch (psi) at three inch intervals. The penetration
rate is suggested by the manufacturer, but it is ultimately up to the care of the user to push at a
constant rate. Additionally, the ClI is read directly from the dial gauge by a second operator during
penetration and not recorded by the instrument. Due to time constraints, the manual penetrometer
was used sparingly, and only for one transect the data will be considered.

3.3.5. Portable Free-Fall Penetrometer

The blueDrop (blue C designs Inc., Halifax, N.S.) is a portable free-fall penetrometer (PFFP). The
probe has a streamlined shape with conical tip (Figure 3.2.5), is 63.1 cm long, has a weight of 7.71
kg, and a diameter of 8.75 cm. It is characterized by a rugged design, developed for use in
submerged, energetic coastal environments. It has five vertical microelectromechanical systems
(MEMS) accelerometers (+1.7-250 g, g is the gravitational acceleration) and two horizontal
MEMS accelerometers (+55 g) for tilt. The onboard accelerometers record continuously (2 kHz)
and capture a profile of free-fall, impact, penetration into the sediment, rest, and recovery. The
deceleration profile from impact to stop can be used to estimate geotechnical properties of seafloor
sediments including equivalent cone resistance (Akal and Stoll, 1995; Lucking et al., 2017; Stark
etal., 2012, 2009; Stoll et al., 2007), relative density, and friction angle (Albatal et al., 2020, White
et al., 2018). The impact velocity, which is a function of the drop height, also affects the measured
deceleration, particularly as sediment response can be strain rate dependent. Thus, the probe was
deployed from three different drop heights at each location. The average impact velocities were:
2.0 m/s, £0.3 for the low drops (~0.25 m), 3.5 m/s, £0.2 for the medium drops (~0.5 m), and 5.0
m/s, +0.2 for the high drops (~1.0 m). Single and double integration of the deceleration profile
give the impact velocity and penetration depth, respectively. PFFPs have not been used for
surveying of emerged beach environments until recently, but offer an attractive means through
rapid deployment and the device’s capability to also measure submerged (i.e., in the swash zone

and transitioning into the nearshore) (Brilli and Stark, 2020; Reeve et al., 2018; Stark et al. 2021).

The deceleration profile from the PFFP can be used to estimate the in-situ strength of the sediment.
Using Newton’s 2" Law, the profile is converted into a dynamic sediment resistance force and
dividing by the tip area gives a dynamic bearing pressure or cone resistance. Since the PFFP is

impacting at a high velocity (~meters/second (m/s)), compared to other testing methods such as
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CPT, handheld penetrometer, or manual penetrometer (~cm/s), the computed bearing capacity
(qayn) is expected to be higher due to viscous effects and dilation (Stoll et al., 2007). To make the
results comparable, a strain rate correction (f;,) is applied to the results to normalize to a constant,
slower penetration velocity (Dayal and Allen, 1973; Steiner et al., 2014). The logarithmic form of
this correction has been applied for submerged (i.e., assumed to be fully saturated) sandy
sediments. (Albatal et al., 2020; Stark et al., 2012, 2009; Stephan et al., 2015; Stoll et al., 2007).

The correction is computed via Equation 3.5:

v
for =1+ K *logqo < > (3.5
vref

where K is the strain rate correction factor, v is the velocity of the probe, and v, is the reference
velocity (typically 2 cm/s). The correction factor, K, is an empirical coefficient dependent on soil
type, and has been reported to range from 0-1.5 for sands (Albatal et al., 2020; Dayal et al., 1975;
Stark et al., 2012; Stephan et al., 2015; Stoll et al., 2007). Dividing the dynamic bearing pressure
by f.» gives a quasi-static bearing capacity (qsbc), and this value is the proxy of the equivalent

static sediment strength (see Stark et al., 2012) via Equation 3.6:

Qdyn

for

where m is the mass of the probe, dec is the measured deceleration, and A is the tip projected area.

qsbc = (3.6)

Albatal et al. (2020) developed a method for back calculating ¢’ from gsbc using bearing capacity
models proposed by Durgunoglu and Mitchell (1973) and Meyerhof (1961). Results showed good
agreement with laboratory triaxial and direct shear tests using K = 1.25, and strong correlation
was found between maximum deceleration (dec)and D,. Additionally, K = 0.2 and K = 0.4
yielded promising results when compared to an empirical equation for estimating ¢’ using D,
grain size, and confining stress (Albatal et al., 2020, Duncan et al., 2014). Thus, these three strain
rate factors will be considered for this study. It is important to note that this method was developed

for saturated sands and is still dependent upon proper selection of strain rate factor K.

3.3.6. Consideration of Drainage Conditions
As each of the penetrometers has different rates of penetration and geometry, it was necessary to

analyze the induced drainage conditions. The dimensionless penetration velocity (V) has been
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suggested as a way to assess the drainage condition for penetrometers and is shown in Equation
3.7 (Chow et al., 2018; Finnie and Randolph, 1994; Randolph, 2004; Randolph and Hope, 2004;
Steiner et al., 2014; White et al., 2018):

Vayn B
V=2 (3.7)
CU

Where vg,, is the penetration velocity, B is the diameter of the penetrometer, and c, is the
coefficient of consolidation in the vertical direction. Values of V > 30 are considered an undrained
response, V < 0.3 is considered drained, and in between denotes a partially drained response
(Chow et al. 2018). The value of ¢, is typically derived via pore pressure dissipation measurements
from the penetrometer, but lack of adequate penetration depth and partial-saturation conditions
prevented the onboard pore pressure sensor from being used for this purpose. However, Duncan
et al. (2014) reported values of ¢, for fine sands to be in the range of 1.075*10* to 1.075*102
meters-squared/second (m?/s), so this range will be adopted here. Similar to analysis by Albatal et
al. (2020), the known diameters, and penetration velocity ranges for each instrument, were used to
determine the boundaries of the drainage regimes over the range of c¢,. The high penetration
velocities of the PFFP put the sediment response in the region of undrained behavior. Conversely,
the slower penetration of the handheld penetrometer placed it in partial/fully drained region.
However, the sediment, a medium sand, is slightly coarser than the reference fine sand for the c,
range. Since c,, increases with grain size, it can be concluded that c,, is likely approaching the
higher end of the range, and thus, the handheld penetrometer is generating a fully drained response
from the sediment. Finally, the same analysis was performed on the manual penetrometer, and the
results plotted in the partial/fully drained range, with significantly more of the area lying in the

partially drained regime.

3.3.7. Comparison to Bearing Capacity Model

In order to assess the quality of the results from the penetrometers, the data from each were
compared to a partially saturated bearing capacity model. A bearing capacity theory for partially-
saturated soil was suggested by Vanapalli and Mohamed (2007) based on the original theory for

saturated soils from Terzaghi (1943) and is given by Equation 3.8:
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where q,, is the partially-saturated bearing capacity, ¢’ is the effective stress soil cohesion, (u, —
u,,) is the matric suction, S is the degree of saturation, i is a fitting parameter typically set to 1
for sandy soils, ¢’ is the friction angle, N, N, are bearing capacity factors (Terzaghi, 1943),, ., ¢,
are shape factors (Vesic, 1973), y is the unit weight of the sediment, and B is with width of the
footing (penetrometer diameter). Many of these parameters are attainable via the collected
measurements. The cohesion, ¢’ is typically set equal to zero for sandy sediments. Moisture
measurements as well as grain size characteristics from the density samples can be used in tandem
with a SWCC to give (u, — u,,) as a function of volumetric water content (Wang et al., 2017;
Wayllace and Lu, 2012). Sis easily computed using the moisture content and density
measurements, and y is directly measured via the density sampling. Finally, ¢' must be estimated
for the given sediment. It is understood that ¢’ is likely variable amongst the stations due to
variations in grain size and density (Duncan et al., 2014). However, laboratory testing of partially
saturated sands to obtain ¢’ was outside of the scope of this work and using empirical relations for
¢' was determined to add additional uncertainty to the model, especially given that relations for
¢' were not developed considering the very low densities seen at these sites. Thus, it was decided
to use in this initial study a constant value of ¢’ = 34° based on direct shear and tilt table tests

conducted on dry and saturated sands from the same site by Stark et al. (2017).

3.4.  Results

Surficial grain size distributions varied noticeably on the survey days (Figure 3.5) and along the
three transects. Variations in grain size are known to affect the properties of interest here, but they
are not focus of this study, and therefore, will only be discussed briefly. The average ds, for
samples on October 11" was 0.35 mm, classifying as a fine sand (between 0.074 mm and 0.42
mm) based on the United Soil Classification System (USCS). From October 71" — 10", grain size
increased in the crosshore direction, with many swash zone samples classifying as a medium sand
(0.42 mm — 2 mm). This trend was consistent among transects taken the same day (alongshore
direction, A-C). Therefore, the data from October 11" were selected for further investigation
because of their consistency in grain size along transects, lack of mixed grain sizes, and clustering

around the mean distribution for all samples (black line, Figure 3.5).
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Figure 3.5: Grain size distributions for all samples taken during the study. Black line on each plot
is the mean of all distributions, which was the sand used to determine the index densities.

Figure 3.6 depicts the variation of D, determined from the samples along the three transects on
October 11™. Distance is measured from dune to water line, with zero being at the dune toe (Figure
3.1). Relative density was elevated at the dune toe (0-40%) and at the water line (70%), with the
highest measurements occurring at the water line (Figure 3.6). In between, the values were
markedly lower, with most of the measurements falling in the negative relative density range. A
value of D, less than zero implies that the packing is less dense than the loosest packing stable for

dry sand. Negative D,. can be achieved through effects of partial saturation (Martin et al. 2009).

67



80 T I | |
— ® Transect A
° 60 = Transect B —
\; a0l n Transect C ]
= Average
g n
Q 20 [ ) T
Z 0 ? ?
< 20 e .
(27 m "

-40 1 | 1 | 1 |

0 5 10 15 20 25

Crosshore Distance (m)

Figure 3.6: Variation of relative density along the three transects on October 11th. The data
points correspond to discrete measurements on each transect and the black line is the average.
Volumetric moisture content showed a continuous increase from dune to the waterline, as expected
(Figure 3.7). Variability seemed more significant at the lower beach and highest at 20 m, which

was the approximate upper limit of the swash zone.
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Figure 3.7: Variation of volumetric water content on October 11th. The data points correspond to
discrete measurements on each transect and the black line is the average.
Measurements by the handheld penetrometer and the field vane shear followed a similar trend
(Figure 3.8), however, with the vane shear suggesting strength values consistently smaller in
magnitude. The strength estimates were low in the swash zone and the highest variability between
transects was found at the dune toe. The latter is likely due to a high degree of site disturbance at
the dune toe from continuous human activities. It is also worth noting that only Transect B included
a measurement in the swash zone (25 m), since the instrument is highly vulnerable to being

damaged by water and timing limitations.

68



£100 — | w .
-~ ‘—§—Vane Shear —#— Penetrometer

= 80 _
b

5

2 60 -
w

S

S 40 7
—

o

< 201 i
n

8 O | 1 | |

0 5 10 15 20 25
Crosshore Distance (m)

Figure 3.8: Variation of handheld penetrometer resistance and vane shear strength on October
11th. The solid line between data points represents the transect average for a given location, and
the error bars correspond to the spread of the individual measurements.

Due to time constraints in field data collection, there are no measurements available from the
manual penetrometer on October 11", The instrument was only used on October 9", and only
transect B from that day contains a complete set of measurements including the manual
penetrometer and the handheld penetrometer measurements. Thus, this transect will be used for
comparative analysis (Figure 3.9). Both penetrometers follow nearly the exact same trend, with
the handheld penetrometer being much lower in magnitude. However, it should be noted that the
handheld penetrometer measurements are on the order of tens of kPa for a penetration depth of ~4
cm, while the manual penetrometer is on the order of hundreds of kPa for a penetration depth of

~9 cm.
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Figure 3.9: Crosshore variation of handheld and manual penetrometer measurements for October
Oth, Transect B.
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Figure 3.10 depicts the variation of gsbc determined from the PFFP along the transects using the
three aforementioned strain rate correction factors K = 0.2,0.4,1.25 (Equations 3.5 & 3.6).
Results from the PFFP showed similar trends between the three correction factors, with the gsbc

increasing from dune to water line and the highest variability was seen in the swash zone.
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Figure 3.10: Variation of gsbc from the PFFP on October 11", The solid line between data points
represents the transect average for a given drop height, and the length of the error bars on the top
and bottom of each data point represents the highest and lowest individual measurements,
respectively. All three drop heights showed the same crosshore trend, so the medium drop height
(~0.5 m) was chosen arbitrarily.

3.4.1. Comparison to Partially Saturated Bearing Capacity Model

Using Equation 3.8, g, was computed for each station and penetrometer (i.e., different tip
diameters), the results were compared to the measured values from the instruments. Since the
manual and handheld penetrometers were direct measurements of tip resistance, they could be
directly compared to the model. For the PFFP measurements, gsbc was computed using the three
selected values of K for each station and drop height. The results for each penetrometer are
presented in Figure 3.11. The manual penetrometer (Figure 3.11, top right) provided an
overestimate compared to the model, and the handheld penetrometer (Figure 3.11, bottom) results
were scattered around the one-to-one line, with a slight tendency to underestimate. The PFFP
(Figure 3.11, top left) results at K = 0.2 and K = 0.4 showed a tendency to overestimate. K =
1.25 provided the best results, with a slight tendency to underestimate, and was the value of K
used in subsequent analysis. All three instruments overall displayed unsatisfying correlations with

the model with R? values being close to zero.
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Figure 3.11: Comparison of tip resistance from the three penetrometers to the Vanapalli and
Mohammed (2007) bearing capacity model. The black line on each plot represents the one-to-
one line.

Figure 3.12 shows the PFFP results for K = 1.25, differentiated by drop height. Of the three drop
heights, the medium drop height (v; = 2.5m/s) provided the best fit with the model. As seen from
the plot, data points from the same station, with the same soil properties, do not collapse down to
asingle point. Since K is known to be soil-dependent (True, 1976), the strain-rate correction should
theoretically collapse the gsbc values to a single point for a given station, as the soil properties did
not change between deployments. As seen from Figure 3.12, using a single value of K fails to
reduce gsbc to a single value at each station, which implies that for beach sands, in addition to
being soil-dependent, the value of K is also velocity-dependent, as impact velocity increases with
drop height. Also of note is the outlier station, with three data points far to the right of the plot, a
large overestimation compared to the model. This outlier was a station located in the swash zone
(B6) and viscous effects associated with a moisture content and undrained loading are the likely
reason for this large overestimation. This data point will be discussed in later sections. Ignoring

this outlier gives R? = 0.38 using K = 1.25.
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Figure 3.12: Application of strain-rate correction using K = 1.25. Results are separated by drop
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deployment from each of the three drop heights.

3.4.2. Modified Strain-Rate Correction Factor, K,,,4

In order to overcome the added complication of strain rate (i.e., impact velocity and here drop
height), as well as to further improve the fit with the model, it was decided to modify they strain
rate correction expression by relating K to impact velocity, v;. For each deployment, the modelled
value of bearing capacity, q,,, computed via Equation 3.8, was assumed to be equal to gsbc, and
Equations 3.5 and 3.6 were used to solve for K. The resulting values of K were then compared to
the known values of v;, and the equation of the linear best-fit was taken as the modified velocity-
dependent K-factor, K,,,q (Figure 3.13). The new strain-rate correction, fi,_moq, IS given by

Equation 3.9:

v v
> = 1+ 0.31*v; *logqo < > (3.9
vref

f:s*r—mod =1+ Kpnoa * lOg1o (
1Jref

Using the modified strain-rate correction factor, new values of gsbc were computed via Equations
3.6 and 3.9 and compared to the modelled values of g, (Figure 3.14). The velocity-dependent
strain rate correction improved agreement with the model by 65% (R? = 0.63 also ignoring the
outlier). Between the drop heights, the medium drop from ~0.5 m height had the best individual
agreement, with R? = 0.78. The new correction factor was still unable to collapse deployments of
different heights at the same station down to a single point but did represent an improvement over

the previous single value strain rate factor (Figure 3.12).
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3.4.3. Comparison with Other Properties

Strength estimates from the PFFP, using the medium drop height and modified strain rate
correction factor, along with the measurements from the Soil Saber penetrometer were compared
to moisture content (Figure 3.15) and relative density (Figure 3.16). A positive trend was observed
between strength and moisture content for both instruments with the exception of the data points
at w, = 35%. A less well-defined relationship was found between strength and relative density,
however there the data points at D, = 75% exhibited a similarly anomalous behavior as the
aforementioned data points in Figure 3.15. In both plots, it can be seen that the difference between
both methods was significant for high water contents or high relative densities with the magnitude

of gsbc typically being comparatively high compared to other values (Figure 3.15 & 3.16). Both
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pairs of diverging data points correspond to the same station in the swash zone as the outlier data
points in Figures 3.12 & 3.14.
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Figure 3.15: Relationship between moisture content and strength estimates from PFFP and
handheld penetrometer.
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Figure 3.16: Relationship between relative density and strength estimates from PFFP and
handheld penetrometer.

3.5.  Discussion

Interestingly, D, < 10%, including negative values, were observed for the entire intertidal zone.
10% < D,. < 50 % was only measured near the dune toe and near the swash, and higher D,. were
only found in the swash zone (during low tide) (Figure 3.6). This seems to suggest that recent
surficial sediment reorganization and partial saturation enables the creation and maintenance of

extreme loose sands. Despite a significant range of D,. of these loose sands, the apparent strength
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was fairly consistent and more sensitive to moisture content variations (Figures 3.15 and 3.16).
The lack of apparent trends in relative density and strength runs counterintuitive to traditional
geotechnical intuition (Figure 3.16). However, partially saturated sediments with a very loose
packing state (D, < 0%) rely less on particle-particle stresses and more on suction stresses to
support the soil skeleton (Lu and Likos, 2006). Additionally, these negative D, sediments will
have larger pore spaces, and more air in the voids. These effects would cause these sediments to
undergo compression/contractive, or negative volume change, when sheared. This is consistent
with knowledge of loose sediments exhibiting contractive behavior when sheared (Duncan et al.,
2014). The degree of this compression and extent to which it affects the stress-strain behavior is
likely a function of both the moisture content and initial density. Different moisture contents result
in different suction stresses, and the initial density would control how much compression takes
place before a D, > 0 is achieved. More work is needed to fully understand the behavior of
sediments with D,. < 0 and the relationship to partial saturation, but this theory may explain why
the observed data did not agree with the initial expectation. This makes moisture content a key
governing property controlling apparent strength as well as relative density in the intertidal zone.
However, it should be noted that D,. exhibited clear differences between the intertidal zone (D, <
10%), the subaerial zone (10% < D, < 50 %), and the swash zone around low tide (D, > 70%),
making it a significant variable across different foreshore zones (Figure 3.6). Thus, measurements
of relative density across the foreshore and moisture content across the intertidal zone may be
important to represent sand packing and state of saturation accurately, relevant for computing
bearing capacity (Equation 3.8), as well as for coastal sediment transport processes (Bauer et al.,
2009; Darke and Neuman, 2008; Davidson-Arnott et al., 2005; Erikson et al., 2007; Sassa and
Watabe, 2007). The methods tested in this study provided results with sufficient accuracy to depict

foreshore-zone-dependent and inter-zonal variations where applicable.

Sediment strength measurements are expected to be affected by particle properties, packing, as
well as state of saturation, and thus, could possible represent a rapid and efficient way to investigate
variations in beach surface sediment properties relevant for engineering problems and sediment

dynamics.

The vane shear results showed a similar trend to the penetrometer, with the vane shear being lower

in magnitude (Figure 3.8). It is difficult to assess the validity of the vane shear strength
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measurements using existing relationships due to issues surrounding the shape of the failure plane
in sandy sediments and difficulty in determining effective stresses on the failure plane due to
partial saturation (Briaud, 2013; Park et al., 2016). While it is acknowledged that shear strength is
a key parameter for understanding surficial sediment erosion, the difficulty involved in assessing
the quality of the shear strength measurements and the sparse literature available regarding vane
shear measurements in partially saturated sands outweigh the potential benefits of collecting this
type of information. Sassa and Yang (2019) collected vane shear measurements on sandy beaches
and sandflats of similar grain size to the current site to compare the measured torque with suction
measurements. The values reported as shear strength by those authors were about an order of
magnitude smaller (< 5 kPa) than the measurements for this study (10-20 kPa) (Figure 3.8).
Additionally, a positive correlation was observed between vane shear strength and groundwater
level induced suction stresses, which are a function of the soil moisture content (Sassa and Watabe,
2007; Sassa and Yang, 2019). This result has important implications for morphologic change, as
tidal fluctuations result in highly variable moisture contents, and therefore suction stresses at beach
environments. Deriving and measuring suction stresses using moisture content was outside the
scope of this work, and thus it is suggested that vane shear measurements on beaches be used only
with proper consideration given to measurement of suction stresses and validation of the vane

shear measurements.

When compared to the Vanapalli and Mohammed (2007) bearing capacity model, the tip resistance
measurements from the handheld penetrometer exhibited poor correlation (Figure 3.11). This poor
performance is likely due to geometry and scale effects associated to the small tip size of the
penetrometer itself (5mm) compared to the d<, of the sediment (0.35mm). Since the tip diameter
is small compared to the grain size, and the low density sediment (D, < 0%) is already inclined to
exhibit compressive behavior during penetration, it is likely that the sediment was no longer acting
as a continuum, and rather as individual particles being moved out of the way during penetration.
This effect would reduce the measured values, as the sediment would not be able to mobilize its
available to shear strength as a bulk material. Thus, values would be considered not representative

for most applications.

Despite a comparatively slow penetration velocity (~3 cm/s) and partial/fully drained shearing

regime, the manual penetrometer vastly overestimated bearing capacity via the Vanapalli and

Mohammed (2007) model (Figure 3.11, top right). Additionally, while handheld and manual
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penetrometers exhibited similar trends in tip resistance (Figure 3.10), the manual penetrometer
recorded tip resistances up to an order of magnitude larger than the handheld penetrometer. The
difference between the two may be due in part to the different drainage regimes and penetration
depths (9 cm vs. 5 cm, respectively), but the likely reason for consistent overestimation is the
configuration of the manual penetrometer itself. The probe measures resistance from a dial gauge
read by a user, in 5 psi increments from 0-300 psi. This equates to a ~35 kPa jump between
increments. The modelled values of g, for all stations are on the order of tens of kPa, suggesting
that the manual penetrometer is not recording at a resolution sensitive enough to capture the low
resistance of the surficial beach sediments. An additional complicating factor is that it is difficult
for the user to read a moving dial gauge to the 5 psi increments, making the true resolution even
lower than the increments on the gauge (on the order of 10-20 psi, or ~100kPa). It is extremely
difficult to make an accurate reading for the upper 5-10 cm of sediment that is of interest for this
work. These factors indicate that the manual penetrometer is not well equipped for measuring the
strength of sandy surficial beach sediments.

With the development of a velocity-dependent strain rate correction (Equation 3.9), the
measurements from the PFFP, specifically the medium drop height from 0.5 m, provided the best
fit with the bearing capacity model (Figure 3.14). Improvements to this new analysis could be
made by increasing the number of data points used to develop the empirical coefficient, or possibly
looking at the shape of the deceleration profiles as a representation of the soil response instead of
simply taking the maximum values. As the strain-rate empirical coefficient, K, is soil-dependent,
we expect that K,,,,4 Will need to be calibrated for different soil types (True, 1976). The strain-rate
correction used in this study was developed for fully saturated environments, and the influence of
other controlling parameters, namely soil-type and bulk sediment properties (¢', D,.) have been
addressed by previous work (True, 1976; Albatal et al., 2020). Thus, it is hypothesized that the
additional sensitivity to strain-rate was introduced by the partial saturation (Atherton et al., 2001;
Martin et al., 2009).

Strength measurements were not sensitive to low relative densities < 10% and lack of data
prohibited any clear statement if the strength measurements related to relative densities in the range
of 10-40%. However, strength measurements were related to moisture content, and it may be

argued that PFFP measurements mimicked the cross-shore trends in moisture content. In the swash
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zone, it may be hypothesized that viscous effects related to high pore saturation and high relative
density yielded high strength measurements. Thus, it appears feasible that strength measurements
could be utilized to represent impacts of soil behavior related to saturation and particle packing in
beach environments. Particularly, the use of a water-proof system like the PFFP could pave the
way for seamless measurements from the foreshore to the nearshore that could inform
geomorphological models regarding sediment bulk properties as well as saturation properties

(where appropriate).

3.6.  Conclusions

Variations in relative density, moisture content, sediment strength, and their correlations were
explored at a sandy beach towards the ultimate goal of using geotechnical properties for prediction
of geomorphodynamics. Hand-deployed tools were chosen to measure these properties in the
interest of considering methods that would be applicable for highly spatiotemporally variable
environments. They were assessed based on their performance in sandy beach environments
reaching from the subaerial zone into the swash. Relative density was measured from push core
samples revealing a clear distinction between subaerial zone, intertidal zone, and swash zone.
Negative relative densities (looser packing than loosest possible packing in a dry state) were
observed in the intertidal zone and attributed to the effects of partial saturation. In the same zone,
relative density did not correlate well with measured strength values. However, strength related to
variations in moisture contents. The results suggested that strength measurements may serve as
one representative parameter to capture sediment bulk and saturation properties in the content
erosion and sediment dynamics, possibly simplifying field data collection to inform predictive

models.

Of the four strength measurement methods tested, a portable free fall penetrometer performed best,
yielding a satisfying correlation with a partially saturated bearing capacity model when applying
a modified strain rate correction factor K = 0.31v;. Other penetrometers tested were affected by
issues of resolution or penetrometer diameter-grain size- ratio limitations. The vane shear provided
a direct estimate of shear strength, but difficulties in validating the accuracy of the results and lack
of appropriate consideration of suction stresses associated with tidal fluctuations precluded any
further work with this device within the scope of the study. Further work is needed to explore the

development of a possibly strength based and moisture content-dependent parameter most suited
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for the implementation into geomorphodynamic models. Furthermore, the swash zone and its
processes leading to sediment densification require further investigations.
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4.1.  Abstract

Geotechnical sediment properties, morphological change, and hydrodynamics were measured as
part of the During Nearshore Event Experiment (DUNEX) in October 2021 at the sandy Atlantic
side beach in Duck, NC. Moisture content, grain size, packing state (i.e., bulk density, relative
density, void ratio), and sediment strength were compared to bed-level change from ground-based
LiDAR and erodibility parameters from laboratory Jet Erosion Tests (JET) along a cross-shore
transect stretching from the dune toe to the lower intertidal zone. Decreases in bulk unit weight,
quasi-static bearing capacity, and firmness factor (both expressions of sediment strength)
correlated with areas of recent sediment deposition. Change of void ratio appeared most related to
observed erosion/deposition, with increases in void ratio being observed for depositional areas and
decreases in erosional areas with up to 0.5 m of bed-elevation change. Void ratio also correlated
with the detachment rate coefficient from JETS, with denser sediments testing as less erodible. In-
situ sediment strength measurements related — as expected — to bulk unit weight, void ratio, and

water content, with increases in firmness factor tied to increases in packing state and water content.

4.2.  Introduction

Coastal areas are subject to increasingly difficult challenges due to climate change. Sea level rise
and increases in the frequency and severity of coastal storms are expected to lead to increasing
beach erosion, shoreline retreat, and flood events (Sallenger 2000, Zhang et al. 2004, Jones et al.
2008, Bender et al. 2010, Knutson et al. 2010). Central to improving prediction and mitigation
capabilities of these impacts is improving the understanding of sediment dynamics in coastal areas.
Specifically, the role of sediment properties beyond grain size, for example, geotechnical sediment
properties and their relationship to driving mechanisms of erosion, are still not well understood.
Such relationships have the potential to improve prediction of sediment dynamics and to help with

mitigating climate-related coastal change and impacts on coastal communities.

Erosion is typically modelled as a fluid-particle interaction, and thus, grain size and particle
density predominantly govern the prediction of erodibility (Shields 1936, Briaud 2001). For
cohesive sediments, there have been numerous attempts to correlate a wide variety of sediment
properties with erodibility (National Academy of Science and Engineering 2019). Properties such
as water content, unit weight, plasticity index, undrained shear strength, void ratio, swell, fines

fraction, amongst others have been tested with various degrees of success (Cao et al. 2002,
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National Academy of Science and Engineering 2019). For non-cohesive sediments, sands and
gravels, grain size is accepted as the controlling parameter for erodibility relationships (Briaud
2013). For beach environments, sand is the predominant sediment type, and thus, sediment
dynamics are predicted mostly based on grain size, if sediment properties are considered at all.
However, geotechnical sediment properties such as moisture content, density, and shear strength
have shown to be important for a variety of related coastal processes such as dune retreat, tidal flat
evolution, and aeolian sediment transport (Davidson-Arnott et al. 2005, Erikson et al. 2007, Sassa
and Watabe 2007, Zambrano-Cruzatty et al. 2019), and may be particularly important in the
intertidal zone that is subject to saturation and drainage and variations in forcing conditions on
different time scales (waves, tides, inundation events). While geomorphodynamics of coastal areas
are driven by local hydrodynamics (Dalrymple 1992, Masselink and Short 1993, Dean and
Dalrymple 2004, Masselink et al. 2006), it is hypothesized that including geotechnical sediment
properties in erodibility relationships could further improve the prediction of coastal change by

understanding sediment stabilizing forces better.

Challenges of conducting geotechnical measurements in energetic coastal environments
have been approached in recent years. Tools such as portable free-fall penetrometers (PFFPs) have
enabled conducting geotechnical surveying of energetic coastal areas (Stark and Kopf 2011, Stark
et al. 2014, Albatal and Stark 2017, Albatal et al. 2019). When deployed in submerged coastal
areas, PFFPs have been used for sediment characterization and for estimating bearing strength,
relative density of sands, undrained shear strength, and soil behavior under dynamic loading (Akal
and Stoll 1995, Chow et al. 2018, Lucking et al. 2017, Albatal et al. 2020, Kiptoo et al. 2020).
More recently, PFFPs have been tested for geotechnical surveying in emerged intertidal
environments (Reeve et al. 2018, Brilli and Stark 2020). The ability of a single tool to collect
geotechnical measurements seamlessly from the emerged to submerged coastal zones is essential
to integrate geotechnical sediment properties in sediment transport prediction and simulation at
beaches. The goal of this study was to relate geotechnical sediment properties, erodibility
parameters, morphodynamics, and hydrodynamic regime in a sandy beach environment. To this
end, a field survey was conducted at the United States Army Corp of Engineers Field Research
Facility (USACE FRF) in October 2021 in the framework of the During Nearshore Event
Experiment (DUNEX). The field survey included in-situ testing and the collection of sediment

samples for subsequent laboratory erodibility testing. Based on the collected field data and

90



physical sample analysis, sediment properties and mobility were assessed and related to bed-
elevation change.

4.3. Methods

4.3.1. Field Measurements

From October 11™ to October 15%, 2021, three transects (A-C) were surveyed daily on the Atlantic-
side sand beach in Duck, North Carolina located on the Outer Banks barrier islands (Figure 4.1).
Each transect was surveyed at five meter increments from the dune to the waterline. Measurements
at each station involved moisture content measurements using a handheld moisture gauge
calibrated for the effects of seawater, 10 cm push cores for bulk density and grain size analysis
and estimates of sediment strength from a portable free-fall penetrometer (PFFP). Over the five
day survey period, 120 individual stations were surveyed, with five PFFP deployments, moisture
content readings, as well as a push core taken per station. Local morphology was surveyed via
terrestrial LIDAR measured throughout the week (blue stars, Figure 4.1). LIiDAR scans were
collected from two sites: on the dune using a Riegl VZ-1000 LiDAR scanner (left blue star) and
on the pier using a Riegl Z390 LiDAR Scanner (right blue star). Scans of the beach are performed
at 30min intervals, collected at 7.1 Hz, with a 0.025° angular resolution (O’Dea et al. 2019, US
Army Corp of Engineers 2022).

USACE FRF
Image Date: March 2017

NS
100 m

E g

Figure 4.1: Google Earth satellite image of field site in Duck, NC, highlighting the measurement
transects A, B, and C. (by Terrametrics; lower right corner: N36°10°54.13” W75°45°7.30”)
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Characterization of in-situ sediment strength was performed using the PFFP blueDrop. The
instrument is approximately streamlined in shape, with a length of 63.1 cm and mass of 7.71 kg
when equipped with a conical tip. Five onboard vertical accelerometers ranging from 2g to 250g
(where g is gravitational acceleration) measure continuously, along with two horizontal +55g tilt
accelerometers. The deceleration of the probe from impact with the sediment until stoppage (dec)
is used with the mass of the probe (m) in Newton’s second law to obtain a sediment resistance
force (F,,;;), and dividing by the area of the tip (4) gives the dynamic bearing capacity of the soil,
qayn (Equation 4.1):

Fo,iqi m=*dec

(4.1)

The deceleration profile can be single and double integrated to obtain velocity and penetration
depth, respectively. In emerged environments, the probe is impacting at 2-5 m/s, which is more
than 100 times faster than other standard testing methods such as CPT, which penetrate at 2 cm/s.
These high strain rates can cause an increase in the measured bearing capacity when compared to
results from tests at lower strain rates (Stoll et al. 2007). This effect can be mitigated by introducing
a strain-rate correction (f;,-) to normalize the results to a constant, slower strain-rate. Equation 4.2
presents the logarithmic form of this equation, often used in submerged sandy environments (Stoll
et al. 2007, Stark et al. 2009, Stephan et al. 2015, Albatal et al. 2020):

v
for =1+ Klogqg <v > 4.2
ref

where K is an empirical strain-rate correction factor, v is the dynamic velocity, and v,.. is the
reference velocity typically taken as 2 cm/s to model a CPT. K is soil dependent, and for
submerged sandy environments is typically taken as 0-1.5 (True 1976, Dayal and Allen 1975, Stark
et al. 2012, Stephan et al. 2015, Albatal et al. 2020). For emerged beach environments, a recent
study by Brilli & Stark (in review), found good agreement with theoretically modelled bearing
capacity using a velocity-dependent correction factor, K,,,,4 = 0.31 * v;, where v; is the impact
velocity in m/s. This modification of K can be used in Equation 2 to give a modified strain rate
correction for emerged beach environments (fs_moa)- dayn 1S divided by the strain rate correction
to give an estimate of the equivalent static strength of the sediment, called the quasi-static bearing

capacity (gsbc) (Stark et al. 2012), and is given by Equation 4.3 as:
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qdyn

qsbc = (4.3)

ﬁw—nwd

The modified strain rate correction will be used in this study, as it is presently the only strain-rate
correction tested for PFFP’s in emerged, partially saturated environments. An additional metric
used in this study for sediment characterization from PFFP measurements is the Firmness Factor
(FF), developed by Mulukutla et al. (2011) (Equation 4.4):

am ax

Ul'gtp

FF = (4.4)

where a,,,, is the maximum measured acceleration and t,, is the penetration time. This parameter
is a proxy for soil stiffness and attempts to normalize the PFFP record for the effects of impact
velocity, as the measurement is sensitive to changes in v;. Firmness factor has been used in
conjunction with gsbc to successfully characterize sediment types based on PFFP deployments in
submerged environments (Albatal & Stark 2017).

4.3.2. Laboratory Testing

The 10cm push cores were carefully collected at the beach and were processed in the lab to obtain
grain size and density information about the samples. Bulk density (pp.:x) and bulk unit weight
(Vpuix ) Were computed using the mass of sediment and water, and the volume of the tubes (~350

cm?®), given by Equation 4.5:

My

Ybuitk = 9Ppuik = gV— (4.5)
T

where g is gravitational acceleration, M is the total mass of sediment and water, and V. is the
total volume of the tube. The sample was then oven dried and weighed to obtain dry density (p,)
and dry unit weight (y,4), computed via Equation 4.6, and converted to void ratio (e) using Equation
4.7:

Mgy
Ya= gPa =97~ (4.6)
T

V, GV
A -1 4.7
Vs Ya (4.7)

e =
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where M, is the dry mass of sediment, 1, is the volume of voids, V; is the volume of solids, G is
the specific gravity of the sediment taken as 2.65 for the quartz sand at this site, and y,, is the unit
weight of salt water. Once density testing was completed, the remaining dry sample was used to
determine grain size statistics, namely the median grain size (ds,), via sieve analysis in accordance
with the “Standard Test Methods for Particle Size Distribution (Gradation) of Soils Using Sieve
Analysis” procedure (ASTM 6913).

Laboratory characterization of erodibility was performed on fifteen 25 cm push cores collected at
various stations throughout the week using the Jet Erosion Test (JET) setup at North Carolina State
University. The JET was developed as a field and laboratory tool for testing the erosion behavior
of cohesive soils (Hanson 1990). The laboratory tests were conducted using the mini-JET device
shown in Figure 4.2. The device was connected to a constant pressure head tank fed by a
recirculating water system, ultimately creating a submerged jet of water through the mini-JET that
impinged vertically on the sediment sample. Pressure head setting ranging between 1.2m and 2m
were used in this study. Before testing, the elevation of the soil surface was recorded using the
device’s point gauge (Figure 4.2). During testing, the jet of water was run for given periods of time
to simulate erosion, measuring the scour depth after each period. After three consecutive and
approximately equal scour depth measurements, the time period was increased, and the testing
procedure was repeated. The time periods used herein were 5s, 15s, 30s, 1min, 2min, and 5min.

Testing ended after all time periods were completed.

2,

Water Inlet

Figure 4.2: Laboratory setup of the Jet Erosion Test
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The erodibility parameters that are derived from the JET are the critical shear stress (z.,) and the
erodibility coefficient (k;). The former characterizes the threshold entrainment force and the latter
the detachment rate after the onset of erosion. These parameters are typically obtained by
analytically solving the erosion rate equation (Equation 4.8), a linear excess shear model for scour
via jet (Hanson and Cook 1997):

— =k | =2~ (4.8)

dj Zh
dt ]2 TCT‘

where J is the measured depth of scour, dJ/dt is the measured erosion rate, t is the estimated
shear stress from the velocity of the water jet, and J,, is the length of the jet core from the nozzle.
There are multiple methods for solving this equation to obtain ., and k; (see Hanson and Cook
2004, Simon 2010, Daly et al. 2013, Al-Madhhachi et al. 2013, Wahl 2021). The method selected
for the present study was linear regression of the raw erosion rate and shear stress data. This
method was selected as it provided the best fit to the data of the four methods tested, the others
being the Blaisdell method (Hanson and Cook 2004), the Iterative method (Simon 2010), and the
Scour Depth method (Daly et al. 2013). Model performance for each of the methods was quantified
using a Normalized Objective Function, suggested by Al-Madhhachi et al. (2013) for JET analysis.

4.3.3. Incipient Motion Modelling

In addition to the laboratory erodibility testing, analytical modelling was conducted to estimate the
incipient motion criteria for the field samples under the given hydrodynamic forcing. This was
accomplished by modelling the critical Shield’s parameter (6..), which provides a non-
dimensionalization of the critical shear stress (z.,.) for incipient motion (Shields 1936). If the in-
situ Shields parameter (6), which like 6., is a non-dimensional shear stress due to the forcing
conditions is greater than 6., particle motion will occur, and if it is less motion will not occur. It
should be noted that the only sediment property included in the estimates presented here is dc.
The first estimate of 6., is from Brownlie (1981), which is an analytical fit to the original Shields

(1936) data in terms of the particle Reynolds number (Re,), and is given by Equations 4.9 & 4.10:

0 = 0.22Re; %6 + 0.06 exp(—17.77Re; %) (4.9)

_N (Gs — 1)gds dsg (4.10)
v

Rep
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where v is the kinematic viscosity of the fluid. The second estimate is from Soulsby and
Whitehouse (1997), which also fits the Shields data with the addition of data points under waves,
and mixed wave/current regimes, and is a function of the dimensionless grain size (D,) (Equations
4.11 & 4.12):

Ocr = 15120,

+ 0.055(1 — exp(—0.02D,)) (4.11)

D, = [@F ds, (4.12)

In order to characterize 8 under the in-situ hydrodynamic forcing, a relation by Madsen and Grant
(1976) for sediment mobility under waves taking grain roughness into account was chosen to
reflect the conditions at the study site. This value is referred to as the grain roughness Shields
parameter (6, s), considers the grain roughness of a flat bed of sand as 2.5d, (Nielsen 1979), and
employs a friction factor (f, 5) developed by Swart (1974). Formulations for 6, s and f, < are given
by Equations 4.13 & 4.14:

0.5f, s(u)?
0,5 = M (4.13)
(Gs - 1)gd50
2.5d 0.194
fos = exp [5.213( v 5") — 5.977] (4.14)

where u,;, is the horizontal bottom orbital velocity under waves, and A is the orbital amplitude.
Bottom orbital velocities and amplitudes were estimated using linear wave theory via significant
wave height (H,) and peak period (T,,) measurements from an Acoustic Wave and Current
(AWAC) buoy located in 4.5 m of water at the study site. It is acknowledged that these velocities
contributing to stresses on the bed are computed for a submerged area offshore of the beach
environment where the samples were collected. However, this estimate was chosen as a
conservative estimate due to difficulties in estimating bed shear stresses under swash and the

ability to use data available at the site as direct inputs into the relation (Nielsen 2018).

4.4. Results
Figure 4.3 shows the measured significant wave height from the AWAC buoy over the course of

the week (US Army Corp of Engineers 2022). During a storm event on October 11", significant
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wave heights were greater than 2 m, and gradually calmed over the next five days reaching heights
of less than 1 m by October 15" (Figure 4.3). Peak period mostly fluctuated between 7-10 seconds
with a decreasing trend towards the end of the week.
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Figure 4.3: Significant wave height (left) and peak period (right) versus time over the course of
the survey week.
Figure 4.44, left, depicts a histogram of the sample median grain sizes (ds,) for all samples taken
over the course of the week. Samples were taken around low tide on all days. A majority of the
samples had a ds, less than 0.43mm, classifying as a fine sand via ASTM 6913 (Dashed lines,
Figure 4.4). Figure 4.4, right, shows the crosshore variation of ds,. On the x-axis, zero indicates
the dune toe, and the swash zone was located near the 25-30m station depending on the low tide
level on a given day. As seen from the figure, ds, exhibited little variation in the crosshore until

the lower intertidal zone where grain size and variability increased.
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Figure 4.4: Histogram of sample dso (left), and crosshore variation of dso (right).
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The results of the theoretical incipient motion modelling are shown in Figure 4.5. Grain sizes from
the 120 push cores were used to calculate 6 and 6.,.. Additionally, wave heights and periods from
the time corresponding to each sample were used to estimate the bottom velocities to obtain 6. As
seen in Figure 4.5, 6 (blue dots) was greater than the critical values for all stations over the course
of the survey. This result implies that particle motion would be initiated for every sample under
the given forcing. The diamonds represent 6., from the results of the JET analysis. These data
points implied a critical Shield’s parameter nearly an order of magnitude greater than the
theoretical analysis. Still, only one of the critical values from the JET was above one of the blue

dots representing the in-situ forcing.
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Figure 4.5: Critical Shield’s parameter (red and yellow symbols) determined using Brownlie
(1981) and Soulsby & Whitehouse (1997), respectively, and in-situ Shield’s parameter compared
for median grain sizes and wave data collected.

Figure 4.6 shows the relationship between Firmness Factor, gsbc, and both void ratio and bulk
density. In the plot, the color of each data point differs with the measured moisture content.
Firmness Factor (top) and gsbc (bottom) both correlate with each of the two properties through a
negative relationship with void ratio and a positive relationship with bulk density. Additionally,
samples with higher densities (high bulk unit weight, low e), gsbc, and FF consistently had higher

water contents, as these denser, stiffer samples were found in and near the swash zone (Figure 4.6).
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Figure 4.6: Firmness Factor versus void ratio (left) and bulk unit weight (right), with warmer
colors of the data points indicating higher moisture content, and vice-versa.

Figure 4.7 displays morphological change over the course of the survey from ground-based LIDAR
measurements. For each transect, the four stations closest to the waterline are shown as these were
the stations below the high tide line, and thus, were being acted upon by wave energy. The data
points show elevation over time for each transect. Transect A experienced deposition on the upper
stations (A4 & A5) from October 11" through the 13", followed by erosion of the seaward stations
(A6 & A7) in the later part of the week (Figure 4.7, left). Transect B was relatively stable (bed
level changes < 10cm) compared to the other two (bed level changes 20-50cm), but did experience
slight deposition, especially on October 15" (Figure 4.7, middle). Transect C experienced erosion
of the seaward stations, followed by deposition from October 13" through the 15" (Figure 4.7,
right). The variation between transects in close proximity (~200m spacing) could be due to the
presence of beach cusps (see Figure 4.1) on the order of 5m in the alongshore direction, and the

position of the transect in relation to the cusp. Beach cusps are a common occurrence at this site,
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typically forming in the days following storm events, with a mean spacing of 12.4 to 38.8 m
(Holland 1998).
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Figure 4.7: Elevation data for intertidal stations over time for Transect A (left), Transect B
(middle), and Transect C (right).
Once the general patterns in morphologic change were ascertained, specific stations were selected
and general trends in bed-level change (erosion or deposition) were compared to corresponding
changes in the measured sediment properties over the same time period (Table 4.1). For stations
that experienced deposition, void ratio increased, while gsbc, and firmness factor decreased.
Trends in sediment properties were less apparent for sites that eroded, with a decrease in void ratio
being the only consistent metric. gsbc and FF increased significantly with erosion at site A6. It
should also be noted that there was no observed relationship between the magnitude of changes in

sediment properties and the magnitude of elevation change (Table 4.1).

Table 4.1: Changes in sediment properties compared to trends in bed-level for select stations.

Station Period Trend AE]F:;;"’“ Ae Agsbc AFF
A4 10/11-10/13 | Deposition +64 3% -29% -33%
C6 10/13-10/15 | Deposition +10 40% -75% -66%
C7 10/13-10/15 | Deposition +21 79% -48% -53%
A6 10/13-10/15 | Erosion -19 -18% 473% 300%
C7 10/12-10/13 | Erosion -11 -32% -84% -66%

Figure 4.8 depicts changes in void ratio, with corresponding erosion/depositional behavior for all
sites where LIDAR and sediment property measurements were available consistently over the
course of the survey (28 sites). The x-axis is the initial void ratio, and the y-axis shows the percent
change in void ratio over a 24-hour period between surveys. The two colors separate the data into

sites that experienced erosion (orange) and sites that experienced deposition (blue) over the same
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time period. Of the selected sites, 22 were depositional and 6 were erosional. 14 of the depositional
sites had an increase in void ratio (loosening) and 8 had a decrease in void ratio (densification).
All 8 of the depositional sites that showed a decrease in e had initial void ratios greater than the
maximum dry void ratio (Figure 4.8, black dashed line), meaning that the very loose soil structure
was being held together by partial saturation. Additionally, all the densification was small in
magnitude, all less than 15% changes. Of the six erosional sites, 4 showed an increase in e, and
two showed a decrease. A similar analysis was conducted using FF and gsbc, but no discernable
trends were observed in the data. Finally, e, ¥k, FF, and gsbc were compared to the detachment

rate coefficient, k,, from the JET experiments (Figure 4.9).
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Figure 4.8: Changes in void ratio from initial condition separated by erosion/deposition behavior.
The x-axis shows the initial void ratio, points above zero are increasing void ratio or loosening,
and points below zero on the y-axis are decreasing void ratio or densification.

101



1200 ‘ ‘ 1200 :
@ L IR2= @ I o 2_
2 1000 |R*=0.87 = {E:F 2 1000 - R”=0.84
Z 800 oo I Z g00 ol
B'p « o "8
5 00 o 1§ o0 e
a” 4007 G o 400 ‘\ﬂ
200 : ‘ 200 .
0.4 0.6 0.8 1 10 15 20 25
Void Ratio Bulk Unit Weight kN/m>
1200 1200 :
~ 2_ — 2 _
2 1000 o R”=0.42 2 10000 & R%=0.67
£ soo ®--n a | S s Foe =
5 600 5. 5 600 ‘@
o 400 - ~° 4007 o
200 . : 200 . |
0 200 400 600 0 50 100 150
Firmness Factor (m'l) qsbe (kPa)

Figure 4.9: Detachment rate coefficient from the JET versus void ratio (top left), bulk unit
weight (top right), firmness factor (bottom left), and gsbc (bottom right).
For the directly measured sediment properties, increasing void ratio and decreasing bulk unit
weight correlated well with increasing k, (Figure 4.9, top). Both properties were similarly well-
correlated with k4, with R? = 0.87 for e and R? = 0.84 for y,,,;,. Penetrometer measurements,
FF and gsbc, were both negatively correlated with k,; (Figure 4.9, bottom). Although these
relationships are less well-defined than the sediment properties, gsbc provided a stronger
correlation than FF, with R? = 0.67 and R? = 0.43, respectively. These four properties were also

compared to 7, from the JET experiments, but no significant correlation was observed.

4.5.  Discussion
The modelled values of 6. and 6, suggested that motion would be initiated under the

hydrodynamic forcing for all stations sampled (Figure 4.5). 6., from the JET was nearly an order
of magnitude higher than the other two grain size-based methods, representing an upper bound
solution for 6,,., but still predicted motion for all samples but one. This result is consistent with
theory and the observations, as sand is the easiest particle size to move on the Shields curve, and
geomorphological change was observed throughout the survey period (Shields 1936). Having the
estimates of 8., from the JET is a useful addition to the analysis, as this test method is capturing
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the in-situ properties and variability in each physical sample more thoroughly than grain size based
estimates. As mentioned previously, 6, s is an estimate of the Shields parameter based on wave
data from 4.5 m water depth, and likely does not reflect the true shear stresses on the bed under
breaking waves and swash. The methodology for estimating @ in-situ is likely conservative, as the
Madsen and Grant (1976) formulation is a more conservative estimate than the general form of
Shields by an order of magnitude. This implies that the blue dots in Figure 4.5 should be higher
and thus further in magnitude from the estimates of 6.,.. Additionally, swash bore velocities have
been observed to travel at up to 3 m/s, higher than the maximum measured orbital velocity of 1.5
m/s (Nielsen 1992, Puleo et al. 2000), which would serve to further increase 6. It can be concluded
that the presented methodology provides a conservative estimate of general initiation of motion,
and thus, sediment mobility at this sandy beach. However, it provides little information on the
actual geomorphodynamics since erosion, deposition, and fairly unchanged conditions have been

observed at the different locations throughout the short survey period.

Based on the trends in Figure 4.7, five stations were selected as an initial analysis to
determine relationships between sediment properties, sediment strength, and observed bed level
change (Table 4.1). The only property to show consistent trends with erosion/deposition was
packing state, quantified by void ratio in this case. It should be noted that the erosion seen at site
C7 did not correlate with an increase in strength as with A6 (Table 4.1). This is likely due to pore
pressure induced variations in sediment strength associated with swash processes on a wave-by-
wave basis (Turner and Nielsen 1997). Void ratio is just one way to describe the packing state of
sediment, and it should be mentioned that porosity, density, and unit weight can all be assumed to
be related to geomorphological change as they are directly related to void ratio. At stations where
deposition was observed, void ratio increased, and where erosion was observed, void ratio
decreased. Figure 4.8 confirms this trend for depositional areas. 14 out of 22 stations that saw
deposition also saw a corresponding increase in void ratio (loosening) over the same time period.
The remaining 8 stations that saw a decrease in void ratio (densification), but all of those locations
had initial void ratios greater than the maximum dry density (Figure 4.8, dashed line), and
decreases in void ratio less than 15%. These sites where the initial packing state could be described
as “very loose” due to the effects of partial saturation saw both increases and decreases in void
ratio despite all having deposition. However, since the changes in void ratio were small (less than

15%), this result implies that the sediment would still be considered “loose” even after a small
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amount of densification. Therefore, there would likely be only small changes to the erodibility,
which is tied to the packing state (Figure 4.9). There were only six available stations that saw
erosion, and there was no clear trend in the data. Still, it is hypothesized that as deposition is tied
to increases in e, erosion is tied to decreases in e. This result is consistent with Heathershaw
(1981), who observed an inverse relationship between packing state and bed-level change, with
denser sediment (lower e) being correlated with decreases in bed-level. Additionally, Dean and
Dalrymple (2004) noted that repeated swash and backwash cycles could reduce porosity and leave
behind less erodible sediment. Packing state parameters were also related to k,; from the JET.
Figure 4.9 shows clear relationships between the detachment rate coefficient, k,;, and void
ratio/bulk unit weight (Figure 4.9, top). Additionally, k,; had a negative correlation with FF and
qsbc, albeit a weaker relationship than with the sediment properties. Lower k, indicates less
erodible sediment (in terms of erosion rate), and higher k, indicates more erodible sediment
(Hanson 1991). Denser, stronger sediments are less erodible than looser, weaker sediments (Figure
4.9). While this is intuitively and theoretically expected, this relationship may offer a quantitative
measure how erodibility is affected by packing state and sediment strength. It should be noted, the
value of k, is dependent on the chosen solution methodology, in this case a linear regression of
the erosion rate vs. shear stress data, which is supported by the results of Wahl (2021). The outputs
of this model will be used for comparison amongst results at the study site, and not in-relation to
the magnitude of erodibility parameters in comparison to other sediments. While thus study was
conducted over a narrow range of grain sizes and packing states, specifically for beach sands, the
results highlight the variability in erodibility present even over a small range of properties, which
is often overlooked in studies relating soil properties over a larger range of soil types (see National
Academy of Science and Engineering 2019). The results show that there are relationships between
geotechnical sediment properties, local morphodynamics, and erodibility, and support the

hypothesis that these properties should be included in future models of beach evolution.

Figure 4.10 summarizes the relationships described in the previous section with relation to
time before or after morphological change. At a given location, before any change is induced by
hydrodynamic forcing, the packing state affects the erodibility, with denser sediments being less
erodible than looser sediments. When a forcing event occurs, less sediment will be mobilized in
denser areas than in looser areas. The subsequent effect on sediment dynamics and beach

morphodynamics will depend on the strength of the forcing (i.e., wave heights, tide range,
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currents), the existing morphology, and swash and backwash processes (Dean and Dalrymple
2004). Once morphologic change has occurred, areas experiencing deposition will typically see
increases in void ratio, leaving behind looser, more erodible sediment. Some sites that are “very
loose” as an initial condition (e > e,,,,) May see slight decreases in void ratio, but these changes
will be small in magnitude, and thus have a small effect on erodibility. It is hypothesized that
erosional areas will see densification and decreases in erodibility, which is supported by literature,
but needs more field data for full validation in this context. This may suggest feedback loops
between geomorphological change (erosion vs. deposition) and changes in surficial sand density
(densification vs. loosening) that could be interrupted and lead to exacerbated responses by

extreme hydrodynamic events.

Initial Condition

el |

|
FHCe o

[ Very Loose
: |

f More sediment
| mobilized by forcing Hydrodynamic
forcing drives
! Low e ( Less sediment morphologic change
Low kg . :
e < €max | mobilized by forcing

Result of
Morphologic
Small change Small increase Initial Condition:
inkg or decrease in e € > emax
Initial Condition:
Increase kg Increase e
€ < emax

Change
*Hypothesized outcome, .
Decrease kg ]4—[ Decrease e P * Erosion
need more field data

Figure 4.10: Summary flow chart of the relationships between packing state, erodibility, and
sediment dynamics before and after morphological change.
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Figure 4.9 shows a weaker relationship between FF and k, , with the trend showing a tendency
for lower FF (within the sandy sediments) to indicate less erodible sediment, and vice-versa. This
result can be understood more clearly when considered in the context of Figure 4.6. In Figure 4.6,
it can be seen that there is a clear relationship between FF,gsbc, e, and Yy, With the general
trend being increasing density with increasing FF and gsbc. However, there is significant spread
in the data. As seen from the color gradient, the result is also highly sensitive to changes in water
content, with an increase in water content corresponding to an increase in FF and gsbc. However,

this is likely due to increasing water content causing increased viscous effects due to high-strain
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rate, artificially increasing a,,,, (Martin et al. 2009). The modified strain rate factor (Equation
4.3) represents a first step towards accounting for these effects, but the relationship breaks down
at water contents greater than 25% by volume, which could explain why spread in the data was
greater at these high water contents (Figure 4.6, bottom).. Improvements in understanding partially
saturated strain-rate effects on PFFP measurements, specifically at high water contents, could help
reduce the spread in these data. If packing state metrics of beach sands can be quantitively obtained
from PFFP measurements, it would follow that PFFP data would be related to erodibility and
morphodynamics as discussed previously in this section.

4.6. Conclusions

The goal of this study was to measure geotechnical sediment properties in a sandy intertidal beach
environment, and investigate the relationships between those properties, erodibility, and local
geomorphodynamics. These relationships were tested using a field dataset collected at the USACE
FRF in Duck, North Carolina, in October 2021 and JET erosion testing of obtained soil samples.
Measurements included moisture content, grain size, density, and sediment strength via PFFP
deployments. Morphological change was recorded from terrestrial LIDAR and hydrodynamics
were measured using an offshore AWAC buoy. Theoretical sediment mobility modelling and
laboratory erodibility testing were also performed. It should be highlighted that variations in
sediment properties were tested within mostly one sediment type, fine sand with dso ranging from
0.3 to 0.43 mm, and bulk densities and void ratios ranging from 14 kN/m3 to 22 kN/m? and from
0.39 to 0.96, respectively, exploring small-scale variations in packing state and associated strength

and relationship with erodibility and geomorphodynamic change. Key takeaways are listed below:

e A Shield’s approach using just grain size showed sediment mobility for all stations, but
was too simplistic for the limited range in sediments to provide further information on

geomorphodynamics which ranged from erosion over little change to deposition.

e Void ratio was positively correlated with detachment coefficient, k;, from the JET,
indicating that denser sediments are less erodible than looser sediments. Thus, the packing
state correlated to the amount of sediment that is mobilized by hydrodynamic forcing with

denser areas mobilizing less sediment and vice-versa.

e Void ratio increased and bulk density and strength decreased with sediment deposition.

While there was less of an apparent trend for erosional areas, it is hypothesized that erosion
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leads to decreases in void ratio. More field data and better consideration of swash processes

is needed to validate this.

e Portable free fall penetrometer sediment strength estimates related to bulk unit weight, void
ratio, and water content. There was significant spread in the data, which could be mitigated
by focusing future work on understanding strain-rate behavior in partially saturated

emerged environments with particular emphasis on zones of high water content.

Overall, the results show that sediment properties, namely packing state in the form of void ratio

changes with geomorphodynamics and affects sediment erodibility.
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5.1. Abstract

Geomechanical data of Arctic nearshore and offshore seabed sediments are still rare. Two field
surveys were conducted in Harrison Bay, Alaska in the summer of 2021 and 2022. These surveys
involved portable free-fall penetrometer deployments, grab sampling, gravity coring, and chirp
sonar for seabed investigation and bathymetric surveying. The goals of this study were to test
geomechanical seabed surface sediments in-situ using a portable free fall penetrometer (PFFP),
relate those properties to erodibility parameters from a Jet Erosion Test, and demonstrate the
potential use of geomechanical seabed mapping to better inform numerical models of shelf
morphological evolution in an Arctic environment. Deriving the Firmness Factor from the PFFP
data, a classification scheme was developed with a FF = 450 m™! threshold differentiating
cohesive and non-cohesive sediments at a threshold fines content of 30%. Strength properties were
then calculated for cohesive or non-cohesive sediments, respectively. For non-cohesive sediments,
the packing state in the form of relative density was related to the detachment coefficient, k;, with
the critical shear stress being determined via empirical relations. Three categories were developed
for cohesive sediments: an undrained shear strength separator of s,, = 2 kPa correlated well with
groupings of k, obtained from JET tests performed on gravity core samples, and the third category
for the least erosive sediments was developed for s, values greater than 20 kPa. These categories
highlighted and related variability in erodibility and sediment strength across the entire bay and a
smaller 13 km transect, with the most erodible zone likely associated with active sediment
transport due to bluff erosion and surficial sediment reworking from ice gouging. Relevance for
numerical modelling of Arctic geomorphology is discussed through an initial and limited

sensitivity study using a cross-shelf morphodynamic model in Delft3D.

5.2.  Introduction

Arctic coastal and nearshore environments are being heavily impacted by climate change.
Warming temperatures have led to decreases in seasonal sea ice thickness and extent, leading to a
longer, more spatially expansive open water season (Overeem et al. 2011, Barnhart et al. 2016,
Mioduszewksi et al. 2018). These increased temperatures have also led to increases in humidity,
precipitation, seasonal river discharge, and permafrost thaw rates (Overeem & Syvitski 2010, Box
et al. 2019). Sea ice acts as a natural protection for Arctic coastlines by reducing wave action.
Diminishing sea ice allows for more fetch, which increases the duration and energy of wind-waves

attacking the coastline. Shorelines composed of permafrost bluffs are especially susceptible to
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increased wave energy, as waves impart both mechanical and thermal energy into eroding the
coastline through a process called thermal abrasion (Aré 1988). Exacerbating this issue are
increases in permafrost thaw and ground ice melt, leading to slumping and block failure (Lantuit
& Pollard 2008, Hoque & Pollard 2009, Gunther et al. 2015). These factors have led to high rates
of coastal erosion in the Arctic (Jones et al. 2008, Frederick et al. 2016) The rate of shoreline
retreat is expected to increase as the aforementioned drivers of erosion will continue to strengthen
with climate change, leaving Arctic coastlines and communities more vulnerable with time (Ford
et al. 2006, Jones et al. 2009, Nielsen et al. 2022).

A consequence of increases in coastal erosion, river discharge, and permafrost block failure and
slumping is an increase in sediment supply to nearshore and continental shelf systems (Rachold et
al. 2000). The sediment will then be mobilized, transported, and deposited, but the ultimate fate of
freshly introduced sediments is still often uncertain. Will it stay in the nearshore and shallow
continental shelf areas, where it could potentially be reworked by waves and currents to rebuild
the coastline, or will it be permanently transported off the shelf into deep ocean basins? The
presence of pack-ice closer to shore in the winter months promotes offshore transport, while open-
water summer months allow for more onshore transport and deposition on the inner shelf
(MacDonald et al. 2015, Forest et al. 2016). Sediment entrainment in sea ice provides a mechanism
for exporting sediment into deep ocean basins (Nurnberg et al. 1994). Additionally, coastal
morphology plays an important role in determining transport mechanisms. A study in the Canadian
Beaufort Sea found that coastline backed by bluffs favored offshore directed sediment transport
during storms more than low-lying barrier island systems where overtopping allowed a more
onshore directed component (Héquette et al. 2001). It has also been suggested that decreases in
ground-ice and permafrost will increase delta progradation rates and decrease the offshore
transport of riverine supplied sediment (Piliouras et al. 2021). Still, the relationship between
sediment dynamics, hydrodynamics, and climate change is a complex interaction that is still under
investigation and further complicated by often limited information about detailed seabed sediment
properties (Macdonald et al. 2015, Wegner et al. 2015, Osborne and Forest 2016).

A key variable affecting nearshore sediment dynamics is sediment properties. Specifically in
Arctic environments, grain size of sediments is a controlling but highly variable factor in erosion
rates, with coarse-grained (fines content < 50%) deposits having lower erosion rates than fine-

grained deposits (fines content > 50%) (Reimnitz et al. 1985). Spatial and vertical variations in
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sediment types can result from varying and changing riverine sediment inputs and bluff erosions,
along with ice gouging driven reworking of seabed sediments (Reimnitz et al. 1977, Barnes et al.
1980, Barnes et al. 1984). Sediment properties, including but not limited to grain size, directly
affect erodibility (See Chapter 4) (Shields 1936, Shafii et al. 2016, National Academy of Sciences
Engineering and Medicine 2019).Thus, it follows that high variability in sediment properties
would lead to a commensurate degree of variability in the erodibility of these sediments.
Measuring in-situ sediment properties, critical shear stress, and erosion rates for surficial seabed
sediments would be an important step towards improving the understanding and prediction of
sediment dynamics in Arctic nearshore environments. Enhancing the ability to quantify variations
in sediment properties and erodibility could improve numerical models of shelf morphology
(Malito et al. 2022). However, in-situ measurements of seabed sediments in shallow Arctic areas
are difficult due to logistics of fieldwork in remote areas, accessibility of and operation in shallow-
water, and presence of sea ice preventing thorough vessel surveying for most of the year. Portable
free-fall penetrometers (PFFPs) provide a potential solution to these challenges, particularly where
only surface sediments are investigated. Lightweight, rugged, and easily deployable from small
vessels, PFFPs have been used for rapid seabed characterization, measurement of in-situ
geotechnical properties, and investigation of sediment transport and mobilization (Akal and Stoll
1995, Hay et al. 2014, Stark et al. 2014, Albatal and Stark 2017, Lucking et al. 2017). Additionally,
PFFPs have been used in Arctic nearshore areas for characterization of seabed bearing strength,
pore pressure response, and identification of sediment layering (Stark et al. 2015, Stark et al. 2017,
Brilli et al. 2022). Relating PFFP measurements to erodibility would make Arctic geomechanical
seabed characterization significantly more feasible, and thus, increase data availability (Stark et
al. 2022).

A combination of PFFP deployments and physical samples over a large spatial area will be used
to develop a regional sediment classification model for determining cohesive vs. non-cohesive
sediments, whereby PFFP data can be used in lieu of physicals to provide insights on geotechnical
properties of surficial seabed sediments (Mulukutla et al 2011, Albatal and Stark 2017). Thus, the
goals of this study are to use PFFP measurements in a highly variable Arctic nearshore
environment to develop a regional sediment classification model to understand the variability of

geomechanical sediment properties, i.e., strength properties and erodibility, and explore the
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relevance of these measurements in the context of local geomorphodynamics and for numerical

modelling of Arctic nearshore and shallow water environments.

5.2.1. Regional Context

Two field surveys were conducted in July/August 2021 & 2022 in Harrison Bay, Alaska, an
embayment opening up to the Beaufort Sea, approximately 70 km west of the town of Prudhoe
Bay, Alaska (Figure 5.1). Harrison Bay is part of the Alaskan Beaufort Shelf, a 600 km long section
continental shelf on the northern Alaskan coast of the Arctic Ocean, with shelf widths of 50 to 100
km (Norton & Weller 1984). The bay is shallow (water depths < 20 m), and was chosen due to the
presence of riverine sediment input from the Colville delta in the south, bluff erosion on the west
side of the bay, and a wide variety of mixed sediment types on the seabed both laterally across the
bay and vertically in the strata due to diverse sediment inputs and ice gouging processes reworking
the seafloor (Barnes and Reimnitz 1974, Reimnitz et al. 1977, Barnes et al. 1980, Jakobsson et al.
2020). To the east of the bay, the coastline is dominated by sand and gravel barrier islands fronting
shallow lagoons. Sea ice covers the area between October and June, with an average yearly
thickness of 2.4 m, and landfast ice can range in extent from 1 km to 50 km (Norton & Weller
1984, Barnhart et al. 2014). Sea ice acts to shelter the bay from storms, preventing wave

generation, and thus sediment transport is constrained to the open water season in the summer.
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Figure 5.1: Google Earth satellite image Harrison Bay, Alaska. (by Terrametrics; lower left
corner: N70°14°54.79” W149°41°42.64”)
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5.3.  Methods

During the survey in July/August 2021, co-located physical sampling and PFFP deployments were
conducted at 71 unique sites across Harrison Bay (red dots, Figure 5.2). Samples were collected
with a Shipek surface sampler, and 3 to 10 PFFP deployments were performed at each site.
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Figure 5.2: Layout of physical sampling and PFFP locations from 2021 (red dots, left), gravity
core locations from 2022 (yellow squares, left), white box indicates location of high density
PFFP transect from 2022 (top right) and transect bathymetry (bottom right).

In the subsequent 2022 survey, 10 gravity core samples were collected from sites across the bay
in order to perform laboratory Jet Erosion Tests (JET) on local sediments to obtain near in-situ
erodibility parameters (Figure 5.2) (Hanson 1991). The gravity core samples were also co-located
with PFFP deployments, which were used to correlate erodibility parameters with PFFP data. Also
in 2022, a 13km long transect line was surveyed off the west side of Harrison Bay, with PFFP
deployments approximately every 50 meters, totaling 160 deployments (Figure 2, top right). These
data, along with multibeam echosounder bathymetry (MBES) (Figure 2, bottom right) was used to

assess the importance of smaller-scale variations in sediment properties and erodibility.

5.3.1. PFFP Data Analysis

The PFFP blueDrop, used for these surveys measures 63.1cm long, 8.75 cm in diameter, has a
mass of 7.71 kg, and a streamlined body shape (Figure 5.3). The probe is equipped with five
vertical accelerometers ranging from +2gto +250g, and two +55g horizontal tilt

accelerometers, where g is gravitational acceleration.

121



Figure 5.3: PFFP, blueDrop, in useduing the field survey in Harrison Bay

All accelerometers record continuously at 2kHz. The device is deployed easily from a range of
vessels, secured with a rope attached to the tail section (Figure 5.3), free-falls through the water
column, impacts the seabed, and is brought to a stop be the resistance of the sediment. Ease of
deployment, self-contained recording over a wide range of accelerations, and less than 1 cm
resolution in the vertical sediment profile make this tool ideal for rapid and spatially extensive
geotechnical site investigation (Stark et al. 2014, Albatal and Stark 2017).

The acceleration record from impact with the seabed until the soil resistance brings the probe to a
stop can be single and double integrated to give profiles of velocity and penetration depth,
respectively. Typically, stiffer soils will elicit a stronger deceleration response and softer soils will
have a weaker response, reflected in the magnitude of the maximum deceleration recorded by the
probe (a,,q,). However, the measured soil strength from PFFP deployments is highly dependent
on the rate of strain experienced by the soil, or the impact velocity (v;) in the case of the PFFP
(Dayal and Allen 1973, Dayal et al. 1975). This strain rate dependence means that a,,,, is
dependent on v; and the soil strength properties. Mulukutla et al. (2011) proposed the Firmness
Factor (FF) as an attempt to normalize the deceleration record using the impact velocity to give a
velocity-independent metric proxy of soil stiffness using the raw PFFP data. This parameter has
been used to normalize PFFP measurements for different diameter cones as well as sediment
classification and rapid site characterization (Mulukutla et al. 2011, Albatal and Stark 2017). The
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Firmness Factor is given by Equation 5.1, and was used in this study for the purpose of
differentiating cohesive and non-cohesive sediments:

am ax

FF =
vl-gtp

(5.1)
where t,, is the penetration time from impact until stop and g is gravitational acceleration. Once
sediments were classified as cohesive or non-cohesive, the geotechnical properties were
characterized following a methodology similar to that proposed by Jaber (2022). For non-
cohesive sediments, this means obtaining the relative density (D,.), and for cohesive sediments
this involves obtaining the undrained shear strength (s,,). These engineering properties will then

be used to define relationships between sediment properties and erosion parameters.

For coarse-grained (non-cohesive) sediments, the acceleration record has also tied to packing
state in the form of D,.. It should be noted that packing state can also be described by void ratio
(e), porosity (n), and bulk density (p,). Albatal et al. (2020) performed laboratory tests on a
medium quartz sand by dropping a PFFP into a sediment bed over a range of fixed D,., and
developed an empirical estimate of D, (as a %) using only a,,,., (in g) from the PFFP (Equation
5.2):

D, = —14.66 * 1073(ayay) + 2.66(Amar) — 25.17 (5.2)

Determination of s,, requires first determining the bearing strength. Estimating bearing strength
from the PFFP requires applying Newton’s 2™ law to the acceleration profile to convert the
deceleration response to a sediment resistance force. This sediment resistance force is then divided
by the area of the tip to give a dynamic bearing capacity (qgy,). This measure is likewise
influenced by the aforementioned strain-rate effects. A wide range of possible impact velocities
leads to a wide range of possible measured strengths. Thus, it is advantageous to normalize the
bearing strength to a much slower rate of strain where these effects are minimal, like a Cone
Penetration Test (Stoll et al. 2007, Chow et al. 2018, White et al. 2018). This is accomplished by

dividing g4, by a strain rate correction factor (f;,.), given by Equation 5.3:

q
qsbc = % (5.3)
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where gsbc is the quasi-static bearing capacity, an estimate of the bearing capacity without strain-
rate effects. There are multiple formulations for f;,., the most common being the logarithmic form
(Peck 1962, Mitchell 1964). and the power law (Randolph 2004). For the purposes of this study,
the power law will be used as this formulation was the basis of the cohesive methodology proposed
by Jaber (2022) for estimating s,,, and is given by Equation 5.4:

B
for = (”dy"> (5.4)

vref

where, vg,, is the non-linear dynamic velocity profile, v,.r is the reference velocity at which
strain rate effects are no longer observed, typically taken as 2 cm/s to reflect CPT measurements,
and B is a soil-type dependent strain rate factor. § will be taken as 0.035-0.085 for this study
(Randolph and Hope 2004, Jaber 2022). Once gsbc is determined via Equation 5.4, s,, can be
calculated via Equation 5.5:

qsbc
S. =
Y N

(5.5)

where, Ny, is a cone factor. Again, per the methodology in Jaber (2022) and previous literature
on selection of CPT cone factors, N, will be taken as a value of 10 for this study (Lunne et al.
2002, Robertson and Cabal 2010, Mayne and Peuchen 2018).

5.3.2. Jet Erosion Test (JET)

Erodibility parameters were determined using a laboratory mini JET setup at North Carolina State
University. The JET was originally developed for characterizing erodibility of cohesive soils both
in-situ and in the laboratory (Hanson 1990, Hanson 1991, Hanson and Cook 2004). Tests were
performed on 11 gravity core samples, trimmed to 10-12 cm sections. To run the test, a head tank
was set at 2.1 meters, and a jet of water was projected onto the top of the sample through a nozzle
for a fixed period of time, scouring the sample. After each individual trial, a point gauge was
lowered into the scour hole to measure its depth. The test was run for time periods of 5's, 15 s, 30
s, 605, 120 s, and 300 s, and each time period was tested consecutively until no more erosion was
observed for that time interval. Sample preparation before testing (left), during testing showing the
point gauge and test setup (middle), and post-testing with complete scour-hole (right) are shown

in Figure 5.4.
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Figure 5.4: Sample prepared for testing (left), Mini-JET test with sample inside (middle), sample
after testing showing scour hole (right).

Once the test is complete, the scour depth and time intervals are converted into erosion rates (E),
and head height, nozzle characteristics, fluid properties, and time-varying scour depth give the
applied shear stress on the sample (7) (Hanson and Cook 1997). Erodibility parameters can then
be determined by fitting the measured E and t data to the excess shear equation given by Equation

5.6 (measured parameters shown in bold):
E=ky(t—1)" (5.6)

where, k, is the detachment coefficient, .. is the critical shear stress, and n is a fitting parameter
typically assumed as unity. There are multiple solutions for obtaining k; and t. from JET data
(Hanson 1991, Simon et al. 2010, Daly et al. 2013, Al-Madhhachi et al. 2013, Wahl 2021). For the
purposes of this study, parameters were obtained by performing a least-squares linear fit to the raw
E and 7 data, with k,; and . being the fitting coefficients. This approach has been shown to be a
simple approach that is also on par with the results of more complicated methods (Wardinski et al.
2018, Wahl 2021). Goodness of fit was quantified using a Normalized Objective Function, which
has been used previously for JET data (Fox et al. 2006, Al-Madhhachi et al. 2013).

For both cohesive and non-cohesive sediments, the detachment coefficient, k;, describes the
erosion rate of the sediment once erosion has been initiated (z > t.), and has units of erosion rate

per unit of excess shear stress. Higher k, indicates more erodible sediment. A companion study
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was conducted using JET tests on beach sand (see Chapter 4, Figure 4.9) and found strong
correlation (R? = 0.87) between k, and void ratio, e, via an empirical power-law relationship

given by Equation 5.7:

cm?3
kg (N ) = 1396625861 (5.7)

Since D, is related to e by Equation 5.8, and D, can be directly estimated from PFFP measurements
(Equation 5.2), it follows that k, can also be obtained from PFFP measurements for non-cohesive
sediments at this site.

e — e
D, = ——"—— (5.8)

€max — €min

Minimum (e,,;,) and maximum (e,,..) Vvoid ratios were computed for the coarse-grained
sediments at this site from samples obtained via Shipek sampling during the 2021 survey (ASTM
D4254-00, ASTM D4253-16). Using these values, Equation 5.9 can be used to convert D,. from

Equation 5.2 into void ratio and then Equation 5.7 gives k.
emax = 0.72,€min = 043 = e = 0.72 — 0.29D, (5.9)

Applying the range of possible void ratio values at the site into Equation 5.2 gives a range of k,
for sand at the site from 150-600 cm3 /N = s.

5.4. Results

The results from physical samples taken during the 2021 survey show the variability of seabed
sediments at the site. Figure 5.5 shows the fines content for all sites sampled during the 2021
survey (see Figure 5.2). Brighter colored dots represent finer sediments and darker colors represent
coarser sediments. Of the 66 individual sites where physical samples were collected during the
2021 survey, 25 classified as coarse-grained (fines > 50%), and 41 classified as fine-grained, with
the only real spatial trend being a coarser deposit off the west coast surrounded by majority fine
sediments (Figure 5). Further only 6 sites had fines contents less than 12%, the traditional United
Soil Classification System (USCS) cutoff for a clean sand, meaning that a vast majority of the sites
would be considered mixed sediments. As seen from the figure, the west side of the bay is
dominated by fine sediments with a coarse grained area approximately 10 km offshore of the

western coast. Fine-grained sediments were predominantly found on the eastern side of the bay,
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closer to shore, with the exception of a sand bank located along the middle line heading offshore.
The southern area near the Colville Delta was more mixed than any other area in the field site.
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Figure 5.5: Spatial distribution of fines contents across Harrison Bay, Alaska. Brighter colors
indicate finer sediments and darker colors indicate coarser sediments.
While there is no clear consensus on the fines content that determines the boundary between
cohesive and non-cohesive behavior, 30% fines content has been used repeatedly in both
geotechnical and sediment dynamics literature as a cutoff, and as such will be adopted here (van
Ledden et al. 2004, Yang et al. 2005, van Rijn 2020). Figure 5.6 shows 179 PFFP deployments (2-
3 deployments from each of the 66 sites) distinguished by FF = 450 m~? in two groups with red
indicates deployments that were associated with samples having fines content greater than 30%,
and blue having fines contents less than 30%. As seen from the figure, a threshold value of FF =
450 m~1 accurately predicts all 125 deployments with FF < 450 m~! as having fines content
greater than 30%, and 50 out of 55 deployments with FF > 450 m~! as having fines content less
than 30%. The five samples that were incorrectly classified are likely due to heavily

overconsolidated mud.
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Figure 5.6: Distribution of deployments with greater than 30% fines (red) and fines less than
30% (blue), with the left column consisting of deployments with FF greater than 450 m~! and
the right column deployments greater than 450 m~1.

Table 5.2 shows the results of the JET analysis from the gravity core samples taken during the
2022 survey. Samples from the same site labelled “#1” and “#2” indicate a gravity core sample
that was longer than the 12cm that can be accommodated by the JET mold and was sectioned into
12cm increments for testing. Samples labelled “#1” indicate the uppermost sample, and subsequent

numbers are consecutive in depth. 7. values ranged between 3 Pa and 16 Pa, and k, values ranged

from 3-120

cm?3
N-s'

Table 5.1: Results of JET tests on gravity core samples from the 2022 survey.

. cm3
Site 7. (Pa) Kd (N_s)

WP571 #1 4.83 3.57
WP692 #1 5.68 52.08
WP852 #2 4.77 121.65
WP915 #1 16.07 5.13
WP915 #2 12.09 6.25
WP1006 #1 3.93 39.99
WP1012 #1 7.71 125.15
WP1017 #1 10.76 28.54
WP1017 #2 15.56 3.03
WP1021 #1 10.10 15.26
WP1021 #2 6.27 10.84

Erodibility parameter from the JET were then compared to s, values from co-located PFFP

deployments. A negative power law relationship between k,; and s, is apparent for the tested
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samples (Figure 5.7). Further, it was observed that samples having s, less than 2 kPa, had k,
values > 20 g and samples with s, greater than 2 kPa had k; < 20 g(dashed line, Figure

5.7). Thus, this value served as the first threshold for erodibility classification based on PFFP
measurements, which is presented in the following sections. Parameters from the PFFP (s,, FF,
Amax ) Were also compared with 7. from the JET tests, and no suitable relationships were found

between PFFP measurements and . for the data available at this site.
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Figure 5.7: Relationship between s,, and k, for locations where gravity core samples used for
JET testing and PFFP deployments were co-located.
Based on the previously developed criteria for differentiating cohesive vs. non-cohesive sediments,
and relationships between s, and kg, the following erodibility categories based on PFFP
measurements are suggested (Table 5.2). Category SAND is defined as any deployment with FF >

450 m~1. This category is the most erodible of the four and encompasses non-cohesive sediments

with erodibility parameter k, falling between 150-600 g based on D, from the PFFP. While

there was no direct data available to make a prediction for 7., the results detailed in Chapter 4 and
specifically Figure 4.5 showed that 7, was less important for determining erosion behavior of
sandy sediments (Section 4.5). Category C1 — C3 are based on s, for cohesive sediments with
FF < 450 m™1. C1 & C2 reflect the delineation made in Figure 5.7, with the addition of a buffer
of 1 kPa due to a small number of data points and to reflect uncertainty in the measurements. C1

sediments have a slightly smaller range of 7. values based on the results displayed in Table 5.1.

129



Finally, category C3 included deployments with s,, greater than 20 kPa. These sediments fell well
outside of the sample data bounded by Figure 5.7, and thus no specific ranges will be given for

erodibility parameters, with this category simply being described as “least erosive”.

Table 5.2: Breakdown of erosion categories for cohesive sediments at the Harrison Bay site
based on the results of the field and laboratory measurements.

Erosion Category Criteria Determination of tc Determination of kq
SAND FF > 450 m™ No data for this study | 150 — 600 Cmg/N s
3
C1 sy <2 —3kPa 3—10Pa >20 M7/
3
C2 sy =3 —20kPa 3—15Pa <20 M/
C3 s, > 20 kPa Least erodible

Using the criteria from Table 3, the PFFP deployments from the 2021 survey were converted into
their corresponding Erosion Categories (Figure 5.8). The west side of the bay shows a lot of
variability in with a mixture of C1 and C2 zones along with a large zone of SAND. Sediments
seem to be more erodible offshore with most offshore sediments classifying as C1 with the
exception of a small area of SAND sediments in the middle of the bay. In the South near the
Colville Delta, the least erodible sediments were found, with mostly C2 and C3 sediments, as well
as SAND and C1 sediments sparsely populated within those areas.

71.2 Erosion Category: SAND
71.1 Erosion Category: C1
’ Erosion Category: C2
71 Erosion Category: C3
70.9
3 70.8
2
= 70.7
—

-153  -1525  -152  -151.5 -151 -150.5  -150  -149.5

Longitude
Figure 5.8: Distribution of Erosion Categories across Harrison Bay including the non-cohesive
category (NC), and the three cohesive categories (C1-C3).
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A similar approach was taken for the 13 km transect displayed in Figure 5.2. First, FF was
calculated for each of the 160 PFFP deployments, and they were separated based on cohesive and
non-cohesive behavior (Figure 5.9, top). As seen in the figure, a majority of the transect classified
as cohesive, with the shoal beginning at approximately 10 km classifying as non-cohesive. The
series of sand waves starting at 11.5 km also classified as non-cohesive, except for select
deployments in the trough that classified as cohesive.
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Figure 5.9: Application of the Firmness Factor classification to a smaller 13km transect off the
west coast of Harrison Bay from PFFP deployments (top), bathymetry is shown in the bottom
panel.

Figure 5.10, top, shows s,, on the left y-axis (only applicable for C classes), and D,. on the right y-
axis (only applicable for the NC class), with the colors indicating which erosion category each
value of s, fell into. D, values ranged from 60-90%, representing overall relatively dense sands
which may suggest limited recent mobility. These values of D,. are in line with the work by Albatal
et al. (2020), who developed the correlation and applied it to nearshore deployments in similar
water depths. There was significant variability in s, across the transect with values ranging from
less than 1 kPa to 50 kPa, representing very soft to very stiff fine-grained seabed surface sediments.
This is a wider range of s, then presented by Jaber (2022), who derived s, from PFFP
measurements for s, < 10 kPa. The work in that study was focused on soft estuarine and coastal

sediments, but Harrison Bay additionally features stiffer, overconsolidated muddy sediments. This
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variability is also reflected in the erosion categories. The x-axis on the bottom panel of Figure 5.10
translates each category onto a line for better visualization with the bathymetry. The initial
depression from 0.5-2 km contained weak, highly erodible sediments, with strength increases and
erodibility decreasing across a flatter, sloping bed until a second depression around 7 km, where
the sediment became soft and erodible again in a zone filled with ice scours. This was followed by
a sharp increase in s, (decrease in erodibility) until the sediment transitioned to non-cohesive at
which point the shoal was dominated by highly erodible SAND sediments, with the exception of
less erodible C2 & C3 sediments in the troughs of the sand waves starting at 11.5 km.
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Figure 5.10: Application of Erosion Categories to the same transect from Figure 9 using the
PFFP deployments (top). Bottom panel again contains bathymetry along with colored sections to
visualize erodibility zones more easily.

5.5.  Discussion

The results of this study show that surficial seabed sediments in Harrison Bay, Alaska, are highly
variable in both geomechanical properties and erosion behavior. The observed surficial sediment
variability was also noted by Barnes (1980) and is likely due to a wide variety of sediment inputs,
and ice gouging causing reworking of the uppermost sediment layers (Barnes and Reimnitz 1974,
Reimnitz et al. 1977, Barnes et al. 1984). The variability in sediment properties and erodibility in
Arctic environments has important implications for applied engineering applications in these areas
such as for the protection of buried pipelines and for improving numerical models of shelf

morphodynamics in response to climate change (Nematzadeh and Shiri 2020, Hashemi et al. 2022,
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Malito et al. 2022). However, remote fieldwork logistics, coupled with limited access to Arctic
nearshore areas due to sea ice most of the year, make sediment characterization from physical
samples, erodibility assessment from in-situ coring, and geotechnical strength estimation a difficult
proposition. This highlights the utility of the proposed framework, where the PFFP was used to
differentiate cohesive and non-cohesive sediments, and furthermore, to distinguish different
categories of erodibility (Figure 5.6 and Table 5.3).

5.5.1. Sediment and Erodibility Classification Scheme based on PFFP Measurements

The methodology presented in the results (Section 5.4) for using PFFP measurements to classify
sediment behavior type and erodibility behavior is summarized in Figure 5.11. The first step is to
calculate FF directly from the PFFP data (Equation 1). Distinguishing cohesive vs. non-cohesive
sediments (Figure 5.6) is important as these two groups behave differently in terms of sediment
properties, strength, and erodibility (National Academy of Science and Engineering 2019). While
there is no consensus agreement on 30% fines being a unique cutoff between cohesive and non-
cohesive behavior, it is widely recognized as an acceptable value here (van Ledden et al. 2004,
van Rijn 2020). Values as low as 10% and as high as 40% have also been suggested as thresholds,
but 30% will be adopted here to stay consistent (Yang et al. 2005, Jacobs et al. 2011). FF =
450 m~! represented a reliable threshold for cohesive and non-cohesive sediments based on this
fines content of 30% with 96% of tests classifying correctly. The five observed outliers can be
explained by the presence of heavily consolidated, stiff cohesive sediments. This type of regional
sediment mapping using FF and other parameters from PFFP deployments has been demonstrated
before (Mulukutla et al. 2011, Albatal et al. 2017), but this is the first application of this type of
analysis to an Arctic environment, and further serves the purpose of laying the foundation for
deriving erodibility categories as proposed in Table 5.2 with measurements being faster and easier

to perform than grab sampling or coring.
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Figure 5.11: Flowchart describing data analysis and breakdown of erosion categories based on
geotechnical sediment properties.

Following the left side of the flow chart, the next step is to calculate D, from Albatal et al. (2020)
(Equation 2) and using this value to compute k,; via Equations 7-9. There were no direct
comparisons made between erodibility parameters and geotechnical properties for non-cohesive
sediments at this site as there were no undisturbed in-situ samples of sandy sediments taken for
JET testing. Gravity corers cannot sample in cohesionless soils. Data available from JET tests on
high quality in-situ cohesionless samples from a companion study (Chapter 4, specifically in
Figure 4.9) and laboratory tests on sand from grab samples allowed for a range of k,; values to be
computed for the non-cohesive stations in Harrison Bay. For the SAND classification, it is
suggested to obtain t,. via empirical relation. While no in-situ data is available from this site, van
Rijn (2020) suggested that empirical relations can give a reasonable estimate of initiation of motion
(Shields 1936, Brownlie 1981, Soulsby and Whitehouse 1997, van Rijn 2007).

For sediments classifying as cohesive, s,, is calculated from Equations 3-5. The three categories
C1-C3 are then differentiated using the relationship in Figure 5.7, showing a correlation between

k, and s,,. A first threshold value was chosen at s,, = 2-3 kPa, as samples with s, less than this
3
value had k, less than 20 % s, = 20 kPa was selected as an upper threshold, as it was outside
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of the range of s, presented in Figure 5.7 (0-10 kPa), with 20 kPa being selected to add
conservatism to the model test over a limited range of s,,. There were no relationships found
between t. and PFFP parameters for the cohesive sediments. Thus, the range presented in Table
5.2 and Figure 5.11 represent the range of values directly from the JET measurements in Table
5.1. While typical suggested values of . for cohesive sediments are typically less than 1 kPa, the
values from the JET are in line with previous studies showing . up to 20 kPa (Kamphuis and Hall,
1983). Further, the method of erosion for the JET is mass erosion, whereby large amounts of
material are removed, requiring higher stresses to initiate the larger amounts of erosion than
particle erosion, where the required stresses are much lower (Hanson and Cook 2004, Winterwerp
et al. 2012, van Rijn 2020).

5.5.2. Application of Classification Methodology in the Context of Local Geomorphodynamics
Analyzing the erosion categories in the context of the local site conditions offers further insights.
Figure 5.8 suggests that Harrison Bay is overall highly variable in sediment properties including
erodibility. The west side of the bay features a majority of fine sediment (Figure 5.5) classifying
as a mix of C1 and C2. This suggests that while the fines contents may be similar, the sediments
feature different strength and a different mobilization behavior. Zooming in to the 13 km transect
detailed in Figures 5.9 and 5.10 further illustrates this point. Specifically, the zones of C1 material
in the depressions located at 0-2 km and 7-9 km can be understood in the context of local sediment
transport and ice processes. The start of the transect is located less than 1 km offshore, and the
shoreline on this side of the bay is marked by bluff erosion. Hequette et al. (2001) suggested that
coastal bluffs induce wave energy reflection, especially during storm events, which can drive
offshore directed bottom currents. Freshly eroded unconsolidated bluff sediments and organics
would be transported offshore by this process and deposited in the depression at 0-2 km, explaining
why this zone was primarily comprised of soft, highly erodible sediments. Further, the zone of
sharp transition (over an ~100 m distance) from the least erodible C3 sediments into a zone of soft
C1 sediments marked by small bathymetric undulations (on the order of 5-30 cm) can be explained
by ice gouging processes. Reimnitz et al. (1977) found that ice gouging of the seabed could
completely rework bottom sediments in the upper 20 cm, which is directly in line with the
magnitude of scours seen in Figure 5.10. The sharp transition from C3 to C1 sediments over a
short spatial extent can be explained by the knickpoint commonly found on the inner edge of ice
gouging zones, typically comprised of coarser sediments (Reimnitz and Kempema 1984). The
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addition of coarser particles to sediments with cohesive behavior would account for the sharp
increase in s, and decrease in erodibility (Torfs et al. 2000). Even over a small area of the bay,
there are large variations in sediments properties and erodibility. The proposed framework in
Figure 5.11 allowed to assess the erodibility behavior of Arctic seabed sediments in the context of
local sediment transport and sea ice processes, highlighting the utility of this methodology as a

robust tool for understanding local sediment dynamics over a range of spatial scales.

5.6. Conclusions

Understanding sediment dynamics in Arctic environments is key to understanding how these
systems will respond to climate change. A key question in the area of sediment dynamics is the
quantitative relationship between sediment strength properties (that can be easily measured in-situ)
and erodibility. Portable free fall penetrometer (PFFP) measurements in the form of firmness factor
were able to create a classification scheme for cohesive vs. non-cohesive sediments, and beyond

that for four erodibility categories. The main findings are summarized as follows:

1. A reliable regional sediment classification scheme was developed using FF = 450 m™1 as
a threshold for differentiating cohesive (FF < 450 m~') and non-cohesive (FF >

450 m~1) sediments with 96% accuracy.

2. As with packing state for non-cohesive sediments (see Chapter 4), s, shows a clear
relationship with k; obtained from JET tests, highlighting a relationship between
geotechnical properties and erodibility parameters. This is particularly important, as s, is

easily obtainable from PFFP deployments.

3. A dual sediment strength characterization and erodibility classification framework was
developed using PFFP measurements and divided into four erosion categories. The non-
cohesive SAND category obtains 7. from empirical relations and k,; from PFFP estimates
of D,. Three cohesive sediment categories (C1-C3) were differentiated using derived s,
relationship with k,. 7. varied from 5-15 Pa and was obtained from direct measurements

from the JET. The estimates of s,, less than 2-3 kPa yielded the most erodible category
(C1) with kz > 20 g Deployments with s,, between 3 and 20 kPa represented category
C2, with k; < 20 g and the final category C3 was the least erosive sediment with s,, >
20 kPa.
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4. This framework was applied to PFFP deployments across the entire bay and for a 13 km
transect near a permafrost bluff shoreline. The results highlighted the in-situ variability of
sediment strength and erodibility in Harrison Bay. Analysis of the smaller transect showed
how this framework could associate erodibility with local sediment dynamics and ice
gouging processes.

This work provides a framework for characterizing erodibility in highly variable seabed
conditions, which can be measured with a single tool capable of providing useful insights for both
site characterization and improving future modelling efforts to predict Arctic response to climate
change.
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Chapter 6: Conclusions and Outlook

6.1. Conclusions
The following subsections specifically detail the conclusions of this work in relation to the
research hypotheses proposed in Chapter 1.

6.1.1. Geotechnical properties of in-situ coastal and nearshore sediments such as relative
density, moisture content, and bearing capacity can be measured in an easily deployable, and
spatially rapid manner.

Advances were made in the measurement capacity of each property mentioned in this hypothesis,
specifically for beach environments (Chapter 3). Relative density was measured successfully in an
intertidal environment using small tubes of know volume of approximately 10cm pushed into the
beach face and carefully dug out (Figure 3.2). This sampling technique served the dual purpose of
allowing for density sampling as well as the collection of a physical sample for grain size analysis
(Figure 3.5). Moisture content was found to be measurable using commercially available sensors.
However, these sensors must be properly calibrated to mitigate the effects of seawater on the
measurements. A simple laboratory calibration proved effective at reducing these effects and was
applied to field data (Appendix B). Bearing capacity estimates obtained from PFFP measurements
in partially saturated intertidal environments were derived using a velocity dependent strain rate
correction factor (Figure 3.13). This factor provided estimates of bearing capacity that closely
matched results obtained from a partially saturated bearing capacity theory for a majority of the

crosshore profile with the exception of the swash zone (Figure 3.14).

6.1.2. Geotechnical properties of foreshore and nearshore continental shelf sediments vary in
response to local geomorphodynamics along the crosshore beach profile and across other
morphologic features. Quantifying these variations is key to understanding the complex
relationships between sediment properties, morphology, and hydrodynamics.

Large variations in sediment properties occur along the crosshore intertidal beach profile (Chapters
3 & 4). Moisture content increases from dry to fully saturated from dune to swash (Figure 3.7),
relative density is highest at the dune and swash and tends to be very loose in the intertidal zone
(Figure 3.6). Moisture content variability is tied to tides and meteorological effects, and relative
density was highest at the dune and swash, highlight how local hydrodynamics and
geomorphology drive variations in sediment properties. Firmness factor and gsbc obtained from

PFFP measurements were correlated with void ratio, bulk density, and moisture content. While
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there was spread in the data, the results indicated that PFFP deployments could be used as another
tool for quantifying variations in these properties (Figure 4.6). Void ratio was also correlated with
morphodynamic change in beach bed level in response to hydrodynamic forcing. In areas where
deposition was observed, if the initial void ratio classified the sediment as loose, the sediment
typically remained loose, whereas sediments that were initially dense transitioned from a dense
state to a looser state as deposition occurred. It is also postulated that the opposite trend is true for
erosion areas, where initially loose sand will densify, and dense areas will remain dense. These
trends are summarized in the flowchart shown in Figure 4.10. These results show the ability to
quantify variations in sediment properties (using sampling and the PFFP) and why measuring these
variations is important. In nearshore areas and continental shelf systems, PFFPs can be used for
rapid sediment classification in terms of strength, soil behavior, and erodibility (Figure 5.6). The
ability to quantify variations in all these properties over large areas will significantly improve our
ability to implement accurate sediment property information into numerical models, an important

step in characterizing the in-situ properties of a site.

6.1.3. Considering geotechnical properties as significant variables in erodibility relations can
improve our understanding and prediction of coastal morphodynamics.

Geotechnical properties were found to be related to erodibility (Chapters 4 & 5). For sandy beaches
and non-cohesive submerged sediments, packing state in the form of void ratio and relative density
was correlated with k4, an erosion parameter that describes the erosion rate once sediment motion
has been initiated (Figure 4.8). Additionally, k; was found to be well correlated with FF and gsbc
from PFFP measurements (Figure 4.8). It was shown that beach areas with high initial void ratios
had higher values of k;, meaning more sediment was available to be mobilized during
hydrodynamic forcing, and vice versa with low void ratios. For mixed sediment nearshore
environments, s,, from a PFFP was strongly correlated with k; (Figure 5.7). Further, using the
relationships found for sandy sediments combined with the s, relationships for cohesive
sediments, a categorical framework was developed to determine different levels of erodibility from
only PFFP measurements (Figure 5.11). The results introduce new relationships between sediment
properties and erodibility developed during the study and highlight the possible variability of
geomechanical properties including erodibility of seafloor sediments that is rarely reflected in to-

date’s predictions or modelling of sediment dynamics (Appendix G).
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6.2.  Outlook

This work represents an advancement in the measurement capability of geotechnical sediment
properties in coastal/nearshore environments. Specifically, advancements have been made in
assessing both sediment strength properties and erodibility parameters, and the results of this work
have shown the importance quantifying these properties in-situ by demonstrating significant
variability in coastal and offshore environments. This study showed how PFFP’s can be used to
estimate aspects of erodibility. This ability is a large step forward in the area of coastal field
research as it will allow for rapid characterization of sites both in terms of sediment properties, but
also in terms of erodibility. As seen in the results section of Chapter 3, PFFP estimates of bearing
capacity using a new type of modified strain rate correction correlated well with a partially
saturated bearing capacity model. The exception were sites in the swash zone where high water
contents caused further strain rate effects due to undrained drainage conditions. Similar issues
related to drainage have been addressed for fully saturated submerged sediments using strain-rate
correction factors, but the effects of partial saturation at high water content serves to further
exacerbate these effects. Improving swash zone strain-rate correction would give the PFFP the
distinction of being able to measure sediment strength from the dune toe past the depth of closure
without interruption, and currently the only area where these measurements are unreliable is in the
swash zone. Continuing on PFFP improvements in beach environments, there was a positive
correlation between density, gsbc, and moisture content, although there was large spread in the
data. Reducing the spread in this data would allow for prediction of density and/or moisture content
from PFFP beach deployments, which would then allow for direct prediction of k; from the PFFP,
saving time and sampling effort required to measure densities in-situ. To summarize, further areas
of research for PFFP measurements on beaches include better characterization of strain-rate effects
due to partial saturation in the swash zone and using PFFP deployments to predict in-situ packing
state parameters and/or moisture content. Understanding how swash and backwash processes
change sediment properties on a wave-by-wave basis through induced pore pressure changes is an
area of active research and could be key to better understanding of PFFP data analysis in this zone
(Turner and Nielsen 1997, Florence 2022). Finally, T, was not found to be related to any PFFP
measurements on the beach or in the nearshore for both sands and mixed sediments. While this is
less important for sandy areas as results showed initiation of motion was secondary to erosion

rates, modelling analysis showed that z. was a more controlling parameter for long-term
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morphological evolution. The research highlighted in section 1.2.3 showed examples of soil
properties related to 7., suggesting that combining PFFP measurements and laboratory measures
of 7. which also measure soil properties could close this gap (National Academy of Science and
Engineering 2019). Focusing future research on relating PFFP measurements to t,. would give the
PFFP the ability to give a complete picture of sediment properties prior to erosion, the initiation

of motion, and the behavior once erosion has begun.
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Appendix A: Data Repository Information

A.l. Dataset Citation

This appendix contains information related to the repository where all data data and the results of
the analysis conducted in this research are stored. The datasets related to the field surveys in
Duck, NC have been submitted to the Virgina Tech Data Repository (VTechData). This dataset
is officially published and can be accessed using the following DOI link:

https://doi.org/10.7294/22329502

The datasets collected in Harrison Bay, AK will be published on the Arctic Data Center
(https://arcticdata.io/catalog/data). Once published this dataset will be available using the
following DOI link: https://doi.org/10.18739/A2JD4PQ9T with the citation:

Nicola Brilli, Nina Stark, & Emily Eidam. (2023). Alaskan Beaufort Shelf Sediment Study —
Harrison Bay: Geotechnical Properties from a Portable Free-Fall Penetrometer and
Erodibility Assessment, 2021-2022. Arctic Data Center. doi:10.18739/A2JD4PQ9T.

A.2. ReadMe File (VTechData)

Title of Dataset: Data Associated with Influence of Geotechnical Properties on Sediment
Dynamics, Erodibility, and Geomorphodynamics in Coastal Environments Based on Field
Measurements

Author(s): Nicola Brilli, Nina Stark, Celso Castro-Bolinaga

Categories: Civil Geotechnical Engineering

Group: Civil and Environmental Engineering

Item Type: Dataset

Keywords: Geotechnical properties, Erodibility, Free-Fall Penetrometer, Field Measurement
Techniques, Sand Beaches

Description: Field and laboratory data collected for the purpose of geotechnical site
characterization and erodibility assessment at a field site in Duck, NC. Files in this dataset
include raw and processed data, summary spreadsheets, and codes needed to replicate results.
Funding: CAREER: Improving the Understanding of Coastal Erosion during Extreme Events
and with Sea Level Rise through Geotechnical Investigation

Resource Title: Will be added after manuscript is accepted

Resource DOI: Will be added after manuscript is accepted

Other References:

License: CCO 1.0 Universal (CCO 1.0) Public Domain Dedication

Publisher: University Libraries, Virginia Tech

Location: 1. The U.S. Army Corps of Engineers Field Research Facility (USACE FRF) site in
Duck, North Carolina. The coordinates are: 36.182101°N, 75.751282°W

Corresponding Author Name: Nicola Brilli

Corresponding Author E-mail Address: nickb96@vt.edu
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Files/Folders in Dataset and Description of Files

Each sub folder details the field and laboratory data from a specific field survey. README files
are included in each folder to describe the contents.

[DUNEX 2019 - Duck NC] - All data related to the DUNEX field survey in October 2019.
[DUNEX 2021 - Duck NC] - All data related to the DUNEX field survey in October 2021.

A.3. ReadMe File (Arctic Data Center)

Title of Dataset: Alaskan Beaufort Shelf Sediment Study — Harrison Bay: Geotechnical
Properties from a Portable Free-Fall Penetrometer and Erodibility Assessment, 2021-2022
Author(s): Nicola Brilli, Nina Stark, Emily Eidam
Abstract: This dataset comprises the geotechnical data from a series of surveys conducted in
Harrison Bay, Alaska in July/August of 2021 &amp; 2021. The contribution of this specific
dataset to the overall project goals was connecting geotechnical sediment properties to erodibility
parameters in an Arctic coastal environment. During the 2021 survey, geotechnical sediment
properties from a portable-free fall penetrometer (PFFP) were related to physical sampling to
develop a regional sediment classification scheme, and the data collected during the 2022 survey
aimed to connect the results from the previous year to laboratory-based erodibility parameters
from the Jet Erosion Test (JET), which was conducted on gravity core samples taken from the
site. The attached repository contains both raw and processed data, and the specifics of the file
structure can be found in the readMe.txt file.
Keywords: Geotechnical, Portable Free-fall Penetrometer, Jet Erosion Test, Harrison Bay,
Erosion
Geographic Description: Harrison Bay, Alaska
Bounding Coordinates:

North: 71.003770 degrees

South 70.324847 degrees

East: -149.874718 degrees

West: -152.410185 degrees
Date Range: July 28" — August 9", 2021 & August 2" — August 71, 2022
Funding: Collaborative research: Arctic Shelf sediment fate - an observational and modeling
study of sediment pathways and morphodynamic feedbacks in a changing polar environment

National Science Foundation Award #: OPP-1912863

National Science Foundation Award #: OPP-1913195
Ethical Research Practices: All necessary permits were obtained for location access and survey
activities in both 2021 and 2022. Permits included access to Prudhoe Bay West Dock where the
survey vessel was anchored. Pl Eidam completed National Transportation Safety Council
training to operate a vehicle through the secure area, and all members of the survey team
obtained access cards through Hilcorp. All COVID regulations in place were followed when
applicable. Additionally, even though the survey took place in federal waters, Pl Eidam obtained
a draft development permit from the North Slope Borough in good faith with regard to the survey
activities in the area. Polar bears, whales, and other sensitive marine life were avoided
throughout the course of the survey.
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B.1. Extended Abstract

INTRODUCTION

The importance of moisture content for sediment dynamics in coastal environments is well
documented, particularly in reference to aeolian sediment transport (Davidson-Arnott, 2005).
Tidally-induced changes in moisture content in partially saturated environments, such as beaches,
cause significant changes in surface shear strength through the development of suction stresses,
which can affect erodibility (Sassa and Watabe, 2007). Thus, the accurate measurement of
moisture content in these environments is important for determination of strength properties and
for predicting sediment transport. Most moisture sensors work by measuring dielectric
permittivity, the ability to carry electric charge, of the substrate, which is proportional to the
moisture content. However, most moisture sensors are not calibrated for seawater, which has a
higher dielectric permittivity than freshwater, causing overestimation of the moisture content.
Therefore, the goal of this study is to develop and demonstrate a laboratory calibration scheme to
account for this overestimation, and thus to allow for more accurate measurements of moisture

content in coastal environments.
METHODS

To keep density constant a fixed amount of sediment was mixed with the desired volume of water
to reach the target water content for each test. The sediment was compacted into a plastic
container of known volume, burying the sensor and packing completely around it. Sensor readings
were taken to give the measured moisture content. Afterwards, the full sample was weighed and
dried to obtain the true moisture content. The tests were repeated by varying the moisture content
from 0%-35%, with 35% moisture by volume being experimentally determined as fully saturated.
Each of the 4 full sets of tests was run at a constant salinity and changing the salinity between
sets of tests from fresh (0 PSS) to 30 PSS in increments of 10 PSS.

LABORATORY RESULTS

The true freshwater moisture content was represented best by a linear fit to the measured water
content (blue line in Figure B.1). Salinities in the 10-20 PSS range behaved similarly as freshwater
up until approximately 15% true moisture content by volume, beyond which the moisture content

was overestimated by the sensor, and thus a bilinear fit gave the best results (green and yellow
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curves in Figure B.1). At a salinity of 30 PSS, the moisture contents consistently were
overestimated by the sensor, and a polynomial fit was selected to represent the calibration (red

curve in Figure B.1).
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Figure B.1: True water content versus measured water content for different salinities (listed in
the legend).

FIELD RESULTS

In addition to the laboratory calibration, a field data set was collected in December 2020 in Duck,
NC. A vertical array of four sensors was buried in the beach over a 2-day period to observe the
tidally induced change in groundwater level. For a 6-hour time series of data over one tidal cycle,
the surface sensor (Figure B.2, blue curve) measured a series of wave runup events at high tide,
and the sensor at 20 cm depth (Figure B.2, red curve) also measured the tidally induced
groundwater fluctuations. The two deepest sensors at 40 and 60 cm were relatively constant
(green and black curves, Figure B.2), implying that they were permanently below the water
table and fully saturated. However, based on the soil properties the theoretical range of water
contents at which the soil is fully saturated (the dashed area in Figure B.2). shows the

overestimation of water content caused by seawater.
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Figure B.2: Measured volumetric water content for a vertical array of buried moisture sensors
versus time.

These values were determined using the theoretical minimum and maximum void ratios for the
sand found at the site, having been determined via ASTM D4253 and ASTM D4254. With the
range of possible void ratios, minimum and maximum gravimetric water content at saturation

was computed via:

(B.1)

_Se
W—GS

where w is the gravimetric water content, S is the degree of saturation (assumed equal to 1 for
full saturation), e is the void ratio, and G, is the specific gravity of the sediment, taken as 2.65 for
the quartz sand found at the site. Gravimetric water content differs from volumetric water content
(measured by the sensor) in that it represents the water content as the weight of water for a given
weight of sediment, rather than using the volume of water in a given volume of sediment, air, and

water. The two types of water content are related by:

WPp
0=——o B.2
Pw (8.2)

where 6 is the volumetric water content, p, is the bulk density of the sediment, obtained using

the measured void ratios, and p,, is the density of water. Using this analysis, the minimum
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volumetric water content for saturation was found to be 8 = 30%, and the maximum was found
to be 8 = 41.5%. The upper bound value of 6 also can be thought of as the maximum water

content the soil theoretically can sustain (maximum possible pore volume).

The knowledge of the range of possible water contents for full saturation highlights the main
problem with overestimation of water contents due to seawater. A majority of the measurements
lie above the upper bound (dashed line in Figure B.2), suggesting that the in-situ water content is
higher than the maximum possible water content, which is not realistic. Without proper calibration,
these data do not depict a physically possible scenario, and are therefore of little use. The same
timeseries of data, with the calibration from Figure 1 applied. (Figure B.3) provides a more realistic

depiction of the in-situ water contents.

35%
=
g
=
=)
T30% ST==o--=----------------------
=F]
K o
=
=
£ 25%,
£
=
fg ——Surface
T 20% —20cm
._g —40 cm
= — 060 cm
“ S =100%
-=95= o
15% N
2 3 4 5 [ 7 8

Hours Since Deployment

Figure B.3: Calibrated volumetric water content for a vertical array of buried moisture sensors
versus time.
The surface and 20 cm depth sensors are below the lower bound dashed line, suggesting that they
are not fully saturated and are measuring tidal and wave-induced fluctuations in water level (Figure
B.3, red and blue curves). Additionally, the 40 and 60 cm depth sensors (Figure B.3, green and
purple curves), which were believed to be below the permanent water table due to being constant

value over the tidal cycle, now fall within the range of possible water contents for full saturation
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(above lower bound dashed line). This example using a field data set highlights the necessity and
usefulness of calibrating moisture sensors for the effects of seawater. The calibration scheme was
successful in mitigating the overestimation of moisture content in field observations in a saline

environment.
CONCLUSIONS

A calibration scheme that mitigates the overestimation of moisture content in the presence of
saline water was developed in the laboratory and used with field data. The results suggest it is
possible to collect accurate moisture content in coastal environments. Future work will use this
calibration scheme to gain a better understanding of geomorphodynamics in beach environments
by studying the relationship between moisture content, other sediment strength properties, and
hydrodynamically-induced bed-level change.
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C.1. Abstract

Changing environmental conditions in the Arctic have led to decreased seasonal sea ice, which
increases open water available to generate wind-driven wave energy and currents. Additionally,
sediment input into continental shelf systems is increasing from bluff erosion and higher river
sediment yields. Part of understanding how these environmental changes will drive changes in
local sediment dynamics is collecting information on the geotechnical properties of the seabed
sediments and characterizing the local sediment variability. This study aims to provide a first step
towards that goal, using a data set collected in July/August 2021 on the Alaskan Beaufort Shelf.
Portable free-fall penetrometers (PFFP’s) are a robust tool for in-situ geotechnical testing as they
are lightweight, rapidly deployed, and cost-efficient. A PFFP was deployed approximately 600
times at 78 unique locations throughout the study area, with 5-25 deployments at each location.
The study sites included stations along four offshore directed transects, a focused area around the
Coville Delta, as well as broader mapping of the nearshore areas of the Beaufort Sea in Harrison
Bay. Physical samples from a Shipek grab sampler were collected at 71 of the sites. Additionally,
two transect lines off the Coville Delta and western Harrison Bay were surveyed with continuous
PFFP deployments (one deployment approximately every 10-30 meters) to obtain information
about smaller scale spatial variations in sediment properties in areas of high sediment input. Initial
results show a wide distribution of sediments throughout the bay, including areas of clean sand of
various densities, mixed sediments, and consolidated mud. Maximum measured decelerations for
sands were on the order of 50-100g, and for muds on the order of 10-30g, where g is gravitational
acceleration. Additionally, peat and sediments with high organic content were found in areas close

to shore where bluff erosion was present.

161



Appendix D: Effects of Sediment Strength on Sediment Transport
Mechanisms and Morphology of a Dynamic Sandy Spit

The contributions of the authors to the composition of this manuscript are delineated as follows:

Nicola Brilli:
- Participated in the field survey in Yakutat, Alaska
- Processed and analyzed field data, prepared figures, tables, and draft of abstract
- Revised manuscript based on suggestions of co-authors

Nina Stark:
- Lead primary investigator of this study
- Initiated research idea and co-developed the refined research questions
- Planned and supervised the field survey in Yakutat, Alaska
- Reviewed and edited the draft abstract

162



Effects of Sediment Strength on Sediment Transport Mechanisms and
Morphology of a Dynamic Sandy Spit

Nicola C. Brilli* and Nina Stark?, Ph.D.

Virginia Tech, Department of Civil and Environmental Engineering, Blacksburg, VA 24060;
e-mail: nickb96@vt.edu

2Virginia Tech, Department of Civil and Environmental Engineering, Blacksburg, VA 24060;
e-mail: ninas@vt.edu

The authors of this abstract submitted it to the Proceedings of the 11" Symposium on
River, Coastal, and Estuarine Morphodynamics, Auckland, New Zealand, November 16-
21%, 2019

163


mailto:nickb96@vt.edu
mailto:ninas@vt.edu

D.1. Extended Abstract

INTRODUCTION

In August 2018, a field survey was conducted off the coast of Point Carrew, a sandy spit near
Yakutat, Alaska. The spit forms as strong longshore transport NW along the Gulf of Alaska reaches
a peninsula at the mouth of Yakutat Bay (Yehle, 1971). Wave refraction around the peninsula
deposits the sediment towards the Ankau estuary in the NE (Figure D.1). After an unknown event
in 1997 caused 400,000 meters2 to erode, the spit has been steadily accreting at a rate of ~32,000
meters2/yr. A portable free fall penetrometer (PFFP) was deployed along seven transects in the
nearshore zone of the spit to determine sediment strength. Using the method developed by Albatal
et al. (2019), friction angles (¢) and relative densities (Dr) of the surficial seabed sediments were
determined. The goal of this paper is to use the obtained strength and packing properties to draw
conclusions about the dynamic morphology of the spit by studying their effect on and response to

sediment transport processes.

Longshore
Transport

Figure D.1: Site layout (Lettered line = transects) Source: Google Earth (59°32'23.42"N,
139°49'18.09"W)
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RESULTS

The deceleration profile produced by the PFFP yields a maximum deceleration and an estimate of
bearing capacity (Stark et al. 2012). Relative density is obtained via direct correlation from the
deceleration record, and the friction angle is back calculated using the bearing capacity (Albatal et
al 2019). The results show higher friction angles and relative densities for transects (E-G) than
transects (A-D). Average ¢ and Dr values in the middle of transects A-D were 45° and 23%

respectively compared to 53° and 55% for transect E-G.

The area of A-D (N side of the spit) is the location with the highest deposition rate (20,000
meters2/yr) because this side is exposed to the refracting waves and longshore transport. The
combination of wave energy and large tidal range (~3m) leads to the formation of intertidal bars
(Masselink et al. 2006). Despite the net deposition on the sub-aerial body of the spit, storms, tides,
and waves constantly rework the sediment in the intertidal zone, producing these dynamic bars
and contributing to high sediment mobility. In contrast, the high accretion rate to the North serves
to protect the area of transect E-G thus it receives much lower wave energy and experiences lower
deposition rates (2,500 meters2/yr). This prevents the formation of an intertidal bar system, which
leaves sediment in this area relatively undisturbed by hydrodynamic processes. Seismic activity
would act to consolidate and densify the sediment everywhere on the spit, contributing to high ¢
and DR values. This may be reflected in the results from transects E-G, which are mostly protected

from hydrodynamic forcing.
CONCLUSIONS

Transects A-D are subject to constant reworking of surficial sediment and deposition processes by
waves and sediment transport as seen by the presence of an intertidal bar system, which is the
reason for the lower ¢ and DR values. These processes likely work in a feedback loop by which
the lower ¢ and DR sediments are more mobile and enhance sediment transport, and the stronger,

stiffer sediments are more resistant to transport mechanisms.
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E.1. Abstract

Intertidal beach environments are subject to a number of processes affecting spatiotemporal
variations of moisture contents: tides, waves, groundwater level, rainfall, and possibly surge during
and after storm events. At sandy beaches with a limited range of grain sizes, grain shapes, and
mineralogies, moisture content can represent a key factor governing in-situ strength and
erodibility. Here, a first insight is provided into a large field data set comprising geotechnical and
environmental data collection from multiples sites. This conference contribution focuses on a
subset of measurements collected at the beach of Ocean Cape, Yakutat, Alaska, characterized by
a medium sand and an energetic wave climate. The beach features a complex morphology,
sometimes exhibiting a ridge-runnel profile and a large cobble to boulder beach step. Co-located
measurements of moisture contents, topography, and soil strength are presented, providing a new
perspective on the variability of geotechnical properties at a sandy beach of complex

geomorphology and active erosion and sediment remobilization processes.
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INTRODUCTION

Intertidal beach environments are affected by a complex interaction of hydrodynamics,
geomorphodynamics, and sediment dynamics on different temporal and spatial scales. These
processes are interlinked as water levels govern the location of the swash zone and waves in the
intertidal zone, etc. Local geomorphology impacts groundwater pathways, as well as wave and
actual water levels through overall beach slope and presence of more complex geomorphological
features such as ridge-runnel systems and even smaller features such as ripples and cusps. Vice
versa, the presence of certain geomorphological features can be associated with certain
combinations of hydrodynamic conditions and led to summaries of conceptual beach models (e.g.,
Masselink and Short 1993).

The variability of sediments in the intertidal zone of sand beaches has been observed within
one beach system as well as in comparison of different beaches, and there is general consensus on
the importance of those local sediment properties on sediment transport processes (Medina et al.
1994; Gallagher et al. 2011, 2016; and others). However, most studies and models relating
sediment properties with geomorphodynamics consider sediment particle properties only. The
most prominent property is grain size and particle density, being used, for example, for estimating
the Shields parameter (Shields 1936; VVanRijn 2007). Other models and concepts utilize the particle
fall velocity, if actually measured, also accounting for particle shape, and being mostly introduced
with focus on sediment transport and deposition (Wright and Short 1984). However, the
importance of sediment properties as a bulk material have been stressed increasingly regarding
remobilization and post-deposition behavior. For example, VanRijn (2007) highlights the effects
of biological and organic materials, cohesive particle-particle interaction on the critical bed shear
stress for initiation of motion, and particle packing. Kirchner et al. (1990) stress effects of friction
angles of coarse-grained sediments on critical bed shear stress, and Erikson et al. (2007) discuss
the role of friction angles regarding beach scarp and dune recession. Moisture content of sands has
been identified as a key parameter governing wind erosion of sands at beaches (e.g., Van Dijk et
al. 1996; Davidson-Arnott et al. 2005; Darke and Neuman 2008).

In-situ friction angles also control the shear strength of sandy soils for dry or fully saturated
sands (e.g., Briaud 2013). For partially saturated sands, an apparent cohesion adds to the shear
strength through suction between the sand particles and depends on the moisture content (e.g.,

Briaud 2013). Friction angles can potentially vary spatially and temporally at beaches through
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particle size and shape re-distributions as well as packing and resulting bulk density. Moisture
contents are expected to respond rapidly to hydrodynamic conditions as well as rainfall and air
humidity, and are also affected by sediment conditions. Therefore, rapid and significant variations
in surficial shear strength are expected at sandy beaches and are likely affecting local erosion
processes (Sassa et al. 2014; Manning and Stark 2019; Sassa and Yang 2019). However, a more
detailed understanding and more observations of variations in shear strength at sandy beach
environments are needed to implement such geotechnical properties effectively into sediment
transport and erosion models and predictions.

A large field data set including moisture content measurements, sediment sampling, in-situ
testing of sediment strength, and measurements of beach topography, was collected at multiple
locations throughout the last years. This conference contribution will focus on a subset of
measurements collected at Ocean Cape, Yakutat, Alaska, characterized by a medium sand beach
comprised of predominantly quartz sand with a significant amount of heavy minerals and an
energetic wave climate. The beach also features a complex morphology, sometimes exhibiting a

ridge-runnel profile and including a large cobble to boulder beach step.
REGIONAL CONTEXT

Yakutat is located in Southeast Alaska (Figure E.1). Most of its offshore directed beaches are
composed of quartz sands with a significant amount of heavy minerals (Wright 1972). The area
is characterized by an energetic wave climate, reaching significant wave heights of up to 10 m at
Cannon Beach just south of the survey site (Tschetter et al. 2016). The energetic wave climate is
reflected by the thin and fairly steep beach at Ocean Cape, observations of berm erosion leading
to tree removal, and breaking waves. The beach of Ocean Cape features a cobble-sand beach toe
with an abundance of large boulders. Beach scarp evolution as well as a ridge-runnel system
have been observed by the authors occasionally from 2014-2019, but not consistently. Therefore,
there is clear evidence for local erosional processes and active geomorphodynamics. Ocean Cape

represents the southern point of the entrance to Yakutat Bay.
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Figure E.1: Google Earth (2020) images showing the location in Alaska (top left zoom), Ocean
Cape in the context of Yakutat Bay and the city of Yakutat (left), and a close up (right) with the
transect location highlighted as yellow line.

METHODS

In this conference article, a data subset of a larger, multi-location field study will be presented and
discussed focusing on beach-based measurements of geomorphology and soil properties at Ocean
Cape collected on August 17 and 18, 2019. Measurements from August 14 and 15, 2018 will serve
atemporal comparison but will not be focus of this article. Some additional details about the results
from 2018 can also be found in Stark and Manning (2019).

Measurements targeted local geomorphology, sediment properties, and geotechnical soil
properties. To assess local geomorphology, an optic satellite image was taken by the WorldView 3
satellite, and profiles of beach topography were collected along a cross-shore directed profile by
measuring differential height approximately every 3 m along the profile. Distances between the
measurement points were extended or shortened depending on obvious changes in topography.
Other measuring techniques would potentially have enabled more accurate measurements of

topography, but logistical restrictions led to the decision of utilizing this simple method.

Sediment samples were carefully collected using a push tube of known volume. By means of
weighing, drying and re-weighing, the bulk unit weight, dry unit weight, and gravimetric water
content (ratio of mass of water and mass of soil), the volumetric water content (ratio of volume of

water and total volume of sample), and void ratio were determined. The relative density was
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derived from the determined void ratios of the sample, and laboratory tests of minimum and
maximum void ratios of the material. Samples were collected at six locations along the cross-shore
profile (referred to as OC1-6 from now on), with OC1 being located most onshore and OC6 closest
to the water line (Fig. 1). Moisture contents were measured in-situ at the same locations using a
Dynamax SM150 soil moisture gauge with an absolute accuracy of + 3.0% volumetric water

content.

Sediment strength was measured in three independent ways using (i) the vane shear option of the
GeoTAC Soil Saber, (ii) the penetrometer option of the GeoTAC Soil Saber, and (iii) the portable
free fall penetrometer BlueDrop by BlueCDesigns. The Soil Saber is a novel field survey tool that
provides a digital measurement of soil resistance against rotation of a vane (with similar vane blade
options as for a traditional laboratory mini-vane shear device) or against an approximately 5 mm
wide squared bar that is being pushed into the soil. In both cases, penetration or rotation is
manually controlled what may lead to some effects of variations in rotational or penetration
velocity, but an effort was made to apply a consistent speed. The vane shear option was utilized
despite the cohesionless soils, following the concept presented by Sassa et al. (2014) to investigate
effects of apparent cohesion. The portable free fall penetrometer (FFP) was designed for
subaqueous seafloor investigations. However, it has recently been used for beach surveys to
provide a consistent measurement from the subaerial zone to the nearshore zone (i.e., in water) by
e.g., Reeves et al. (2018). The device is dropped from approximate one meter above the ground
and impacts the soil in free fall. While the device penetrates the soil at changing velocities (i.e.,
decreasing velocity when the device is being slowed down and eventually stopped by the soil),
impact velocity can be considered constant with a consistent drop height following the physics of
free fall. The device measures its own motion, and by doing so, the deceleration experienced during
impact. Then, deceleration can be related to sediment resistance and strength, or serve as a direct

proxy for changes in soil strength (e.g., Stark et al. 2012).
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RESULTS AND DISCUSSION

Ocean Cape beach features significant longshore changes in beach width (Figure E.1 right). On
the day when the multispectral satellite image was taken (July 26, 2019), the main beach width
was ~ 106 m from vegetation to the sand-cobble beach toe plus another ~ 100 m intertidal beach
toe in front of the beach access road. Going towards the northeast, the smallest beach width
measured less than 10 m plus ~ 50 m of cobbles and boulders at the point before widening
eastwards towards Point Carrew. The plane view satellite image already suggests the possibility
of a ridge runnel system towards the South of Ocean Cape beach. However, the beach profile
(Figure E.2) reveals the full complexity of the local geomorphology with three sets of changing
from a steep beach slope of approximately 5-15° (decreasing elevation towards the water) to -2-3°

(increasing elevation towards water) until reaching the flatter toe at 1-3° of beach slope.
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Figure E.2: Cross-shore beach topography measured in August 2019 along the transect shown in
Figure E.1. Measurement locations OC 1-6 are highlighted as blue arrows.

It can easily be imagined that this complex topography has major impacts on local groundwater
dynamics (Horn 2002), as well as surf and wash sediment transport (Baldock et al. 2011; Masselink
etal. 2011). While a direct comparison to the 2018 topography appears difficult due to a mismatch
in the longshore starting point, and the significant variations in the longshore direction, none of
the measured profiles from 2018 suggested the three ridges/terraces profile as seen in 2019 (Figure

E.2), but only documented the presence of one or two ridges/terraces. Similar significant variations
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in beach cross-shore topography have been noted at other beaches with energetic wave climates
such as Carmel, California, USA (Komar 1998). Following beach classification schemes such as
by Masselink et al. (2011), this points at a reflective to intermediate barred (high tide reflective to
low tide dissipative) beach with a low relative tidal range (i.e., wave breaker heights are relatively
large compared to the mean spring tide range) and a low to medium dimensionless fall velocity
(ratio of breaker height over sediment fall velocity of mid-beachface sediments times wave
period).

Sediment grab samples confirmed a medium sand beach (median grain size dso ranged from 0.25-
0.30 mm) with limited variations in grain size other than the increasing abundance of cobbles and
boulders towards the low water shoreline. In 2018, sediment samples appeared biased by either
inconsistent filling of the tube or handling during transport to derive reliable values of bulk density.
While trends in water content appeared valid, the magnitude of estimated water contents (up to
<24% gravimetric water content; Manning and Stark 2019) appeared somewhat low. Therefore,
sediment sampling was carried out with utmost care and special preparation of short push tubes
which were filled entirely and closed in place in 2019. Figure E.3 displays the measurements of
bulk density at two consecutive days. Figure E.4 shows the gravimetric moisture content for the
same days determined from sampling and with the in-situ moisture gage. Differences in tidal state

or weather were negligible between those dates. Thus, differences in the results were negligible.
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Figure E.3: Bulk unit weight of sediment samples at locations OC 1-6 (towards the ocean) on
August 17 and 18, 2019.
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Figure E.4: Gravimetric water content of sediment samples and in-situ (Dynamax) at locations
OC 1-6 (towards the ocean) on August 17 and 18, 2019.
Generally, a trend of increasing bulk density towards the shoreline can be observed. Locations OC
2 and 4, the former in the deepest runnel and OC 4 at the transition between ridge and steep slope,
were affected by most variability between tests repeated in the same area (radius < 10 m) (Figure
E.3). The same applies to the gravimetric moisture contents, showing the expected increase in
moisture content with decreasing distance to the water and most variability at locations OC 2 and
4 (Figure E.4). Readings of the in-situ moisture gauge appeared erroneous on August 17, 2019, in
response to handling issues. On August 18, the readings appeared valid and suggested that in-situ
moisture contents of >50% were achieved at one location at OC 2, two locations at OC4, and at
all locations at OC 5 and 6. This may suggest that even the careful sample extraction may limit the
retaining of moisture contents, and that moisture contents beyond 35% can hardly be preserved
unless additional mechanisms such as suction are being applied during sample extraction of
cohesionless sediments. At the same time, the moisture gage readings may also generally be high
due to calibration limitations associated with seawater salinity. Nevertheless, the sample data
highlights the complexity in moisture contents and bulk density at a barred beach. Particle packing
and bulk density is known to affect the critical shear stress needed to mobilize sediments (e.qg.,
Bagnold 1966), and moisture content impacts significantly the potential for aeolian sediment
transport (e.g., Bauer et al. 2009). Reeves et al. (2018) also hypothesized that the increase in

sediment strength from the subaerial zone to the swash zone of a sandy beach was related to a
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combination of moisture content and bulk density. The data collected here support noticeable and
likely related trends and variations in these properties.

Results from the three different ways of measuring in-situ sediment strength of the upper 10 cm
of the beachface sediments are displayed in Figure E.5. The measure of sediment strength can be
expected to reflect the sand’s in-situ effective friction angle, as well as potential effects of apparent
cohesion from partial saturation where applicable (Briaud 2013; Sassa et al. 2014).
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Figure E.5: Sediment strength measured using the Soil Saber penetrometer and vane and
maximum deceleration measured by the PFFP BlueDrop as a proxy of sediment strength
locations at OC 1-6 (towards the ocean) on August 18, 2019.

The three methods yielded noticeably different results. The maximum deceleration was used here
as a measure of variations in sediment resistance to avoid effects from empirical parameters needed
for further processing of the FFP data. Impact velocities were consistently ~ 5 m/s for all
deployments considered here, enabling this direct comparison of changes in maximum
deceleration (Stoll et al. 2007). The vane shear yielded overall lower sediment strength values than
the penetrometer. Such significant differences between vane shear results and penetrometers are
well known, and therefore, expected (e.g., Lunne et al. 1976). The vane shear results are not
mimicking trends observed in bulk density or moisture content, but exhibit somewhat of an
increase in strength towards OC 3 (low water content and moderate bulk density), and then a

decrease in strength towards areas of higher moisture contents. This may suggest a closer
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relationship to moisture contents which are known to affect sediment strength through an apparent
cohesion in a non-linear way (Briaud 2013; Sassa et al. 2014). The Soil Saber penetrometer
readings suggested most variability in strength at positions OC2 and 4, similarly to observations
in bulk density and water content. However, some inconsistency between repeated tests at
locations OC 3 and 5 makes it overall difficult to identify possible trends. One may argue that the
data suggests a similar trend as the vane shear with an increase in strength towards OC 3-4 coming
from the onshore and offshore directions. For the FFP results, most variability between repeated
tests were observed again at locations OC 2 and 4. However, the FFP seemed to suggest generally
weaker soils from OC 1 to 3 and significant stronger sediments from OC 4 to 6 where also water
content and bulk density were higher. This matches observations by Reeves et al. (2018) and
Manning and Stark (2019) at sandy beaches. The FFP is larger in size and faster in penetration
than the Soil Saber penetrometer. This means a different drainage regime may apply to the different
penetrometers with likely fully drained to partially drained conditions for the Soil Saber
penetrometer and fully undrained to partially drained conditions for the FFP. The latter would
suggest that viscosity effects of the pore water (i.e., viscosity driven strain rate effects) may add to
sediment resistance instead of seeing the non-linear water content — strength behavior (Albatal et
al. 2019). It can be summarized that in-situ soil strength of a sandy beach at Ocean Cape appears
to be related to variations in moisture content and somewhat bulk density, but that special attention
has to be given to the method of in-situ soil strength measurement and its process-based
relationship to moisture contents. It is expected that these variations in geotechnical soil behavior
across sandy beach environments affect local sediment erodibility, i.e., that local erodibility may

vary noticeable spatiotemporally at sandy beaches even if variations in grain size are limited.
CONCLUSIONS

In current erosion prediction and assessment models often only limited geotechnical sediment
properties are considered, or if so, they are considered constant. In this preliminary study,
significant variations in soil strength, moisture content, and bulk density were found along a cross-
shore transect of complex geomorphology and known for active erosion and sediment
remobilization processes. Variations in these properties are expected to affect local erodibility and
to vary on different temporal and spatial scales. Difficulties in high quality sediment sampling to
preserve geotechnical soil properties of cohesionless sediments as well as differences in in-situ

testing of soil strength were identified as challenges to obtain data sets that may enable an
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integration of geotechnical soil properties into erosion prediction and assessment. However, the
latter differences may also offer insights into soil behavior to different stresses. In conclusion,
geotechnical properties of surficial beach sands can vary significantly across beaches characterized
by a complex geomorphology and active erosion and sediment remobilization processes. However,
no detailed guidance exists yet about best practices to measure geotechnical properties at intertidal
sand beaches, and significant differences in sensitivity to different environmental conditions of the
respective methods were expected and confirmed. More data sets are needed to gain a more
fundamental understanding of the soil behavior and governing processes, but also more research
is needed regarding the optimization of data collection strategies. The potential knowledge gained
from inclusion of geotechnical processes and properties will likely contribute to the improvement
of beach erosion prediction and assessment.
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Appendix F: Extended Field Study of a Large Spit in an Area of High
Seismicity
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- Co-developed the refined research questions
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- Reviewed and edited the draft abstract and poster before submission
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F.1. Abstract
An extended field survey will be conducted from June-August 2019, in Yakutat, AK. The goal of

this survey will be studying the evolution of a large (1 km?) sandy spit, with specific focus on the
variations in sediment strength across the spit during the study. This spit is of interest due to its
location in an area of high seismic activity. Using satellite imagery, an event was identified to have
eroded approximately 0.4 km?, likely due to seismically induced liquefaction or a submarine
landslide. The spit will be surveyed 2-3 times per week (with occasional offshore work), including
PFFP deployments to measure sediment strength, moisture content measurements, and
topographic surveying. The presentation will detail the initial results, discuss new insights on this
particular site’s susceptibility to large, seismically induced, erosion events, and highlight the

effects of such events on sediment transport mechanisms and the morphology of the spit.
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INTRODUCTION
In Summer 2018 & “19, field surveys were conducted at Point Carrew, a sandy spit near Yakutat,

AK. The spit forms as strong longshore transport NW along the Gulf of Alaska reaches a peninsula
at the mouth of Yakutat Bay [1] which combines with wave refraction around the peninsula to

deposit sediment in the protected bay to the NE (Figure F.1).

Transect A

Longshore
Transport

Figure F.1: Regional Context: Phipps Peninsula. Samples and measurements were taken along
Transect A. Google Earth Pro V 7.3.2. (6/25/2019) Yakutat, AK, 59°32'13.86"N,
139°49'14.96"W

RESEARCH QUESTIONS

1. How does sediment strength differ along a transect at the spit?

2. How does the measured crosshore strength profile compare to two other sites at the peninsula?
3. Can site-specific morphology and/or hydrodynamics explain the strength differences?

4. Does the high seismic activity in this area have any effects on the spit?

MEASUREMENT TECHNIQUES

e Topographic Profiling: A basic differential levelling method, two sticks and a level rope,

local school children assisted in surveys.
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e Sediment Strength: blueDrop portable free-fall penetrometer (PFFP) gives an estimate of in-
situ bearing capacity.

&

Fire F.: Yakutat middle schoolers collecting beach profiles (left), the author holding the
blueDrop PFFP for beach deployments (right)

SEDIMENT PROFILE AT POINT CARREW (TRANSECT A)
e Main Body: Wind-blown sediment, consistent strengths (Figure F.3)
e Ridge-Runnel: Basin often saturated, constant reworking, lower strengths

e Intertidal/Swash: Densification due to waves, added strength due to partial saturation, large

strength increase.
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Figure F.3: Elevation & variation in sediment strength across Transect A at Point Carrew
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ADDITIONAL FIELD SITES

Two additional sites with different morphologies and hydrodynamics were surveyed for

comparison (Figure F.4).

Point Carrew

Very Wide (470111)
’M A‘ Ridge-Runnel
Low Energy (H; = 0.5m)

Narrow w/ Ridge—Runnel ¢ 5
High Energy (Hs; = 2m) ! \ * Wide Intertidal Zone
andy w/ Gravels & Cobbles * High Energy (Hy = 2m)

Cannon Beach

Gulf of Alaska

Figure F.4: Location of and descriptions of Point Carrew, Ocean Cape & Cannon Beach field
sites.

STRENGTH COMPARISONS TO POINT CARREW

e Cannon Beach: Higher energy = higher strength from densification, wide intertidal +

tide/partial saturation interaction = high intertidal variability.

e Ocean Cape: Ridge-runnel = similar strength decrease. Same swash zone increases due to

higher energy as Cannon Beach (Figure F.5).
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Figure F.5: Strength profiles for the three field sites plotted versus non-dimensional distance
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EVIDENCE OF SIESMIC ACTIVITY

e An unidentified, likely seismic, event in 1997 caused the loss of over 400,000 meters? of the

spit’s surface area.

e Yehle (1971) reported that beach deposits in the area were susceptible to liquefaction and/or

submarine landslides due to earthquakes.

e Evidence of the event remains, seen by a distinct drop in elevation at the point on the profile

where the erosion occurred (Figure F.6, red).

Crosshore Distance (m)
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Figure F.6: Satellite Images Detailing a Large Erosive Event (Top) Source: Google Earth,
12/30/1996 (Left) & 12/30/1997 (Right). Elevation Profile Showing the Drop Tied to the Event
(Bottom).

CONCLUSIONS

e Sed. strength is consistent across the main body of the spit, as it is unaffected by tides/waves,

decreases in the runnel due to reworking, and increases near the water due to densification.

e This strength profile differs from other areas of the peninsula, which is tied to differing

morphologies and hydrodynamics.
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e Analysis of satellite imagery revealed a large erosion event in 1997, likely tied to seismic
activity in the area.
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G.1. Overview
The work presented in Chapter highlighted the variability in seabed sediments in Harrison Bay

(Figure 5.5), as well as the associated variability in erodibility (Figure 5.10). While the goal of
Chapter 5 was focused on development of a classification scheme based on PFFP measurements,
the variability in Figures 5.8 and 5.10 also suggests the need for appropriately characterizing
erodibility in morphological models. Thus, a sensitivity analysis was conducted to determine the
relative impact of changing erodibility parameters for cohesive soils on model performance, and
to assess the importance of including site specific erodibility parameters in such models. Malito et
al. (2022) developed a 2D cross-shelf morphodynamic model for Harrison Bay using Delft3D
(Lesser et al. 2004, Deltares 2014). Model runs were performed over a 500 year timescale, and
present-day wave conditions were considered. The model takes erodibility parameter inputs of .
and the Erosion Parameter, M, and inputs are a single value of each parameter for the sand and
mud classes. M is related to k,; by multiplying k; by 7. and the bulk density of the substrate, p,.
The two parameters both describe the rate of erosion at stresses great than t., but k; does this in
terms of volume and M accomplishes this in terms of mass. Table G.1 provides a breakdown of
the sediment properties included in the model for each test case. See Malito et al. (2022) for full
explanation model setup, domain, and hydrodynamics. As seen in Table G.1, the only parameters
varied were 7, and M for mud. Only the mud erosion parameters were varied in the test cases, as
variations in cohesive erodibility parameters became more readily important for the purposes of

the study, as discussed in Chapter 5.

Table G.1: Model Parameters for Delft3D sensitivity testing (changes between test cases are
highlighted in bold).

Test Case

Model Parameters HB-Original | HB1 HB2

Sand, Non-Cohesive d<, (mm) 0.11 0.11 0.11
Cohesive Settling Velocity (mm/s) 1 1 1
Volumetric Sand Fraction 29 29 29
Volumetric Mud Fraction 71 71 71

Sand Porosity 0.4 0.4 0.4

Mud Porosity 0.6 0.6 0.6

Sand 7z, (Pa) 0.23 0.23 0.23
Mud . (Pa) 0.5 5 5

Sand Erosion Parameter, M (kg/m?/s) 0.0001 0.0001 | 0.0001

Mud Erosion Parameter, M (kg/m?/s) 0.0001 0.25 1
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As seen from Table G.1, 7, was changed from 0.5 kPa to 5 kPa, and M was changed to

cm?3
N-s

0.25 kg/m?/s and 1.0 kg/m?/s, or an equivalent k, of 0.01 to 30 g These changes in

parameters reflect the in-situ erosion parameters from the results of the JET tests (Table 5.1). The
results of this case study are presented in Figure G.1. As mentioned previously, sand parameters
were not changed, as no in-situ measurements were collected for this sediment type. Model run

“HB-Original” represents the control model run, and “HB1 & HB2” represent the updated values.
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Figure G.1: Results of sensitivity analysis. Top panel shows shelf bathymetry before 500yr time-
scale model runs, and bottom panel shows net changes in elevation across the shelf after the
500yr run for 3 test cases with different erodibility parameters.

The top panel of Figure G.1 shows the shelf profile, and the bottom panel shows net elevation
change over the 500 year time period. The model run with updated erodibility parameters showed
significantly less elevation change than the original. The depositional zone at 18 km was reduced
from 1.3 m of deposition to 0.7 m, erosion around 20 km was reduced, and there was virtually no
change recorded across the rest of the shelf. This lack of change is likely the result of an order of
magnitude increase in . and the model not considering any storms over the time period. Initiation
of erosion became more difficult, coupled with calm conditions not generating the necessary flows

to induce sediment transport across a majority of the shelf. Still, the differences in morphological
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change in this simple example highlights the necessity of including erodibility parameters that
reflect the in-situ conditions. Future modelling will test different ranges of . and k, with the goal
of eventually coupling the sediment classes in the model with the erodibility classification scheme
from PFFP measurements. This ongoing work aims to improve long term morphodynamic
modelling of Arctic environments by including the large degree of observed variability in sediment
properties and erodibility.
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