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ABSTRACT

Vessel wake is a major source of wave energy in many estuaries, particularly
in low-fetch areas, where energy from wind waves is limited. However, knowledge
and understanding of vessel wake on the estuarine shoreline is limited. Documentation
on living shoreline approaches to mitigate vessel wake is even more limited. In this
study, a living shoreline design was implemented at Pea Patch Island, located on the
Delaware River, to mitigate energy from vessel wake. The installation consisted of
four T-shaped groins composed of coir logs, along with Spartina patens and Spartina
alterniflora planted at the base of the T’s. Data from this installation were used to
validate the ship wake module of the nonlinear Boussinesq wave model FUNWAVE-
TVD. Once validated, model simulations suggested that for more than half of the tidal
range, the structure yielded 40 - 80% reduction in energy flux near the shore. With
regard to ship wake generation, parametric studies indicate that velocity is the most
important vessel parameter controlling maximum wave height at a given site. Vessel
length and draft are also positively correlated with maximum wave height. These
findings about vessel wake generation can help policy makers and engineers better
understand vessel wake to mitigate the environmental consequences of wake at the

shore.
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Chapter 1

INTRODUCTION

1.1 Background

The past 75 years of climate change and sea level rise have demonstrated a
clear threat to estuaries. Shoreline retreat is pervasive in estuaries along the east coast
of the United States. From 1958 to 1998, Cedar Island, an estuarine island in North
Carolina with a 58.6 km? footprint, experienced an average shoreline retreat of 0.24 m
per year (Cowart et al., 2010). A broader study of the Delaware estuary found a
century-long average retreat rate of 1.1 m per year, with an increased rate of 2.13 m
per year from 2007 to 2012 (Pijanowski, 2016). This study also directly linked
modelled wind-induced wave energy with shoreline retreat rate, which suggests that
shoreline retreat can be partly attributed to hydrodynamic forcing, in addition to sea
level rise and the increased frequency of extreme events. The rates of shoreline retreat
found in this study outpaced the rates of shoreline retreat experienced at the oceanic
coasts of Southern New Jersey and Delaware. This difference is likely due to
differences in the sediment composition between estuaries and coastal beaches; the
finer sediment composition of many estuaries makes them vulnerable to erosion at
moderate-to-high energy environments.

While wind forcing and sea level rise alone may drive shoreline retreat, wake
due to recreational and commercial vessel traffic can also be a major source of wave
energy, particularly in estuaries. Vessel wake has been shown to disrupt both abiotic

and biotic components of estuarine ecosystems (Gabel et al., 2017). Increased



velocities observed during wake events induce higher levels of sediment suspension
and thus shoreline erosion. Commercial vessels were revealed to cause much higher
maximum sediment suspension when compared to smaller recreational vessels.
Periods of high boating activity in the Chesapeake Bay have been linked to elevated
levels of turbidity in the waterway (Bilkovic, 2019). Safak (2021) confirmed this
finding, observing that ship wake in intertidal waterways increases sediment transport
rate by 12%.

Shipping vessels have also increased in length and draft over time. From 1990
to 2013, the mean carrying capacity of the world’s shipping container fleet increased
by a factor of 6 (Tran et al., 2014). This change is driven by economic benefits of
larger vessels. The “cube law” states that as a vessel’s dimensions double, the carrying
capacity of that vessel is cubed. While this increase in size does contribute to
economies of scale, it also induces negative externalities in port costs, ground
transportation costs, and channel dredging costs. There are also negative
environmental consequences from the increased size and number of shipping vessels.
the presence of boat traffic may increase plant biomass inhibiting maximal plant
growth (Asplund et al., 1997). In Venice, researchers linked the increased prevalence
of large ferries and cruise ships to the increased rate of erosion in the Malamocco
Marghera Channel (Zaggia et al., 2017). GIS analysis revealed a 3 - 4 m rate of
shoreline retreat per year. Over this time, the shoreline did not reach a stable profile,
although the rate of retreat has slowed on average. However, yearly vessel traffic
continues to rise, which leaves little reason to assume that a stable profile will be
reached in the foreseeable future. Besides the environmental cost of lost ecosystems,

there is a monetary cost of this erosion as well. The cost of dredging and removing



800,000 m? in this channel is 40 million Euros. Assuming that the eroded sediment is
deposited into the channel, this corresponds to an average of 1.5 million Euros per

year in dredging costs to maintain a navigable channel.

1.2 Vessel Wake Characteristics

Vessel-generated wake generated by large commercial vessels tends to follow
a distinct pattern. Low Froude number wakes tend to generate large depressions in the
water surface, followed by smaller amplitude Kelvin wake (Parnell et al., 2014).

Froude number is calculated as follows:

14
Fr=@ (1)

where V is vessel speed, g is the gravitational constant, and d is channel depth.
Drawdown wake is particularly pronounced in narrow shipping channels (Ng, 2011).
This drawdown wake, also known as the primary wake, is caused by the low-pressure
area that trails the vessel. Water on the shore is drawn towards the shipping channel by
the pressure differential. As the pressure equalizes, a surge of water returns to the
shore.

Wake amplitude is impacted by a variety of ship parameters and environmental
factors. As distance from the vessel increases, wave heights decrease (Ng, 2011).

There is also a strong positive correlation between vessel velocity and wave height.
1.3 Living Shorelines as Shoreline Protection

1.3.1 Living Shoreline Overview
The term “living shoreline” was first used in a publication in 2008 to describe

shoreline protection methods which aim to restore lost habitat, with or without



structural components (Currin et al., 2008). Traditional engineering implementations
(seawalls, bulkheads) are simultaneously becoming less sustainable and cost-effective,
leading to alternative approaches to shoreline protection (Smith, et. al., 2020).
Widespread adoption of hardened structures has been linked to habitat degradation
(National Research Council, 2007). Properly designed living shoreline
implementations have been shown to attenuate wave energy, provide a barrier to storm
surge, and provide local environmental benefits (O’Donnell, 2016). These benefits
include providing habitat for threatened fish and plant life, groundwater filtration, and
decreased sediment transport. In comparison to traditional hardened structures, little
research and design specifications exist pertaining to living shorelines. Their
application may also be more dependent on local environmental factors compared to
hardened structures. Widespread implementation of living shorelines thus depends on

quality research demonstrating their efficacy (Morris et al., 2018).

1.3.2 Living Shoreline Design in Response to Vessel Wake

While living shoreline research is far from comprehensive, research supporting
the use of living shorelines in response to vessel wake specifically is even more
sparse. Published design guidelines for living shorelines reflect this sparsity. In 2015,
Stevens Institute published a document outlining guidelines for living shorelines
(Miller et. al., 2015). This document was commissioned by the state of New Jersey
and attempts to clearly outline living shoreline guidelines for engineers, regulators,
and homeowners based on the best available data and information. In considering
wave energy, the authors suggest increasing the weight of a shoreline protection as a
function of energy based on fetch length. However, while this document refers to ship

wakes as a potentially dominant energy source in sheltered waterways, it states that



“wakes are rarely if ever taken into account during design in a physically satisfying
manner, due to a lack of readily available wake measurements”. Similar lapses exist in
the Virginia Shoreline Management Model, which uses fetch as a catch-all for wave
energy prediction, ignoring the potential impact of both recreational and commercial
wake (Bilkovic et al., 2019). Many sites in areas of high recreational boat traffic on
the Chesapeake Bay designated as low energy by this model are protected by hardened
structures, which suggests a disconnect between the state’s guidance on shoreline
protection and the needs of the community. This exclusively wind-wave-based
approach demonstrates a lapse in the current body of work on living shorelines as they
relate to wake. There are clear design standards to follow in this document based on
fetch length and wind wave conditions but the document leaves wake design choices
to the discretion of the reader, despite identifying wake as a primary energy source in
certain environments. This problem could be addressed by creating general
classifications of wake levels based on the prevalence of wake events, boat speed, and
boat size to estimate energy levels. A potential approach to make this calculation
accessible to those designing living shorelines could be to compare wake energy per
hour to the equivalent wind-wave conditions that could cause similar energy levels in
the water. However, one-to-one comparisons between wind-waves and wake-waves
are often difficult due to the vast energy differences between the two, which has a
potentially non-linear effect on erosion and the degradation of living shoreline
implements.

Despite the poor documentation of ship wake energy in living shoreline design
guidelines, some research has been done on living shoreline implementations in

response to vessel wake. Researchers tested a living shoreline design composed of



wooden break walls and oyster gabions (Herbert et al., 2016). The design was
deployed on the Tolomato River, a salt marsh estuary. In this environment, oyster reef
populations have deteriorated in recent years, as evidenced by oyster rakes (dead
oyster shells) and the presence of oyster reefs in nearby waterways not exposed to
recreational boating. The shoreline was designed to attenuate wave energy to the point
where oyster reef growth was possible, so that new oyster reefs, combined with the
installed wooden structures, would protect vegetation from wave energy. A follow up
study three years later found that the structure had been effective in fostering oyster
reef growth and shoreline advancement (Safak et al., 2020). At all three measured
sites, oyster reefs developed successfully, with percent cover of live oysters on the
gabions reaching 35%, which compares to natural intertidal reefs on the same river
(27.1%). Treated areas also experienced seaward shoreline advancement, while
untreated areas experienced landward shoreline retreat. However, increases in
vegetation density were minimal relative to untreated areas along the estuary, which
suggests that more rigorous wave attenuation may be necessary to facilitate further salt
marsh growth. This study provides a guide on establishing a living shoreline in a
wake-dominated environment, which had been lacking in the literature. More studies
like this could help to establish more general practices for installing living shorelines
in estuaries defined by high energy wakes. However, this paper still leaves much to be
desired in terms of wake measurement and analysis, which leaves future researchers
with insufficient information to justify direct replication of the design in different

environments.



1.4 Wake Modelling

1.4.1 Historical Approaches

Crude vessel wake models have historically been used to estimate the relative
importance of vessel wake relative to tides, river flow, and wind waves. Early
empirical models included a formulation for diverging wave direction based on Froude
number (Weggel et al., 1986). This formulation ranged from 35°, the theoretical deep-
water limit, to 0°, the theoretical value at a Froude number of one.
This formulation was based entirely on theoretical limits and experimental data
describing wave direction. Transverse wave period can be determined using the
assumption that wave celerity is equal to vessel speed, and the dispersion relationship
(Sorensen, 1997). The final parameter that was typically modelled was the maximum
wave height. This was a much more complex factor to model, given dependencies on
ship speed, channel geometry, ship length, draft, and distance to the channel from a
given site. As such, there were several empirical approaches to modelling maximum
wave height (Bhowmik 1975, Gates et al. 1977, Bhowmik et al. 1991). Each of these
formulations is based on a limited dataset. Some are only applicable for narrow
channels, some for only one vessel type, and none cover the full range of velocities.
Sorensen (1997) used a larger dataset from Zabawa and Ostrum (1980) to test the
accuracy of three models developed with this empirical methodology. The goal was to
accurately assess predictions of wake heights from an 8 m long recreational vessel.
The models reasonably match the data but fail to cover a sufficient range of velocities.
This limited range of velocities demonstrates an inherent problem with empirical

vessel wake models. Even when controlling for vessel size and shape, distance from



shore, and channel depth, empirical models fail to cover a sufficient range of velocities
accurately. There are simply too many variables for such a model to be optimal.

Wu (1987) presented a numerical alternative to modelling ship wake. The
periodic and continuous pattern of ship wake generation was recreated using a
generalized Boussinesq model with a moving pressure disturbance. Wu (1987) used a
forced Korteweg-de Vries model due to the limited computational resources of the
time. Results from this model reflected Kelvin wake patterns, as well as a moving
region of depressed water level responsible for the drawdown observed from shore.
The results from this model showed high levels of agreement with experimental
results, especially at near-critical Froude numbers. Boussinesq models have since
proven highly effective for modelling vessel wake (Torsvik et al., 2009, David et al.,

2017).

142 FUNWAVE-TVD

1.4.2.1 Model Overview

A module for generating ship wake through a pressure term was recently
incorporated in the existing fully nonlinear Boussinesq FUNWAVE-TVD model (Shi
et al., 2018). FUNWAVE accommodates wave breaking by switching from dispersive
Boussinesq equations to nonlinear shallow water equations at points where a breaking
criterion (out of several breaking criteria possible) is reached. The model was
validated using laboratory (Gourlay 2001) data based on Froude number. A viscosity-
type breaker showed a higher level of agreement with lab data when compared to
nonlinear shallow water equations. Ultimately, FUNWAVE-TVD is a useful tool for

predicting ship wake and ship wake energy given bathymetry and vessel data.



The USACE also produced a report (Malej et al., 2019) on a sediment transport
module in FUNWAVE-TVD. This module assumes quasi-steady flow, which is more
appropriate for swash zone and ship-wake-induced sediment transport. It accounts for
bedload and suspended sediment transport. The report also provides two examples of
validation cases. One of these cases compared simulated morphology data to field data
in Crescent City Harbor during a 2011 tsunami event. The model was generally able to
capture the broad morphological trends but underestimated the magnitude of erosion.
Poor grid resolution and an insufficient modeling period may have been the cause of
this discrepancy. The other case is a laboratory experiment using sediment transport
induced by a dam-break. The laboratory approach presented challenges based on the
behavior of the dam-break, but the model had some agreement with the data. The
USACE is involved in future work to continue validation efforts, but more validation
is needed for this relatively new model, particularly for fine-grained sediment
transport, which tends to have more cohesive properties. There is ample opportunity
for validating both the ship wake and sediment transport modules in riverine

waterways, which tend to be composed of fine-grained sediment.

1.4.2.2 Previous Applications

Since its publication in 2017, the FUNWAVE-TVD ship wake module has
been used in several studies. In 2020, a study of boat wakes and their impact on salt
marshes in Jamaica Bay, New York was conducted (El-Safty et al, 2020). This study
was motivated by prior data and imaging suggesting that salt marshes in the area have
rapidly deteriorated. Prior research has linked this deterioration to water pollutants,
storm events, sea level rise, and sediment supply, but not ship wake. Jamaica Bay is

highly trafficked with tugboats, high-speed motorboats, and ferries of varying size,



which motivated research to determine what role, if any, ship wake has played in the
decline of salt marshes. Direct field-to-model comparison was not possible in this
study due to insufficient vessel information for each given wake event. Instead, a
typical vessel and path were used to generate a wake signal. Using the sediment
transport module in FUNWAVE-TVD vyielded a few major assessments of shoreline
impact of ship wakes. For one, ship wakes tended to generate erosion along shipping
channels, particularly at the edge of marshy areas. Additionally, there was a nonlinear
relationship between erosion and number of vessels. As the number of vessels
increases, the cumulative erosion increases by an even greater factor. This nonlinear
relationship has significant implications for design considerations based on ship wake
recurrence. Finally, the researchers concluded that slow moving vessels caused
negligible erosion, while higher vessel speeds (greater than 7 m/s) resulted in
cumulative bed elevation changes, particularly in shallow areas along shipping
channels. As with the prior report from the USACE, this study has inherent
uncertainty based on the behavior of cohesive sediment. Morphological data could not
be verified because of the insufficient shoreline data from Jamaica Bay. This study is a
great example of the useful application of FUNWAVE-TVD, but also the limited
extent to which field data have been validated using exact vessel parameters.

A study published in 2020 compared FUNWAVE-TVD ship module outputs to
field measurements collected along the Tolomato River. The field data from this study
highlight the difficulty of working with ship wake. Different vessel types produce
distinctly different wave patterns, as evidenced by the diversity of spectrogram shapes.
This study used Froude number to categorize wake events. Some wake events were

connected to vessels tracked by the U.S. Coast Guard Automatic Identification System
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(AIS), but most small vessels are not tracked by the AIS, so only a minority of the
recorded wake events had corresponding AIS data. Even further, because of the wake
climate in the river, researchers could not directly link any single wake event to a
corresponding AlS data set. However, comparisons between an analytical model and
numerical model (FUNWAVE-TVD) outputs did yield more fruitful results. This
analytical model was based on a Gaussian vessel shape whereby the draft is dependent
on the length and width of the vessel. Simulations of this type were performed in a flat
domain bounded by sponge layers. The data comparison suggested that FUNWAVE-
TVD drawdown wake simulation results were within 5% error of the analytical model
for low Froude number wakes (large container ships, for example), but displayed
lower levels of accuracy for wakes from faster-moving vessels, particularly when
generated from the deepest parts of the channel, as shallow water assumptions are not
as valid for these wakes as those from slow moving ships. Despite this area of
inaccuracy in wake generation, the model still performed well compared to an
analytical solution for all cases in predicting the shallow water evolution of wake
waves, which is essential for modeling sediment transport processes and the behavior
of wetlands. This study further proves the utility of FUNWAVE-TVD as a tool for
accurately modeling ship wakes, and also demonstrates a clear need for field

validation using real ship data.
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Chapter 2

FIELD STUDY

2.1 Intro to Site

Pea Patch Island is a river silt deposit formed island located in the Delaware
River (Figure 1). The study area is located on the north side of the island, directly
adjacent to the shipping channel. Pea Patch Island functions as one of the largest
nesting areas of wading-birds on the entire east coast (Parsons, 1995). The island is
also home to Fort Delaware, a historic military fort and tourist attraction. The fort and
the island itself are both listed on the National Register of Historic Places. The
northeast side of the island has experienced high levels of erosion for decades (Figure
2) (Brady, 1997). The US Army Corps of Engineers (USACE) constructed a small
seawall on the south-east corner of the island to protect the historic fort on the south
side of the island. The north side of the island is now particularly prone to erosion
because it is not protected by the seawall and lies a mere 500 - 1000 m from the
dredged shipping channel that extends to Wilmington and Philadelphia (Figure 3). The
northeast corner, home to the fort and closest to the shipping channel, has hardened
protection to protect from ship wake forcing. The rest of the north face of the island
lies unprotected from ship wake. This area is home to a forest which is vital to the
island’s function as a heronry, but whose existence is threatened by the continual

erosion of the shoreline due to wake.
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Figure 1. Pea Patch Island (Study Area) and the adjacent shipping channel. Figure
generated by Emma Ruggiero and Mike Larner
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Figure 2. Eroded tree roots on the north shore of Pea Patch Island

Large vessel traffic in the Delaware river accounts for ~20% of the country’s
crude oil imports (CAIT, 2012). There are also several petroleum refineries along the
shoreline, which combined, process nearly a million barrels of crude oil per day. As
such, it is an essential and busy hub for commercial vessel travel. To allow for larger
vessels, the channel was deepened to 13.7 m and widened at bends in 2020. Vessel
traffic and size have increased over time, an increase which is projected to continue
until at least 2050. These increases, combined with expected sea level rise, pose a

potential threat to silty estuaries like Pea Patch Island.
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Figure 3. A southbound container ship as seen from the northeast shore of Pea Patch
Island.

2.2 Installation Design

Prior living shoreline designs in the mid-Atlantic have featured the use of coir
logs, wood bundles, and oyster bags. Coir logs are used as temporary but
biodegradable shoreline protection which allows vegetation to establish strong root
systems (O’Donnell 2016). In low energy environments, coir logs can last three to five
years, but almost no research has been done on coir logs in medium-to-high energy
environments. As such, two pilot tests were performed to test the feasibility of these
materials at the site. The first pilot test involved coir matting wrapped around bagged

oyster shells, as well as traditional coir logs. This design intended to add density to the

15



buoyant coir matting, while also yielding the ecological services associated with
oyster reefs (Smyth et al., 2015). While this design was highly resilient, the weight of
the coir-wrapped oyster bags would be an obstacle to the constructability of a full-
scale installation. The second pilot study featured a T-shaped groin, based on a design
used in Vietnam (Albers, 2018). The design in Vietnam was aimed at limiting wave
height and runup during storm events in locations with little to no mangrove
protection. The T design was appealing because it performed excellently at high
energy levels in Vietnam. The length of the groin was composed of coir logs, this time
staked down to prevent the logs from mobilizing, while the head of the groin was
composed of a brush bundle composed of local driftwood. The structure failed due to
buoyancy issues. The sisal twine used to secure the brush bundle failed due to friction
from the wood, and the jetted wooden piles used to secure the coir logs did not
generate enough friction to prevent coir logs from floating away.

The pilot study demonstrated that the coir logs themselves could be a resilient
material if they were prevented from mobilizing. To solve the buoyancy issue, a
motorized post driver was used to drive 3 m piles to secure the coir logs. Because this
method avoided jetting the posts into place, which would have created a hole larger
than the width of the pile, the piles experienced more friction and remained in place.

The final design was composed of four T-structures aligned landward (Figure
4). The bases of the T’s were 18 m long, and the heads were 9 m long. Each coir log is
3 m long. The two most landward coir logs on each T were 0.4 m in diameter, while
the rest were 0.5 m. The coir logs used for the heads of the T’s were wrapped in
additional coir matting, which was secured by sisal twine. The heads of the structures

were separated by 6 m. The separation was decided by scaling-down the design of the
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T-structure from the Vietnam study (Albers, 2018). The structure was constructed by a
team of 15 volunteers and researchers over the course of 2 days in June 2021. Each
coir log was secured with 5 sets of sisal twine tied to wooden piles across the log.
After the sisal twine was tied to the drilled piles, the piles were drilled one additional
time to ensure that the sisal twine was in tension. This measure was intended to restrict
the mobility of the coir log to avoid frictional failure in the sisal twine and coir
matting. Spartina alterniflora and Spartina patens were planted densely at the base of
the T’s, with the expectation that the protected environment would allow these plants

to take root and establish a marsh.
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Figure 4. Final Installation Design. Figure generated by Emma Ruggiero.
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Figure 5. Live stream-captured image of final installation and sensor array.

FUNWAVE-TVD was used for preliminary testing of the design. These
simulations of different vessels sizes, speeds, and heading estimated maximum
velocity and wave height with and without the structure present. The structure
displayed a maximum blocking efficiency of 70% for velocity and 40% for wave
height. The structure also performed better for northbound wakes, as anecdotally,
these events had a much larger drawdown and longshore current seen from the site.
There were high velocities in the nearfield of the structures, indicating some potential
for local scour near the structure. However, the modeled version of the structure was
significantly less porous than the actual coir logs deployed at the site, which would

allow water to flow through the structure rather than around it.
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2.3 Instrumentation

2.3.1 Sensors

A grid of sensors was deployed to measure the cross-shore and along-shore
propagation of boat wake (Figure 6). The along-shore transect consisted of sensor
locations A1-A5, while the cross-shore transect consisted of sensor locations C1-C4.
Note that the A3 and C1 locations are the same but named separately in each transect.
At each grid location shown, RBR compact pressure gauges and JFE velocity sensors
were deployed. The RBR sensors were deployed 0.01 m above the bed, and JFE
sensors were deployed 0.1 m above the bed, facing seaward. Two additional RBR

sensors were used onshore to detect atmospheric pressure.
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Figure 6. Diagram showing the sensor array deployed at the site.

2.3.2 Camera

Two cameras were placed at the site to identify wake events. The first was a
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Brinno TLC200 time lapse camera, set to record an image once every 10 s. This
camera was deployed for 2-week long intervals, since it is battery powered. The
second camera used was a 1080p livestream camera with 3x zoom powered by solar
panel from Erdman Video Systems, Inc. Footage from this camera could only be
accessed at 1 frame per minute. While the Brinno provided footage of wake events
with higher temporal resolution, the Erdman camera captured footage for the entire
duration of the installation. Together, these cameras provided a comprehensive
understanding of site conditions at the installation.

The footage from these cameras was used to generate a log of wake events
recorded between July 1%t and August 18". The video was used to determine the time
of each vessel passage, the type of vessel (tug, barge, speedboat), and the direction of

travel.

2.3.3 Survey Equipment

In May and September of 2021, elevation surveys were collected using a Leica
Global Navigation Satellite System (GNSS) real-time kinetic global positioning
system (RTK GPS), referenced to UTM zone 18 and NAVD88. Surveys were used to
update the bathymetric grid and to evaluate the performance of the living shoreline

installation.

2.3.4 Quality Control
Pressure sensor data were adjusted for atmospheric pressure, and subsequently

converted to depth using the hydrostatic pressure expression
P

d== @)

pg
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where P is pressure and p is typical density of brackish water 1013 kg/m?. The next
step taken to process the pressure sensor data was to filter out the tide using a moving
mean filter with a window length of 312.5 s (5000 points for a 16 Hz sensor). This
moving mean was subtracted from the original signal. Using the time log generated
from camera footage, wake events were matched to their corresponding time series.
The drawdown amplitudes were sufficiently high that within a 40-minute window
from the time in the log, the minimum recorded water level was always the point of
maximum drawdown. This instance was used to align the time series around the
maximum drawdown. In model runs, this maximum drawdown typically occurs at a
time of 300 - 400 s. As such, wake time series were translated such that their minima

occurred at ~400s.
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Chapter 3

MODEL SETUP AND VALIDATION

3.1 Bathymetric Grid

The original bathymetric data for this study were collected in a survey
following Hurricane Sandy in 2012. The local bathymetry was altered to better reflect
recent survey data collected in 2018, 2020, and 2021 (Figure 7). These data include
low tide surveys using GPS and channel bathymetry from the USACE. The data were
spliced with the existing bathymetry using inverse distance weighting interpolation.
Despite this work, minor inconsistencies remained in surveyed areas, and non-
surveyed areas likely contained further inconstancies. Bathymetry was converted to
model domain by subtracting the easting and northing coordinates of the southwest
corner of the grid from the easting and northing coordinates. The grid is 2399 x 2799,

with x-spacing of 1.34 m and y-spacing of 1.72 m.
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Figure 7. Model domain of bathymetry at Pea Patch Island and the adjacent shipping
channel in the Delaware River.

To add the T-structures into the bathymetry, the coordinates of each log were

recorded using a Leica GPS sensor, and the closest grid point to each surveyed
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location was raised by 0.4 m or 0.5 m depending on the size of coir log present. The
coarseness of the grid and angle of the shoreline caused the shape of the T’s to warp

slightly in the bathymetry (Figure 8).
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Figure 8. Close-up of installation resolved in the model grid

3.2 Vessel Course and Size

AIS data were used to identify ship information based on the time of a wake
event. This dataset included vessel telemetry information with a timestep of 10 s, as
well as vessel size information. To extract only large vessel events, the list of vessels
was restricted to the following: length greater than 100 m, maximum draft greater than
5 m, and width greater than 15 m. Vessels with a velocity of zero were also filtered out
to remove stationary oil tankers in nearby Delaware City. Wake events from the
camera-generated log were matched with specific vessels by matching the time of the
wake event to a corresponding entry in the AIS data. This methodology introduces a

few problem cases. The first case which had to be eliminated from the dataset was two
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ships passing the island within 20 minutes of one another. Vessels passing the island
within 20 minutes of one another were sometimes misidentified using this algorithm,
and so successive events were removed from the dataset.

The telemetry information from the AIS data was converted from geographic
coordinates into local easting and northing, where the southwest corner of the
bathymetry corresponds to the point (0,0). The first recorded point, typically outside
the bathymetry, is set to time 0. The vessel course is then interpolated to a 15 s
timestep. After the last point in the AIS dataset, the last two points are used to
extrapolate the vessel’s final velocity. The vessel is then set to run out of the
bathymetry until 1800 s. The vessel courses are relatively smooth using a time step of
15 seconds (Figure 9). If this were not the case, cubic spline interpolation would have
been used to smooth the vessel path, given that large commercial vessels tend not to

make sharp turns.
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Figure 9. Plot of vessel paths. The yellow line shows the northbound vessel path. The
red line shows the southbound vessel path. Each path extends past the
edge of the bathymetry in their respective direction.

3.3 Calibration

3.3.1 Calibration of Alpha and Beta parameters

Model calibration took place over two stages. The first stage involved
calibrating for shape parameters using data from pilot study 2. These three shape
parameters, a1, a2, and g, determine the geometry of the front, back, and sides of the
vessel respectively. These parameters range from 0 to 1, with O representing a more
rounded bottom, and 1 representing a flat, square bottomed vessel. a1, 02, and S were

calibrated under the assumption that they would be close to uniform for most
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commercial vessel shapes. The set of parameters that best matched the pilot study data
were a1, a2, and g equal to 0.2, 0.2, and 0.8 respectively. The low a1 and a2 values
indicate a rounded front and back of the vessel. The relatively higher g values indicate
a more rectangular side profile of the vessel. Once the final installation data were
collected, these shape parameters were applied, and wake events were then calibrated
by adjusting draft to best fit. Calibration was done based on data from sensor C4, the
most offshore sensor on the cross-shore transect. This sensor is the farthest from the
structure, and thus contains a wake signal that is relatively unaltered by breaking,

shoaling, and reflection associated with the structure.

3.3.2 Final Calibration

Given that shape parameters were held constant for all model runs, and other
geometric parameters were fixed based on AlS data, the model was calibrated using
draft, the only unknown quantity. Draft is reported in AIS data as maximum draft, but
vessel draft varies widely based on the extent to which the vessel is loaded. The range
of vessel drafts also causes large variability in the modeled wake profile (Figure 10).
Increasing the draft by even a meter has noticeable effects on wake amplitude. This
variability, combined with the strong effect of draft in the model, made draft an apt

candidate to optimize for validation.

27



Draft: 3m Draft: 4m Draft: 5m
02} 1 02} 1
A A "y A
0 e, SRR/ P 1 0 pamppetenry | WAV A 1
™ Ty
£ ¥ ]
02 ) ] 02t 1/ ]
\f \f
04} v 04} v

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

p(m)
g
1{m)

n{m)

time (s) time (s)
Draft: 7m § _ Draft:8m i

0.2 A 02f M 1
£ o—v"“"'{‘\ WA &4 E D—uﬂ"‘q WAN Al

= W) ) = i Y -
v 02} {u 02} L 1

\f I‘,r ‘l.l
04 Y | 041 Vo 1 04} ¥ . i
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 ] 200 400 600 800 1000 1200

time (s) time (s) tme (s)

——measured data

n{m)

—simulated data

o 200 400 600 800 1000 1200

Figure 10. Effect of draft on northbound pilot study wake event. Orange line shows
simulated water level, black line shows measured water level.

Calibration of draft was performed on 20 total wake events, split into 10
northbound and 10 southbound vessels because of the stark contrast between the wake
patterns on shore depending on the vessel direction. The contrast may be due to the
oblique orientation of the shoreline relative to the shipping channel, causing
southbound Kelvin wakes to propagate normal to the shore. As such, southbound
wake events tend to have higher amplitude Kelvin wake when compared to
northbound events. Because the Delaware River is tidal, these 10 simulations were
split into flood and ebb tides to determine if FUNWAVE-TVD’s inability to model
current affected wake validation in tidal environments. Validation was performed
initially from a qualitative standpoint, but as results became more final, numerical
comparisons of error were used to determine best fit. These comparisons include

percent error in drawdown and seiche amplitude. The drawdown amplitude is
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measured as the difference in maximum elevation of the small surge prior to the
drawdown, and the minimum surface level reached at peak drawdown. The seiche
wake amplitude was measured as the first low amplitude wave height following the
much higher amplitude Kelvin wake. The amplitude of Kelvin wake itself was not
used for validation, as model results tended to vastly overpredict or underpredict
Kelvin wake, which was not responsive to draft adjustments. A simulation that
overpredicted Kelvin wake, based on vessel path, length, and width, tended to
overpredict Kelvin wake regardless of draft.

Because of inconsistencies between the modeled and real bathymetry, there
was little agreement in the phasing between real and modeled runs, even when times
were matched exactly (based on vessel path). As such, model runs and real data were
aligned using the point of maximum drawdown. This alignment assisted in visually
assessing the likeness between model simulation and reality. However, due to these

phasing issues, model fit is primarily measured based on wave amplitude alone.

3.3.3 Northbound Vessel

Northbound validation was mostly successful. Eight of the ten modelled events
simulated drawdown amplitude within 15% error. Errors in Figure 11D were due to
overprediction of seiche amplitude combined with underprediction of drawdown. Both
have a positive relationship with draft, so these errors cannot be reconciled
simultaneously. Figure 12D illustrates a similar problem. These two events may

suggest that adjustments are needed in the « and f parameters going forward.
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Figure 11. North validation data for ebb tide events
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Figure 12. North validation data for flow tide events
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3.3.4 Southbound Vessel

Southbound vessel wake validation, by comparison, was less successful. Only
two wake events were modelled within 15% error in drawdown amplitude (Figures
13C, 14E). Poorly validated events demonstrated a similar, but more pronounced
problem as in the two poorly validated northbound wakes. For example, in Figure 13E
drawdown is underpredicted with 58.9% error, but seiche amplitude is overpredicted
with 22.47% error. Once again, by merely adjusting draft, there is no way to minimize
these errors without impacting the other. Many of these wake events also do not fit the
typical large vessel wake profile defined by a high amplitude primary depression wake
(Figure 16). For example, Figure 14C displays an event with a Kelvin wake amplitude
approximately four times larger than the drawdown amplitude, which is atypical for
large container vessel wake events. Because the three shape parameters were validated
with a typical wake profile, they may not be suited for a wake of this type. Another
specific problematic case is the one shown in Figure 13D. The model overpredicts the
drawdown with an error of 109.45%, with a draft of 4.5 m. For a vessel of this size, a
draft less than 4 m would be unrealistic (Clarksons, 2011), so there is no way to

generate better agreement solely tuning these parameters.

31



Southbound Vessel, Ebb Tide

199 m x 36 m, 5.8 m/s, 0.71 m W.L. 300 m x 40 m, 4.62 m/s, 0.00 m W.L. 210 m x 30 m, 5.93 m/s, 1.03 m W.L.
A Error in Amplitude of Drawdown: 24.07% B Error in Amplitude of Drawdown: 48.72% C Error in Amplitude of Drawdown: 13.38%
_0 ) Error in Amplitude of Seiche: 58.02% - Error in Amplitude of Seiche: 16.67% - Error in Amplitude of Seiche: 36.9%
0.1 g
0 ’r-A—J — ¥y
o]
|
-0.2
0 200 400 600 8OO 1000 1200 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
190 m x 32 m, 5.58 m/s, 0.38 m W.L. 192 m x 32 m, 6.19 m/s, -0.67 m W.L.
Error in Amplitude of Drawdown: 109.45% E Error in Amplitude of Drawdown: 58.9%
_— Error in Amplitude of Seiche: 10.13% — 01 Error in Amplitude of Seiche: 22.47%
.05 | X
% 0.05
o —modelled
0 le
measured
-0.05
-0.05
-0.1
0 200 400 600 800 1000 1200 0 200 400 €00 800 1000 1200

Figure 13. Southbound validation data for ebb tide events
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Figure 14. Southbound validation data for flood tide events
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3.3.5 \Validation Trends

Water level, vessel length, and vessel speed had virtually no correlation with
model error. However, the average error in drawdown amplitude for northbound
wakes was 15.2%, while the average for southbound wakes was 40.5%. This contrast
is less stark for seiche amplitude, but northbound wake events still show better
agreement with field data. This maybe be because initial calibration of shape
parameters was conducted using northbound data. The difference between average
error for ebb and flow tides was negligible. However, the missing effect of current was
not necessarily negligible in the model. It is possible that the error from missing tidal

flow affects ebb and flood tides equally.
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Chapter 4

RESULTS

4.1 Performance of Living Shoreline Installation

Improvements in design based on the two pilot studies successfully secured the
wooden piles in the sediment. However, storm surge conditions degraded the quality
of the structure. After repeated storm events, much of the sisal twine failed, likely due
to excessive friction, which allowed several coir logs to be displaced northward along
the shore. Although maintenance was performed, the saturated coir logs were too
heavy to be moved back into their original position in the structure given the resources
available at the time, and additional coir logs continued to mobilize via sisal twine
failure. With a more robust material used to secure the coir logs, the installation may
have fared better in storm surge conditions. The majority of planted Spartina
alterniflora and Spartina patens were uprooted. The island is a nesting ground for
herons and is trafficked by geese and other large birds as well. As such, it is likely that
these birds fed on the plants at low tide. Measures designed to discourage birds from
feeding on the plants may have improved the survival rate of the plants.

Surveys before and after the installation (Figure 15) show small amounts of
accretion and erosion over the four months. Areas of accretion included the midpoints
of the Ts in the cross-shore direction, as well as the landward end of the three
southmost T’s. These areas experienced average elevation increases of ~0.1 m. There
was also mild accretion seaward of the head of the T structures. Areas of erosion
included the landward side of the head of the structures, as well as the landward tip of
the northmost structure. The erosion at the northmost structure was the most

pronounced change measured at -0.3 m. Erosion at this specific structure is likely due
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to longshore current effects during wake events. The erosion landward of the head of
the T’s was likely due to local scour caused by the channeling of wake drawdown
through the head of the T’s, which was observed anecdotally on site. However, these
results may be partially explained by seasonality. A multi-year set of monthly surveys

may be needed to draw more salient conclusions about the effect of the structure on

sediment transport.
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Figure 15. Survey data collected in May (top) and September (middle), and elevation
change (bottom). Figure generated by Cassie Everett

4.2 Field Study Wake Data

1118 wake events were recorded between July 1% and August 12", yielding an
average of 26 wake events per day. The general wake profile for these events matched

expectations for large commercial vessels based on the literature (Figure 16). The start
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of a wake event was characterized by a slight water level increase, followed by a sharp
drawdown. This drawdown was followed by a subsequent surge similar in magnitude.
The water level then fluctuates at a lower amplitude as a result of seiching in the
channel. Approximately 20 minutes after the initial increase in water level, the

seiching dampens with a return to background conditions.

o
N
- o

0.05 k.

Relative Water Level (m)
o
&

01 DRAWDOWN SEICHING
-0.15 1
0.2} .
_025 | | | 1 1
0 200 400 600 800 1000 1200

Relative Time (s)

Figure 16. Aggregated wake profile. Figure generated by Cassie Everett and Emma
Ruggiero

4.3 Model Parametric Studies

The best validated vessel wake events, one northbound and one southbound,
were used to test the impact of vessel speed, water level, and vessel size on wake
environment. The northbound vessel used for parametric studies was the MSC RONIT
R, which has a length of 294 m, width of 32 m, draft of 9.5 m, and an average velocity

of 6.20 m/s (Figure 12A) The southbound vessel used for parametric studies was the
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ELANDRA FALCON, which has a length of 277 m, width of 32 m, draft of 9.0 m,
and an average velocity of 5.8 m/s (Figure 13A). Maximum wave height, which is
typically the drawdown amplitude, was used to evaluate the wake environment in
response to changing model parameters. Maximum wave height was determined using

a zero down-crossing routine in MATLAB.

4.3.1 Effect of Structure in Model

Model simulations were performed at six water levels (-0.25, 0.00, 0.25, 0.50,
0.75, 1.00 m NAVDa88) with and without the T-structures in the bathymetry to
evaluate the effectiveness of the structures. These water levels represent the tidal range
in which the most landward pressure sensor would be wetted for the entire wake event.
A relative energy flux, normalized by the flux at sensor C4, was used to compare the
different wake environments depending on water level. Relative energy flux was
measured along a 50 m cross shore transect starting from sensor C1. Depth integrated

energy flux is calculated at each timestep according to the general definition

E, = 0.5p(u? + v?) (3)
E, = Ex(h + nu + (h +n)ugn 4)
F, = Ex(h+n)v + (h+n)vgn, )

where v is the alongshore component of velocity, u is cross-shore component of
velocity, Ex is kinetic energy, h is the still water depth at the sensor, 7 is water surface
displacement, and Fx and Fy represent integrated energy flux in the x and y directions.
At water levels above 0.50 m, the effect of the structure appears to be
negligible. Energy flux tends to evolve nearly identically in cases with and without the
structure. However, at lower water levels, the effect of the structure is clear. In the

northbound vessel case, all three tests below 0.50 m have greatly reduced energy
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fluxes because of the structure. The decrease in energy flux is more pronounced as
water level decreases. There is some reflection causing relative energy fluxes above
greater than 1 just offshore of the head of the structure, but it is only responsible for
less than a 5% increase in flux. The southbound case indicates similar performance to
the northbound case landward of the structure but shows high levels of reflection for
the -0.25 m simulation. This reflection is responsible for a 20% increase in wave
energy flux. This enhanced reflection may be due to the more shore-normal direction
of southbound wake, which would reflect more directly off the head of the structure.
Similar reflection may be present for northbound waves, but since northbound wake
waves are less normally incident, they would not propagate directly back through the

center of the structure.
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Figure 17. Results from water level structure performance test. Left side shows
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structure present. Shaded grey area shows area landward of head of T-
structures. Dotted lines correspond to the four cross shore sensors
deployed in the sensor array.



4.3.2 Vessel Speed

Vessel speed has been shown to have a strong positive relationship with wave

height. The 20 wake events used for validation had an average velocity range of 4.19

to 7.20 m/s. As such, the two wake events were simulated using velocities ranging

from 3 - 8 m/s (Figure 18). This range provides a comprehensive understanding of the

wake conditions associated with typical vessel travel. The 3 m/s and 8 m/s

simulations, while out of the range observed in the study, provide insights into the

impact of potential changes to the shipping environment., like a dredged channel

allowing faster vessel travel, or legislation limiting vessel speeds in estuaries.
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Figure 18. Time series results from vessel speed test. Left panel shows northbound
vessel wake simulation. Right panel shows southbound wake simulation.

The results of this study were unambiguous. Higher velocities are strongly

correlated with higher drawdown and seiche wake. This conclusion is commensurate

with established theory that drawdowns are caused by negative pressure associated
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with drag along the ship length. According to Bernoulli’s principle, pressure is
proportional to the square of velocity, so this relationship becomes increasingly
apparent as velocity increases. Over the validated parameter space between 4 and 7
m/s, the maximum wave height approximately quadruples (Figure 19), which is the
single largest difference in wave height over the parameter space of any variable

tested.

Northbound Si i Southbound Simulation

Max Wave Height (m)
Max Wave Height (m)

vessel speed (m/s) vessel speed (m/s)

Figure 19. Comparison between vessel speed and maximum modelled wave height.
Maximum wave height was determined using a zero down-crossing
algorithm.

4.3.3 Vessel Length

A study of recreational boat wakes found a strong correlation between wake
energy and vessel length cubed (Shuster et al., 2020). Such a strong connection
warrants investigation into the relationship between wake energy and vessel length for

larger commercial vessels. The lengths observed in the validated cases ranged from
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149 m to 300 m. As such, the first length values tested were 150, 200, 250, and 300 m.
These values cover the range from panamax shipping vessels to much smaller oil
tankers and container ships. For the range of lengths initially tested, the relationship
between vessel length and maximum wave height was much weaker than the
relationship between velocity and maximum wave height. As such, the range of
modelled ship lengths was expanded to include a 400 m vessel to determine if
expanding the parameter space yielded a different effect on wave height (Figure 20).
The 400 m vessel followed a similar trend. Increased vessel length did not have nearly
the impact on wave amplitude compared to increased velocity. It is also worth noting
that in the Southbound wake profile, the Kelvin wake increased disproportionately
relative to the seiche and drawdown amplitudes. Despite a weaker relationship than
with velocity, maximum wave height still approximately doubled over the parameter

space tested (Figure 21).
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Figure 20. Time series results from vessel length test. Left panel shows northbound
vessel wake simulation. Right panel shows southbound wake simulation.
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Figure 21. Comparison between vessel length and maximum modelled wave height.
Maximum wave height was determined using a zero down-crossing
algorithm.

While length had a weaker correlation with wave height than velocity, length is
not an independent variable with respect to other ship parameters. Vessel capacity is
correlated strongly with both vessel length and draft (Park et al. 2019). As vessels
continue to grow larger, length and draft increase, especially given that beam size is
limited by port and channel sizes. As such, vessel draft is also a worthy parameter to

test to evaluate the impact of increasing vessel capacity.

4.3.4 Vessel Draft

Validation has already demonstrated the substantial effect draft can have on
simulation results. The drafts of validated cases ranged from 4.5 m to 10.5 m. As such,
model simulations were performed with drafts of 4.5, 6.5, 8.5, and 10.5 m (Figure 22).

There is a clear positive correlation between vessel draft and maximum wave height.
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Over the validated parameter space of draft, maximum wave height more than doubles

from minimum to maximum drafts (Figure 23).
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Figure 22. Time series results from vessel draft test. Left panel shows northbound

vessel wake simulation. Right panel shows southbound wake simulation.
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Figure 23. Comparison between vessel draft and maximum modelled wave height.
Maximum wave height was determined using a zero down-crossing
algorithm.

4.3.5 Water Level

Water level tests were performed to determine when the wake environment is
most energetic. Water level is a complicated factor, because it simultaneously affects
the generation of wake in the channel as well as the shoaling and breaking of waves on
the shore. The same water levels were tested as in the tests with and without the
structure. Results from this test showed a limited effect of water level on maximum
wave height (Figure 24). Both northbound and southbound simulations had a
maximum wave height range of less than 0.1 m. There is also less of a positive trend
than with the vessel-based parameters (Figure 25). Both show a peak maximum wave
height in the mid tidal range. The optimum water level is likely the highest water level
at which the breaking criterion is not reached, allowing maximum wave shoaling

without dissipation via breaking.
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Figure 24. Time series results from water level test. Left panel shows northbound
vessel wake simulation. Right panel shows southbound wake simulation.
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Figure 25. Comparison between water level and maximum modelled wave height.
Maximum wave height was determined using a zero down-crossing
algorithm.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

Parametric studies were conducted to determine variability in vessel wake.
Vessel speed was the single most influential factor affecting maximum wave height.
Within the range of velocities from the 20 validated cases (4.19 — 7.20 m/s), maximum
wave height quadruples. This conclusion could motivate research on the implications
of further limiting commercial vessel speed in estuarine waterways or near sites of
designated environmental importance. Vessel draft and length have similar
relationships to maximum wave height, suggesting that the growing size of the global
vessel fleet may indicate a corresponding increase in vessel wake intensity. As such,
subsequent numerical model simulations should combine the effect of increased vessel
length and draft to compare the effects of velocity with the comprehensive effects of
vessel size on the wake environment. Future work could also be undertaken to
investigate the importance of channel depth on the wake environment, especially
given the recent deepening of the Delaware River.

The model validation was relatively successful, with some variation based on
ship heading. Northbound vessel simulations were performed with less than 15%
drawdown error in eight out of ten simulations performed, while southbound vessel
simulations were performed with less than 15% drawdown error only two times of the
ten simulations performed. Northbound wake simulations may have been more
successful because initial shape parameter calibration was completed using only a
northbound wake signal. The northbound vessel wake signals contained smaller
amplitude Kelvin wake in comparison to southbound vessel wake signals. There may

also be unresolved features in the bathymetry only affecting the propagation of
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southbound or northbound vessel wakes. A more accurate bathymetry could be used to
continue investigation of this hypothesis. Further validation attempts can use more
precise o and S parameters, as well as draft measurements, to determine if the
validated simulated cases match the actual measured drafts of passing vessels. Future
validation efforts should include velocity data in service of validation of the sediment
transport module.

Results of this investigation with regards to living shorelines are clear. Sisal
twine is not a living shoreline material suited for medium-to-high energy
environments. Coir logs may be suitable for these environments, provided they are
properly secured with piles and tension lines capable of withstanding wake and storm
forces. Model results indicated that the structure itself did effectively attenuate wake,
particularly at low water levels. Up to a water level of 0.25 m, which covers more than
half of the tidal range of the site, the structure reduced energy flux near the shore by
40%. This effect is even greater at lower water levels. Future work could be done to
investigate the ideal placement of the structure in the cross-shore direction to

maximize performance over the entire tidal range.
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