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Abstract

New York Harbor Pilots have expressed a concern to the New York District
(NAN) about a mound that is approximately 1.5 miles seaward of the new
limit of the Ambrose Channel. This mound is probably construction rubble
that was placed there when the original Light Tower isolated and protected
it somewhat from the main channel. The mound’s diameter and depth are
similar to the width and depth of the Ambrose Channel offshore reach.
Now that the Light Tower is no longer marking this mound, the Pilots are
concerned about whether a ship might experience larger or more dramatic
ship motions due to possible amplification across the mound relative to
similar transits in the offshore reach. The US Army Engineer Research and
Development Center (ERDC), Coastal and Hydraulics Laboratory (CHL),
used the numerical models STWAVE and CMS-Wave to evaluate possible
amplification effects of a range of wave conditions. The Channel Analysis
and Design Evaluation Tool (CADET) was used to predict vertical ship
motions due to wave-induced heave, pitch, and roll. Ship squat estimates
calculated with the PIANC and Ankudinov empirical formulas were
compared with the Beck, Newman, Tuck (BNT) squat predictions used in
CADET. The net underkeel clearance based on these vertical ship motion
components was used in a risk-based method of evaluating transits over
the mound compared to similar transits in the main channel. These results
were used to select a minimum dredge depth over the mound to insure
that inadvertent transits over the mound would not incur any significant
differences in ship response and potential grounding relative to similar
transits in the offshore reach of the Ambrose Channel.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Preface

This report describes numerical modeling procedures and results of a
vertical ship motion study for the Ambrose Channel, New York. The study
was performed in support of the New York Pilots’ request to investigate
the possible effect of a “mound” located near the old Light Tower on wave
amplification and ship response if a ship should inadvertently sail over it.
The study was performed by the US Army Engineer Research and
Development Center (ERDC), Coastal and Hydraulics Laboratory (CHL),
for the US Army Engineer District, New York (NAN). The study was
conducted during the period April 2010 through August 2011. Frank
Santangelo, US Army Engineer District, New York, was the study manager
and point of contact.

The investigation reported herein was conducted by Drs. Michael J. Briggs
and Zeki Demirbilek of the Harbors, Entrances, and Structures Branch,
CHL. The final report was written by Dr. Briggs with sections on the two
wave models written by Drs. Lihwa Lin and Demirbilek. We gratefully
acknowledge the support of Andrew Silver and Paul Kopp of the Naval
Surface Warfare Center, Carderock Division, for discussion and review.

This study was performed under the general supervision of Dr. William
Martin, Director, CHL. Direct supervision of this project was provided by
Dr. Jackie Pettway, Chief, Harbors, Entrances, and Structures Branch. At
the time of publication of this report, Dr. Jeffery P. Holland was Director
of ERDC, and COL Jeffrey Eckstein, EN, was Commander and Executive
Director.
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Unit Conversion Factors

Multiply By To Obtain

acres 4,046.873 square meters

cubic feet 0.02831685 cubic meters

cubic inches 1.6387064 E-05 | cubic meters

cubic yards 0.7645549 cubic meters

degrees (angle) 0.01745329 radians

fathoms 1.8288 meters

feet 0.3048 meters

hectares 1.0 E+04 square meters

inches 0.0254 meters

knots 0.5144444 meters per second

miles (nautical) 1,852 meters

miles (US statute) 1,609.347 meters

miles per hour 0.44704 meters per second
pounds (force) per square foot 47.88026 pascals

pounds (force) per square inch 6.894757 kilopascals

pounds (mass) 0.45359237 kilograms

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter
pounds (mass) per cubic inch 2.757990 E+04 kilograms per cubic meter
pounds (mass) per square foot 4.882428 kilograms per square meter
pounds (mass) per square yard 0.542492 kilograms per square meter
square feet 0.09290304 square meters

square inches 6.4516 E-04 square meters

square miles 2.589998 E+06 square meters

square yards 0.8361274 square meters

tons (force) 8,896.443 newtons

tons (force) per square foot 95.76052 kilopascals

tons (long) per cubic yard 1,328.939 kilograms per cubic meter
tons (2,000 pounds, mass) 907.1847 kilograms

tons (2,000 pounds, mass) per square foot 9,764.856 kilograms per square meter
yards 0.9144 meters
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1

Introduction

Background

New York Harbor Pilots have expressed a concern about a “high spot”
mound that is about 1.5 miles seaward of the new limit of the Ambrose
Channel (Figure 1). The end of the existing Ambrose Channel is at the “G1”
and “R2” navigation markers. The existing Sea Buoy is just south of the
mound, where the old Ambrose Light Tower was located. This mound is
probably construction rubble (i.e., hard material) that was placed here
when the Light Tower isolated and protected it somewhat from the main
channel. The size is approximately 1,500 to 2,000 ft in diameter with a
depth of 53 ft Mean Lower Low Water (MLLW). The mound’s diameter
and depth are similar to the width and depth of the Ambrose Channel
offshore reach. Now that the Tower is no longer marking this mound, the
pilots are concerned about whether a ship might experience larger or more
dramatic ship motions due to possible amplification across the mound,
relative to channel transits.

Figure 1. Project study area of Ambrose Channel, New York, showing offshore reach and
mound (see “This is problematic” caption).
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The static or gross underkeel clearance (UKC) is defined as the clearance
under the ship after subtracting the draft from the depth that includes
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project depth and tides. The UKC must be adjusted to account for the
effects of ship squat and wave-induced vertical ship motions. The resulting
net UKC (UKChe) is considered a “safety factor” or “maneuvering margin”
representing the adjusted clearance after subtracting squat and ship
motions from the UKC. In a deterministic design, Corps guidelines
recommend an UKChe: of 2 ft for soft-bottom and 4 ft for hard-bottom
channels. However, in a risk-based or probabilistic design, it is possible to
relax these requirements for UKChe: as sufficient maneuverability
clearance is included in the predicted ship motion allowances.

Port designers have historically relied on deterministic channel design
approaches with large safety factors. Risk-based models are now
recommended to define a useful lifetime with an acceptable level of risk of
accidents or groundings. CADET (Channel Analysis and Design Evaluation
Tool) is a program to aid in determining the ‘optimum’ dredge depth for the
offshore portions of entrance channels that are exposed to waves. This
‘optimum’ dredge depth is defined as the depth that provides the maximum
accessibility for the minimum amount of dredging and is determined by
predicting ship UKC for different wave, ship, and channel combinations. A
probabilistic risk analysis technique is used in CADET to evaluate the
accessibility of a series of channel reaches for multiple vessel geometries,
loading, and wave conditions.

Briggs et al. (2010, 2012, and 2013) performed a validation study with
CADET for six ships during inbound and outbound transits in Ambrose
Channel, NY. Comparisons between field measurements and CADET
predictions agreed reasonably well in the three reaches. Additional
validation comparisons between field and laboratory measurements and
CADET predictions for the World Utility bulk carrier were performed for
Barbers Pt, HI (Briggs et al. 2006, 2012, and 2013). The agreement between
CADET predictions and field and laboratory measurements was reasonable.

The main concern is about amplification over the submerged mound due to
refraction, diffraction, and shoaling of wind waves. Vincent and Briggs
(1989) describe the effect of frequency and directional spreading of waves
caused by a submerged elliptical shoal. They found amplification factors of
over 2 for unbroken monochromatic and unidirectional waves for a
laboratory model shoal. Their measured breaking wave heights usually were
less than the incident wave heights. The shoal geometry tested in the
laboratory had minor X- and major Y- axes normalized by the wavelength L
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of X/L =1.35 and Y/L = 1.75. The crest of the shoal was hmouna = 0.5 ft below
the mean water level in h = 1.5 ft of water at laboratory scales. The
normalized depth of the shoal was hmound/h = 0.33. In comparison, the
Ambrose Channel mound is relatively deeper than the laboratory shoal with
crest elevation of hmound = 53 ft in an approximate water depth h = 80 ft, or
hmound/h = 0.66. For the mound size of 1,500 to 2,000 ft, a comparable wave
period of T = 18 to 22 sec would be required to match the laboratory mound
horizontal setup.

Since the laboratory experiment results do not match the Ambrose
Channel mound very well in scaling and mound elliptical shape, it was
necessary to examine the significance of wave amplification using two
spectral (phase-averaged) wave models: STWAVE (Smith et al. 2001a) and
CMS-Wave ( Lin and Demirbilek 2005; Demirbilek et al. 2007; Lin et al.
2006; Lin et al. 2008). Both of these models can provide locally generated
wave estimates at the project site given incident wave conditions. These
models are computationally efficient and can be used to model large areas
since fine grid resolution is not necessary. However, this class of model
has limitations for modeling wave diffraction, reflection, transmission,
nonlinear waves, and bathymetric effects caused by submerged mounds,
shoals, or navigation channels. For these reasons, two wave models were
used because each has its own strengths and limitations.

Design ship

The Susan Maersk Post-Panamax containership (Figure 2) is the design
ship for this study. It was completed in 1997 with a TEU (Twenty-feet
Equivalent Units) capacity of 8,680 and a length overall, Lo, of 1,138 ft.
Typical ship speeds Vi range from 8 kt to 16 kt, with common ship speeds as
fast as 15 kt in this area. In addition to the fully loaded draft of T = 47.5 ft, a
light-loaded draft of T'= 46 ft was also investigated in this study. This was
necessary because a lighter ship (with less draft) will respond to waves
differently than a fully loaded ship. Table 1 lists ship particulars for these
two design drafts of the Susan Maersk.

Purpose

The New York District (NAN) has requested a study to evaluate the waves
across this mound and determine if they will have a significant effect on
ship response. If there is a significant effect, then how does this response
compare to a similar transit through the Ambrose Channel offshore reach
that is adjacent to the mound?
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Figure 2. Susan Maersk design ship for Ambrose Channel.

Table 1. Susan Maersk containership parameters.

Description Symbol | Units | Lightloaded | Fully loaded
Length between perpendiculars Lep ft 1087.9 1087.9
Beam B ft 140.4 140.4
Draft T ft 46.0 475
Block coefficient Cs 0.65 0.65
Longitudinal center of gravity Lea ft 563.0 563.7
Vertical center of gravity (from keel) Ve ft 62.8 62.2
Metacentric height GM ft 1.97 2.48
Roll damping factor, fractional percent | B4 0.04 0.08
Roll Gyradius ks ft 57.6 57.6
Pitch Gyradius ke ft 272.0 272.0

Because the mound consists of hard material, it is proposed to dredge it to
a minimum depth of 55 ft so that there is an additional clearance of +2 ft
relative to similar transits in the soft bottom of the Ambrose Channel.
Additional dredging beyond a depth of 55 ft will be recommended if the
mound transits indicate a greater potential for groundings than the similar
channel transits.

Study approach

The study described in this report was performed by the US Army Engineer
Research and Development Center (ERDC), Coastal and Hydraulics
Laboratory (CHL), in support of NAN planning and design for the Ambrose
Channel. The CADET probabilistic model was used to predict vertical ship
motions due to a range of wave conditions. Wave transformation was
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evaluated between the incident offshore site and the Ambrose Channel and
over the mound using the STWAVE and CMS-Wave numerical models. Ship
squat, ship motions, and UKCye: were compared between the channel and
mound reaches. Significant differences were noted, and a dredge depth was
recommended that would accommodate the UKCye: requirements.

The first step was to define the offshore and mound reaches for the
Ambrose Channel. The existing offshore reach has a width of 2,000 ft and
a project depth of 53 ft. The mound reach was defined to have a similar
width of 2,000 ft to match the existing diameter of the mound, but the
depth will be 55 ft as it was assumed that it would be dredged at least an
additional 2 ft to compensate for the hard-bottom guidelines within the
Corps. The Ambrose Channel experiences a 5 ft tidal increase; therefore,
channel and mound depths included the effect of the 5 ft tide. Depths
ranged from 53 to 58 ft in the channel and 55 to 60 ft over the mound.

The study approach consisted of two phases. In Phase 1, relatively
deepwater hindcast waves were used to examine vertical ship motions
between the two reaches. For simplicity, it was assumed that the effect of
wave transformation was negligible between locations and over the
mound. Phase 1 consisted of the following tasks:

e Characterize incident wave climate in the Ambrose Channel area from
WIS hindcast and National Oceanic and Atmospheric Administration
(NOAA) buoy measurements.

e Simulate directional wave spectra based on the 20 yr hindcast wave
dataset along offshore and mound channel reaches. These wave
conditions are identical for both reaches.

e Predict ship squat using Ankudinov, Beck-Newman-Tuck (BNT), and
five of the PIANC (The World Association for Waterborne Transport
Infrastructure, formerly Permanent International Association of
Navigation Congresses) empirical formulas (1997 and 2013).

e Predict wave-induced vertical ship motions for both the lightly and
fully loaded Susan Maersk design ship in the channel and mound
reaches using the CADET model.

e Compare squat, ship motions, and UKCye: between channel and mound
reaches.
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The results from the Phase 1 comparisons were used to select a limited wave
dataset to investigate the effects of wave transformation using STWAVE and
CMS-Wave in Phase 2. Phase 2 consisted of the following tasks:

e Select subset of wave conditions for wave transformation evaluation.

e Create STWAVE and CMS-Wave numerical models to evaluate
transformation and potential for amplification of this reduced wave
dataset.

e Create new wave dataset of directional wave spectra based on
numerical model results.

e Re-run CADET with new dataset.

e Compare squat, ship motions, and UKCye: between channel and mound
reaches for this reduced wave dataset. Investigate effect of increased
water depths over the mound.

e Recommend optimum dredge depth for mound based on comparisons
between the channel and mound reaches.

Report organization

In this report, the CADET numerical model is briefly described in Chapter
2. A brief description of the STWAVE and CMS-Wave wave transformation
models is presented in Chapter 3. Chapter 4 contains a description of the
PIANC, Ankudinov, and CADET/BNT ship squat predictions. The
characterization of the waves in the two phases for the CADET, STWAVE,
and CMS-Wave numerical model simulations is described in Chapter 5.
Results from the ship squat calculations are presented and discussed in
Chapter 6. The vertical ship motions and corresponding UKCxe: are
discussed and presented in Chapter 7. These results compare UKCne: Over
the mound relative to similar transits though the channel. Based on these
comparisons, an optimum dredge depth for the mound is recommended.
Finally, a summary and conclusions is presented in Chapter 8.
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2 CADET Numerical Model

Background

CADET (Kopp and Silver 2005) was developed by the Naval Surface
Warfare Center, Carderock Division (NSWCCD), under contract to ERDC-
CHL. CADET is an expansion of the technology developed to determine the
depth of entrance channels to new homeports for Nimitz-class Aircraft
Carriers (CVN 68). The technology used in CADET (Silver 1992; Silver and
Dalzell 1997) was initially developed for the Environmental Monitoring and
Guidance System (EMOGS). EMOGS provides operational guidance on the
expected UKC of a vessel given real-time wave and water level measure-
ments or observed conditions at a particular port. For each UKC prediction,
it also calculates the uncertainty and risk of touching the channel bottom
under those conditions. EMOGS evaluates clearance and risk for a single
specified ship at one channel depth, using a single wave spectrum, for a
transit in one direction at a specific date and time. Astronomical tide effects
on the water level are included and take into account the duration of transit
for a given ship speed and entrance channel configuration. Meteorological
effects on water level due to barometric pressure are also included. EMOGS
is installed at naval stations in the United States and has been in operation
for over 20 yrs. During this time, no known incident of bottom touching or
grounding has occurred, and the users have not complained that the results
are too restrictive.

CADET differs from EMOGS in several respects. It is more of a design tool
as it evaluates clearance and risk for a range of possible water depths. In
addition, it evaluates the entrance channel depths for any channel cross-
section. Annual local wave statistics are used to determine the accessibility
of the transit channels, expressed in days per year. Astronomical and
meteorological tide effects are not explicitly included since, for design
purposes, a transit could occur in either direction at any time. Water level
changes can be included by varying the project depth relative to ship dratft.
A tide calculator is a post-processor option that can be used to indicate
additional days of accessibility due to hindcast of 20 yr tidal cycles for a
particular location. CADET also assumes an equal probability of a transit
in either inbound or outbound directions at any time of day or night.
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Dynamic or Net UKC calculation

CADET calculates the dynamic or net UKC, UKChet, of a specific ship,
commercial or naval, at a specified channel location, and provides
information to aid in determining the optimum dredge depth (Briggs et al.
2004 and 2012). This optimum depth is defined as the shallowest depth
that allows the maximum days of access for any given year at that location.
The accessibility of the channel is determined by calculating the vertical
UKChne: and the risk of the vessel touching the channel bottom under all
wave conditions that are present. The general rule is that if the risk, a, of
the ship touching a flat channel bottom is less than 1 in 100 (i.e., a = 0.01)
for each wave in a climatology during a given transit, then the channel is
considered accessible for that depth. The Navy is comfortable with this
level of risk and corresponding accessibility. The number of days per year
the channel is accessible is dependent on the persistence of the local wave
conditions obtained from the local wave climatology.

The UKChe: of the vessel is influenced by five major parameters that
include the following:

e Static draft and trim of the ship at rest

e Underway sinkage and trim or ship squat

e Wave-induced vertical motions

e Hydrologic factors of channel depth at (MLLW) project depth
e Change in water level due to the astronomical tides

Because CADET is primarily a channel-depth design tool, ephemeral
parameters such as meteorological tides are not factored into the
calculation. As mentioned previously, CADET does have a post-processing
option for tidal effects. Otherwise, the user can input equivalent tides in
the range of water depths used for the predictions. CADET does not
explicitly include channel width or bank effects.

Figure 3 shows the major parameters considered when calculating the
vertical underkeel clearance of the ship in a channel. The static or gross
UKC (UKQC) is the difference between the nominal channel depth and the
static at-rest draft of the vessel. Static trim must also be taken into account.
As the ship travels at speed along the channel, the ship both sinks and trims
(i.e., squat or midship sinkage and trim by the bow or stern) due to a
pressure field between the hull of the vessel and the channel bottom. The
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Figure 3. Cross-section of a ship in a channel.
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dynamic or net UKC Net, At locationj (i.e., jth control point on a hull

corresponding to the lowest points, usually at the bow, stern, rudder, and
bilges) is given by

UKCy, =D, +E,~(T;+5,+A,) (1)

Net .
J

where:

S
Il

nominal channel depth at MLLW

E: = water level due to tide relative to MLLW
T; = static draft

S; = ship squat

A; = vertical motions allowance.

The vertical motion allowance, Aj, is determined from the vertical, wave-
induced, rigid-body motion transfer functions of heave, pitch, and roll.
The magnitude of the vertical displacement at a point on the ship is
dependent upon the height and period of the waves in the channel, ship
speed, relative ship heading to the waves, channel depth, and position of
the point relative to the center of gravity. For the coupled heave, pitch, and
roll motions, a complex-valued vertical displacement transfer function,
H;j(f,0), is calculated as

H,(f,0)=Z + X,0(f,0)+Y,0(f,0) (2)
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where:
j = corresponds to the jth control point location
7 = complex vertical heave motion transfer function
X; = longitudinal distance from the ship’s center of gravity to the jth
control point
Y; = transverse distance from the ship’s center of gravity to the jth
control point
O(f,0) = complex pitch transfer function

@ (f,0) = complex roll transfer function.

These transfer functions are then used in the calculation of the RMS (root
mean square) displacement, oj, given by

0, = 0" = Jzzsme)wj(f,e)r AfAf 3
F 0
where:
o; = RMS displacement at jth control point location, ft
S(f,0) = directional wave spectrum, ft2/Hz/deg

|H(f ,49)‘2 = square of the modulus of the transfer function, known as the

Response Amplitude Operator (RAO)
Af = increment in frequency, Hz
A0 = increment in direction, deg.

Because of phase differences, o;calculated from individual wave conditions
may not provide the largest vertical excursion the ship can experience
during a transit. Therefore, higher order extremal statistics (Ochi 1973) are
used to define an expected extreme motion allowance, Aj during a given
transit as

T,o,

A.=0. [2In
J J 2mao;

where:

Tq = exposure time in the channel (i.e., reach length/ship speed),
sec
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0y - vertical velocity of the vertical motion (i.e., time derivative of
o0j) at location j, ft/sec
a = risk parameter, normally taken to be 0.01 (i.e., 1/100) in
CADET. If a = 0.01, then the ship has a risk of 1 in 100 that the
predicted motions allowance, Aj, will be exceeded for the given
set of wave conditions.

Uncertainty and risk analysis

Each of the parameters in Equation 1 has inherent uncertainties. These
uncertainties are quantified by their bias and variability. The shallow water
motions calculation for Navy ships was based on a software program that
was a hybrid of the Navy Standard Ship Motion Program (SMP). This
hybrid was validated by both model tests and comparisons of predicted
motions with full-scale measurements (Silver and Dalzell 1997). The
motions of the commercial ships used in CADET were computed through
the shallow-water version of SCORES which calculates ship motions due to
waves (Kaplan 1996a, 1996b). As more experience using CADET is attained
for commerecial ships, the bias and variability could change. However, since
a large component of the uncertainty and bias in the motions calculation
comes from the uncertainty in the wave measurement, the difference in the
uncertainty of the motions between commercial and Navy ships may be
small.

The primary objective for calculating uncertainty is to provide a measure of
risk of the vessel touching the various project depths being considered. Risk
is defined as that proportion of all possible transits under statistically
constant conditions in which the minimum channel clearance would be zero
or negative. The risk model takes into account the uncertainty in each
parameter by assuming a Gaussian distribution for static ship draft,
underway sinkage and trim, and a Rayleigh distribution for the vertical
motion and velocity variances. The Rayleigh distribution reflects the most
likely probability distribution of the waves. Using these distributions, the
probability density of the largest motion excursion or the minimum UKC Net,

is determined, and its area up to a minimum clearance of zero is calculated.

Under this definition of risk, it is necessary to compute the probability
density of the net effective clearance and determine the area up to zero net
effective clearance. The net effective clearance, therefore, is defined as the
difference between the random variables that make up the effective
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channel depth and the effective vertical displacement of the ship. These
random variables are a function of the uncertainty in each of the major
parameters that make up the net effective clearance.

Thus, a risk analysis is performed to determine the probability of any one
of the critical points of the deep draft vessel touching the channel bottom
for inbound and outbound transits. The critical locations on the vessel
usually are the bow at the keel, the rudder(s), and the port and starboard
bilges at amidships. The risk analysis is performed for each of the wave
conditions in wave climatology for the port. The significant wave height,
the peak or modal period, primary wave direction, and distribution of
energy in frequency and direction (i.e., directional wave spectrum) define
the wave condition. The result of the risk analysis provides a probability of
the vessel touching the channel bottom under each of the wave conditions
for a specified project depth. It is assumed that if the risk is greater than
some threshold value (normally 1 in 100) then the channel is inaccessible
by the vessel. The days of accessibility of the channel are calculated by
determining the persistence of the wave condition that produces the risk of
1in 100 or greater. The risk calculation is performed for each wave
condition and a range of project depths. When complete, the optimum
channel depth is the one with the greatest number of days of accessibility
per year and the least amount of dredging.

CADET organization

CADET is the interface to a set of computer programs that calculates UKChet
and bottom touching risk probability for any number of ships and loading
conditions over a range of multiple project depths. CADET manages the
necessary internal data flow among the component programs and provides
an interface structured in four basic modules for defining and performing
calculations and actions relative to (a) Ship, (b) Project, (c) Analyses, and
(d) Results. The two input modules for Ship and Project are explained in the
following sections (Briggs and Henderson 2011; Briggs et al. 2012).

Ship module

The first module contains all of the ship parameters to define a ship relative
to geometry and loading. Table 2 lists the values used in CADET for the nine
categories defining the lightly and fully loaded Susan Maersk ship including
(a) static draft and trim, (b) ship speeds, (c) loading parameters,
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Table 2. Input and derived parameters for Susan Maersk containership, CADET

ship module.
Parameter description | Symbol | Units | Light-loaded | Fully loaded
General
Length overall Loa ft 1138.40 1138.40
Length between perpendiculars Lpp ft 1087.93 1087.93
Station spacing ft 54.40 54.40
Beam B ft 140.43 140.43
Block coefficient Cs - 0.67 0.67
Vertical center of buoyancy (ft above baseline) | Vcs 25.32 26.17
Metacentric height GM 1.97 2.48
Drafts
Draft forward Trwa ft 46.0 475
Fwd draft station (Usually O) - 0 0
Draft aft Tatt ft 46.0 475
Aft draft station (Usually 20) - 20 20
Error in Fwd draft 01 01
Error in Aft draft ft 01 01
Ship Speeds, knots (Max 8)
Initial Vi kt 8 8
Final Vi kt 16 16
Increment Vi kt 2 2
Loading
Roll damping factor, fractional percent Baa - 0.04 0.08
Vertical center of gravity (+ up from waterline) | Vcs ft 16.8 14.7
Longitudinal center of gravity (=Lcs) Lea ft 563.03 563.71
Roll Gyradius, 0.41*B ka ft 57.60 57.60
Pitch Gyradius, 0.25*Lpp ke ft 272.0 272.0
Motion Risk Parameter (0.01 typical) o - 0.01 0.01
Water Depths
Initial h 50 50
Final h 64 64
Increment h 1 1
Wave Frequencies (max of 30)
Initial Tinit Hz 0.02 0.02
Final Trinal Hz 0.60 0.60
Increment finc Hz 0.02 0.02
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Parameter description | Symbol | Units ‘ Light-loaded | Fully loaded
Sinkage and trim (Squat)

Filename: Squat-BNT_ - 33744S.dat | 48W6L3.dat
Channel width w ft 600 600

Outer water depth (-1=uniform depth) Hout ft -1 -1

Error in underway sinkage ft 0.1 0.1

Error in underway trim angle deg |0.01 0.01

Critical Point Locations, Primary Points (bottom touching offset 0.0)

Point Bow

X (Station) X - 0 0
Y (+ port) Y ft 0 0
Z (+ up from baseline) z ft 0 0
Point Port Rudder

X (Station) X - 20 20
Y (+ port) Y ft 0 0
Z (+ up from baseline) V4 ft 0 0

Point Stbd Rudder (repeat above since only 1 rudder in center)

X (Station) X - 20 20
Y (+ port) Y ft 0 0]

Z (+ up from baseline) V4 ft 0 0
Point Port Bilge

X (Station) X - 10 10

Y (+ port) Y ft 69.8 70.2
Z (+ up from baseline) z ft 0 0
Point Stbd Bilge

X (Station) X - 10 10

Y (+ port) Y ft -69.8 -70.2
Z (+ up from baseline) V4 ft 0 0

Alternate Points (User selects up to 4)

Point Alternate 1 (Center keel)

X (Station) X - 10 10
Y (+ port) Y ft 0 0
Z (+ up from baseline) z ft 0 0

(d) motion risk parameter, (e) water depths, (f) wave frequencies, (g)
sinkage and trim, (h) critical point locations, and (i) ship motion transfer
functions.
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The most critical input is the ship geometry file that is represented by the
“ship lines” drawing. Ships are defined by a hull geometry file that is
independent of loading conditions. The geometry file represents the ship
in terms of hull offsets, from the keel to the deck-at-edge, at 21 equally
spaced stations between the forward and aft perpendicular. These
geometry data files can be prepared externally and imported into CADET,
or they can be created using a built-in graphical geometry editor. The
spacing between these 21 stations is determined by the ship’s waterline
length or the length between the forward and aft perpendiculars, Lpp. The
ship’s beam, B, represents the width at the waterline. It is a deterministic
geometric parameter that is used to document the ship and to calculate
some hydrostatic properties. The offsets do not necessarily have to
correspond to B exactly as CADET calculates beam at the waterline using
the offsets in the ship lines.

Draft and Ship Speed

The static draft and trim are defined at either (a) the forward, Trp, and aft,
Tap, perpendiculars or (b) draft at some longitudinal position and a trim
angle in degrees. Up to eight ship speeds in knots can be entered. These
speed values must be whole integers.

Loading

Multiple loading conditions can be defined for each ship in CADET. The
ship loading parameters that affect the three vertical motions of heave,
pitch, and roll include (a) longitudinal center of gravity, Lcg, (b) vertical
center of gravity, KG, (c) roll damping factor, 5, (fraction of critical
damping), (d) roll mass radius of gyration, k,, and (e) pitch mass radius of
gyration, ke.

Static equilibrium is based on Archimedes Principle where the weight, W,
of the ship and cargo is balanced by the weight, Wp, of the water displaced
by the ship. The longitudinal center of gravity, Lcg, is usually located
midway along the longitudinal axis of the ship. The center of buoyancy is
the center of gravity of the fluid displaced by the ship. In the static
condition, the longitudinal center of buoyancy, Lcs, is coincident with the
Lcc. The vertical center of gravity, KG, is located along the vertical axis of
the ship, approximately midway, as measured from the keel.
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In CADET the vertical center of gravity, Vcg, is defined differently and is
entered as a vertical location relative to the waterline (positive up) that
varies with the type of ship. Containerships have positive values of
approximately 5 to 15 ft since their cargo is stacked on top of the deck as
well as in the holds.

CADET requires the roll damping factor, 8,4, to account for the ship’s
dynamic roll characteristics. This factor is the fraction of critical damping
and is typically equal to 0.08 to as large as 0.4 for containerships. The
mass distribution properties of the ship are defined by the roll and pitch
gyradii, k, and ks, approximations given by

k, =0.41B
k,=0.25L

Motion risk parameter o

As previously described, the motion risk parameter, a, typically has a value
of 0.01 for most design applications.

CADET sinkage and trim

The CADET sinkage and trim or squat module is discussed in Chapter 4
with the PIANC and Ankudinov ship squat formulas.

Critical point locations

The critical point locations (j) previously discussed correspond with the
five primary control points. They are located on the centerline at the Trp
and Txp to examine the effects of pitch at the bow and rudder(s) and along
the port and starboard bilge to include the effects of roll.

Wave frequencies

A total of 30 wave frequencies are input to define the range of frequencies
containing significant wave energy that will be used to calculate the ship
motion transfer functions or Response Amplitude Operators (RAOs) for
heave, pitch, and roll. The user should input initial, final, and increment
values of frequency in Hz. Although the RAOs at a particular frequency can
be interpolated to match the specific wave frequency in the project
module, it is important that the final frequency value matches the highest
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frequency with significant wave energy to insure highest accuracy in the
RAOs. These RAOs are used in Equation 3 to determine the CADET
predictions.

Ship motion transfer functions

Finally, ship motion heave, pitch, and roll RAOs are calculated using a
frequency-domain, shallow water, strip-theory program SCORES (Kaplan
1996a and b). In a manner similar to that used to calculate sinkage and trim,
CADET generates SCORES input files from the defined hull geometry, draft
and trim, ship speeds, water depths, roll damping coefficient, and wave
frequencies. SCORES is run in the background by CADET, and the motion
transfer functions are extracted from the SCORES output files. The
extracted transfer functions are written to compressed binary files for later
use in determining the A; from Equation 4. Plotting of the transfer functions
can be performed with different representations as needed (real/imaginary
or amplitude/phase versus frequency, frequency of encounter, or non-
dimensional wave length).

Project module

A project in CADET includes channel reaches, waves, ships, tides, and
comments. While CADET keeps track of all of these direct and logical
associations between projects, channel reaches, wave spectra, ships,
loading conditions, and sinkage and trim data, the user is responsible for
ensuring that these associations are coherent.

Reaches

Reaches should be defined whenever the depth, width, cross-section, or
alignment of the channel changes significantly. Reach input includes (a)
reach number, (b) description, (c) length, (d) direction, (e) width, (f) bottom
type, (g) begin depth, (h) terminal depth, (i) increment depth, (j) outer
water depth, (k) over-dredge, (1) dredge variability, and (m) wave coefficient
of variation. Table 3 lists the channel particulars for Ambrose Channel.
Included are group ID, reach number, wave ID, reach 1D, length, and
alignment angle. Additional parameters required by CADET are also listed.

Reach numbers are automatically increased as new reaches are added. The
description, bottom type (i.e., sandy, rock, etc.) and width (feet) are purely
for documentation. The length input is in nautical miles. The reach
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direction is in degrees measured clockwise from north as with a compass.
The beginning, terminal, and increment depth are in feet and should corre-
spond with the water depths selected in the ship module used to calculate
ship squat (Chapter 4) and RAOs. The outer water depth can be defined as a
fixed or variable value for the range of water depths. A “-1” in this parameter
will insure that an unrestricted channel cross-section is used for all depths.
The next two inputs account for bottom variability. Over-dredge is the
amount of additional clearance assumed due to advance maintenance or
dredging tolerance. Typical values are 2 ft. The dredge variability is a
tolerance for dredging execution to account for unevenness (i.e., non-
horizontal level) of the bottom. While the project depth is assumed to be flat
with no variability or unevenness, a typical value of 0.85 ft is specified for
the over-dredge variability. The wave coefficient of variation is an indication
of the reliability of the waves with a typical value of 0.4.

Table 3. Ambrose Channel parameters.

Reach Wave Length Angle
Group ID No. ID Reach ID (ft) (NM) (deg)
Phase 1 1 100-311 Channel 2,000 0.33 117
211 waves 2 400-611 Mound 2,000 0.33 105
Phase 2 1 119-309 Channel 2,000 0.33 117
24 waves 2 419-609 Mound 2,000 0.33 105
Notes:

1. Phase 1 consists of 211 waves.
2. Phase 2 consists of 24 waves.

3. Angle = channel alignment relative to outbound vessel, clockwise from north. For channel reach,
Angle = 297 deg - 180 deg = 117 deg since channel is aligned with NW/SE. For mound reach, Angle =
105 deg as aligned with straight path toward main Ambrose Channel from mound area.

4. Channel width = 2,000 ft.

5. Effective depth variability = 0.1 ft.

6. Bottom type = sandy for channel reach and hard for mound reach.

7. Depth increment = 1 ft.

8. Overdredge allowance = 2 ft for channel reach and O ft for mound reach.
9. Dredge variability = 0.85 ft.

10. Wave coefficient of variability = 0.4.

11. Risk level = 0.01.

Waves

CADET requires directional wave spectra to predict vertical ship motions.
The user can input one or more files as necessary for the project goals. In
the typical application of CADET for design life predictions, it is customary
to use something like a 20 yr hindcast. The Wave Information Study (WIS)
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is a good source of data for coasts around the US (http://chl.erdc.usace.army.
mil/wis). The user selects the WIS station that is closest to the project site and
sorts it into joint distribution tables of wave height and period for fixed
wave directions. The WIS outputs data in 22.5 deg bins, so this is a good
directional increment to use in CADET (although other values can be used).
If the WIS station is greater than approximately 5 nm from the project site,
the data should be transformed to the site. Also, if the channel is long, waves
may transform from one end to the other, so the STWAVE type of program
can be used to predict ratios relating incident wave conditions to output
stations along the reaches of the channel (Stauble et al. 2001, Thompson
2002). Except for reflections, waves do not travel offshore from land.
Therefore, the user can reduce the number of waves in this database by
eliminating waves that are not possible due to blockage from land features.
Wave directions should cover the full directional exposure of the channel.

Once the 20 yr hindcast database has been transformed to the project site,
a final post-processing step is performed to compute statistical
information. In this case, the user will want to minimize the number of
individual cases according to combinations of wave height, period, and
direction that are representative of the site and would significantly
influence ship motions. Since deep-draft ships are relatively large, one
might want to limit the number of waves to those with longer wave periods
and larger wave heights that would actually affect the vertical ship
motions. One might think that since the largest vertical ship motions occur
for wave periods that coincide with the natural oscillation periods in
heave, pitch, and roll that are typically of the order of 8 sec or larger, it is
reasonable to ignore wave spectra with peak wave periods below 5 or 6 sec.
Similarly, one might think that it is reasonable to ignore the insignificant
ship motions due to waves with heights less than 2 to 3 ft. Of course, this
would be dependent on the size of the ship(s) in the study.

However, a better procedure is to retain all of the data, but set up “bins” for
the sorting that tend to isolate the “tails” data on the low and high ends of
wave period and height. The CEDAS (Coastal Engineering Design and
Analysis System) has a NEMOS (Nearshore Evolution Modeling System)
program that does sorting for joint distributions of wave period and height
for fixed wave directions (NEMOS 2000). For instance, since the bins do
not have to be evenly spaced, one can set up the lower and upper wave
period and wave height bins to include relatively extreme or rare events in
period and height. For instance, the lower wave period bin could include all
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wave periods from 0 to 5 sec. The upper wave period bin might include all
periods between 17 and 23 sec, or whatever high period limit is contained in
the dataset. Similarly for wave heights, bin size can be 2 ft for the smaller
waves with an upper bin to include all waves between 20 and 30 ft. Again,
the number and increments for the bins should be based on the minimum
and maximum values for the entire dataset. The NEMOS reports the
distributions in percent and number of occurrences. The program has the
option to report the mean values for each bin, so these should be used in
building the wave parameter statistics for generating the empirical
directional wave spectra. The number of occurrences relative to the total
provides the wave probabilities for CADET. A good rule of thumb is to
ignore bins that have less than 0.05 percent of the total number of
occurrences as these represent very rare events on both low and high ends
of the dataset. As mentioned previously, wave direction can be limited by
the land features to include lower and upper directions that are possible. A
fixed increment like 22.5 deg is a reasonable value although other values are
also acceptable.

One of the main features in CADET is its risk-based predictions of UKChne:.
The wave climatology for each reach is composed of the set of directional
wave spectra and their associated probability of occurrence. This
probability is converted into the number of days per year that each of the
individual wave components contributes to the total wave environment.
The total of all wave probabilities should equal 1.0 or 365 days. However,
the total can be less than these values since missing values are assumed to
represent wave conditions that are either (a) small and not a concern for
safe navigation or (b) conditions that are very rare and do not represent
more than 0.05 percent of the total number of observations. The small
waves, or calm water, could represent a substantial part of the year, (i.e.,
208 calm water days in Ambrose Channel).

Empirical directional wave spectrum

In CADET, the directional wave spectrum, S(f,0), is typically created using
empirical formulas for the frequency spectrum, S(f), and the directional
spreading function, D(f,0), given by

It must satisfy the constraints that
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S(H=3S£0M0 ; S D(f,0)A0=1 (7)

The TMA (Texel, MARSEN, ARSLOE) is a shallow-water spectral form
(Bouws et al. 1985) for S(f) that characterizes waves generated in deepwater
which have propagated into shallow water. The TMA spectral parameters
are the same as those in the more widely known JONSWAP (Joint North
Sea Wave Program) deepwater spectrum. The TMA spectrum reduces to the
JONSWAP spectrum in the deepwater limit. The TMA is defined as

2

ag a,,b
S(f)=——="——®2af,h 8
() 20 (27f ,h)ey (8)
where:
a = Phillip's constant (defined below)
g = gravitational acceleration
f = frequency
fp = peak spectral frequency

h = water depth
®(2mnf,h) = function of frequency and depth
y = peak enhancement factor
a,b = functions of frequency and peak spectral frequency.

Procedures for estimating a and y are discussed by Hughes (1984), Briggs
(1988), and Briggs et al. (1987). The value for the Phillips constant a (1957)
is calculated using an iterative procedure that compares the target wave
height to the calculated value for a required tolerance. The parameter y
controls the width of the frequency spectrum (small values give broad
frequency peaks and large values give narrow peaks). Comparing sea and
swell wave components, swell tends to have longer wave periods and
correspondingly narrower frequency-space spectra. Table 4 provides some
guidance in the selection of y based on wave period (Thompson et al. 1996).

The directional spreading function, D(f,0), can be approximated using
several different empirical formulas. One of the simplest is a cos"0
directional distribution (Borgman 1990; Smith et al. 2001a). It is given by

1 .[0-6,
D(f,@)_acos[ 5 ] (9)
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Table 4. TMA spectral peakedness yand directional
spreading n parameters.

Tp, SEC y n

<10 33

11 4

12 4 10
13 5 12
14 5 16
15 6 18
16 6 20
17 7 22
18 7 26
19 8 28
20 8 30

where:

C = conversion constant to insure that the constraint in Equation 7
is satisfied
6 = direction of the spectral component
6n = peak or dominant direction of the spectral component.

The SCORES module in CADET requires that 8 be in twenty-four 15 deg
increments from o to 345 deg. The n is the even-numbered exponent that
determines the width of the directional spreading. As for frequency
spreading, a small n gives broader directional spreading and a large n gives
narrower spreading. Guidance as a function of wave period is provided in
Table 4. Calculation of the directional-wave spectra from the WIS 20 yr
hindcast is described in Chapter 5.

Ships

Multiple ships and loading conditions can be selected for each reach in a
project in CADET. Thus, several types of “design” ships can be included in
the overall evaluation of UKCne: and channel accessibility. Since ship squat
(i.e., sinkage and trim) is influenced by the channel cross-section, the user
can accommodate changes in reach bathymetry by specifying different
squat files for different reaches for the same ship. The light- and fully
loaded Susan Maersk ships were used in this study. They were combined
with the appropriate ship squat (i.e., sinkage and trim) from the CADET
BNT ship squat module. A description of this program is contained in
Chapter 4.
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3 Numerical Wave Models

This chapter describes two numerical wave models that were used to
examine wave transformation between offshore locations and Ambrose
Channel and over the mound. The coastal wave transformation numerical
models, STWAVE and CMS-Wave, were applied on a rectangular grid to
provide a reliable representation of wave conditions at the entrance to the
channel and the mound as well as waves in and along the channel and
outside the channel. STWAVE runs on the HPC platforms with parallel
processing while CMS-Wave runs more efficiently on a PC with multiple
processors. In terms of wave transformation from deepwater to nearshore,
both models have similar capabilities (e.g., wind input, wave generation
and growth, wave transformation over long fetches, wave shoaling,
refraction, breaking, and dissipation).

STWAVE
Model description

The purpose of STWAVE (STeady-state spectral WAVE model) is to provide
a simple, robust numerical model for simulating nearshore wind-wave
growth, propagation, and transformation (Smith 2001; Smith 2007; Smith
and Zundel 2006; Smith et al. 1999; and Smith et al. 2001a). It is a finite-
difference, phase-averaged spectral wave model based on the wave action
balance equation. This directional spectral wave transformation model
solves for the spatial variation of steady-state wave energy without the
calculation of wave phase. It computes nearshore wave transformation
including refraction, shoaling, and breaking as well as wind-wave
generation.

STWAVE can operate in two wave transformation modes: half-plane and
full-plane. The half-plane mode allows wave energy to propagate only from
the offshore towards the nearshore (+87.5 deg from the x-axis of the grid,
which is typically the approximate shore-normal direction). All waves
traveling in the negative x-direction, such as those reflected from the shore-
line, steep bottom features, and structures as well as those generated by
offshore-blowing winds, are neglected in half-plane simulations. The full-
plane mode allows wave transformation and generation on the full 360 deg
plane. Table 5 summarizes the features for each mode. Previously
mentioned features that are not listed in this table are available in both
modes.
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Table 5. Summary of half-plane and full-plane features

Feature Half Plane | Full Plane
Wave transformation and generation on full 360 deg plane X

Option for wave-current interaction X

Option for direct input of wave parameters to create TMA spectrum X
Direction bins restricted to 5 deg X

DX and DY grid cell spacing must be the same X

Requires iterative criteria X

The full-plane option of STWAVE is not intended to be a replacement for
the half-plane version, but an addition. The half-plane version requires
considerably lower memory requirements, executes faster, and is generally
appropriate for most nearshore coastal applications with the exception of
semi-enclosed bays and lakes where there is no obvious offshore direction.
For these cases, the full-plane version should be applied since it allows wave
transformation and generation in all directions. Some STWAVE model
options are unique to either half-plane or full-plane mode. The primary
output parameters from STWAVE are wave height, period, and direction.
The calculated directional wave spectra, radiation stresses, and wave
breaking index information may also be output for circulation modeling.

Capabilities and assumptions

STWAVE simulates depth-induced wave refraction and shoaling, current-
induced refraction and shoaling, depth- and steepness-induced wave
breaking, wind-wave growth, and wave-wave interaction and white-capping
that redistributes and dissipates energy in a growing wave field. The
governing equations are similar between the half-plane and full-plane
modes and also similar to equations used in the CMS-Wave. These will be
described in the CMS-Wave section. Additional information about STWAVE
and its application is available from related publications (Smith 2001;
Smith 2007; Smith and Zundel 2006; Smith et al. 1998 and 1999; Smith et
al. 2001a and 2001b; and Thompson 2002).

The basic assumptions made in STWAVE are the following:

1. Phase-averaged. STWAVE is based on the assumption that relative phases
of the spectral components are random, and phase information is not
tracked. A phase-resolving model should be applied to resolve detailed
near-field reflection and diffraction patterns near coastal structures.
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2. Mild-bottom slope and negligible wave reflection. Waves reflected from
the shoreline or from steep-bottom features are neglected.

3. Steady-state waves, currents, and winds. STWAVE is formulated as a
steady-state model, which reduces computation time and is appropriate
for wave conditions that vary slower than the time it takes for waves to
transit the domain. For wave generation, the steady-state assumption
means that the winds have remained steady sufficiently long for the waves
to attain fetch-limited or fully developed conditions (waves are not limited
by the duration of the winds).

4. Linear refraction and shoaling. STWAVE incorporates linear wave
refraction, shoaling, and propagation, and, thus, does not represent wave
asymmetry or other nonlinear wave features. Model accuracy is reduced
(e.g., underestimated wave heights) at large Ursell numbers (e.g.,
nonlinear waves in shallow water).

5. Depth-uniform current. The wave-current interaction in the model is
based on a current that is constant throughout the water column; the
modification of refraction and shoaling due to strong vertical gradients is
not represented.

6. Linear radiation stress. Radiation stress is calculated based on linear wave
theory. Contributions of wave roller effects to radiation stresses in the surf
zone are neglected.

CMS-Wave

Model description

CMS-Wave is similar to STWAVE in some ways and different in other
areas because it includes several additional capabilities which are specific
to coastal inlets and wave-structure interaction problems. It is a phase-
averaged, half- or full-plane spectral wave model for propagation of
directional irregular waves over complicated coastal bathymetry where
wave refraction, diffraction, reflection, shoaling, and breaking over
currents occur simultaneously (Lin et al. 2008 and 2011). The model,
previously called WABED (Wave-Action Balance Equation Diffraction), is
part of the Coastal Modeling System (CMS) developed in the Coastal Inlets
Research Program (CIRP), US Army Engineer Research and Development
Center (ERDC). It solves for the Wave-Action Balance Equation using a
forward-marching numerical scheme. The diffraction term is formulated
from a parabolic approximation equation (Demirbilek et al. 2009 and
Mase et al. 2005a).
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Capability and features

Because CMS-Wave is designed for coastal inlet applications, it has many
special features for waves interacting with coastal inlet structures and
adjacent beaches. These include wave reflection, various intensity of
diffraction, floating breakwater, caisson, semi-permeable and non-
permeable rubble mound breakwaters, which are in addition to the general
features such as wind-wave generation, bottom friction, and grid nesting
capabilities. Another important feature of CMS-Wave is its coupling with
CMS-Flow, a circulation and sediment transport model in the CMS package,
designed to simulate the morphology evolution at inlets, channels, and
along beaches. For this reason, additional features such as wave run-up and
overtopping on beach face and structures, wave energy damping over
muddy beds, nonlinear wave-wave interactions, and spatially varying cell
sizes have recently been incorporated into the model. CMS-Wave also has a
rapid mode that can reduce the computational runtime when doing long
term simulations. Not all of these features were used in this study. Details of
these CMS-Wave-specific features are discussed in Appendix A.

Governing equations

The governing equation for both STWAVE and CMS-Wave is the wave-
action balance equation. For CMS-Wave it is defined as

9(C N
3(CXN)+ (c, )+5(CeN>:D(K,0,9)_8bN_S (10)
Ox oy 09

where x and y are the horizontal coordinates; Cx, Cy, and Cy are the
characteristic velocity with respect to x, y, and 0, respectively; ¢ is the
parameterization of wave breaking energy dissipation; and S denotes
additional source, Sin, and sink, Sgs (e.g., wind forcing, bottom friction loss,
etc.) and a nonlinear wave-wave interaction term, Sni.

The wave-action density, N, a function of frequency, s, direction, 0, and
spectral wave energy density, E(0,0), is defined as

_ E(0,0)
0

N (11)

where E(c,0) represents the wave energy per unit water-surface area per
frequency and direction interval. In the presence of an ambient current,
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the wave-action density is conserved whereas the spectral wave density is
not (Bretherton and Garrett 1968; Whitham 1974).

The first term D(x,0,0) on the right side of Equation (10) is the wave
diffraction term developed by Mase (2001). It takes into account the effect
of an ambient horizontal current on waves. In CMS-Wave it is defined as

D(x,0,8) =~/ (CC cos?aN ) —Cecos?oN 12
(x,0, )_%( , oS y)y— 5 cos’ON (12)

where « is an empirical parameter representing the intensity of diffraction;
C and Cy are wave celerity and group velocity, respectively; and Ny and Ny,
denote the first and second derivatives of N with respect to y, respectively.
Wave diffraction is not modeled but simply approximated in STWAVE by a
diffusion term (e.g., an arithmetically smoothed function of the wave
heights at the three cells closest to the structure).

Thus, both wave diffraction and energy dissipation are included in the
governing equation. Implementation of the numerical scheme in
CMS-Wave is described by Mase (2001), Mase et al. (2005a), and Lin et al.
(2008). Additional details on the wave theory in CMS-Wave are presented
in Appendix A.

Model setup and parameters

Both STWAVE and CMS-Wave were run on the same rectangular grid using
the half-plane versions of models to reduce the computational time. The
same grid files and input files were used in both models. Figure 4 shows the
model domain and bathymetry contours for Ambrose Channel and the
mound. The model grid covers a rectangular area of 25 km x 40 km with the
long axis along the Ambrose Channel. It consists of 1000 x 1600 cells with
constant cell spacing of 25 m x 25 m. The Ambrose Channel Entrance is
located approximately in the center of the domain with the main channel
running toward the northwest corner of the grid that leads to Port of New
York/New Jersey. The submerged mound is located 1 km east of the
Ambrose Channel Entrance.

Figure 5 shows the bathymetry contours of the submerged mound. Wind
and water level input were not included in the present modeling so the
local wave generation and tides are not simulated. The vertical datum is
specified as Mean Sea Level (MSL).
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Figure 4. Wave transformation modeling domain for Ambrose Channel and mound (a) Google

image and (b) STWAVE and CMS-Wave grid.
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Figure 5. Mound reach bathymetry.

The default parameters were used (Appendix A) with the Extended Goda
wave-breaking formula and a diffraction intensity of & = 4. A constant
Darcy-Weisbach type friction coefficient of ¢ = 0.005 (default value) was
specified to calculate the bottom friction. Wave propagation and
transformation were computed on a spectral grid of 30 frequency bins
(0.04 to 0.33 Hz with 0.01 Hz increment) and 35 direction bins (covering
a half-plane with 5 deg spacing). Incident wave information is provided
along the sea boundary based on design wave conditions as the half-plane
TMA directional spectrum. The Surface-water Modeling System (SMS)
provides the interface for creating CMS-Wave and STWAVE grid which
allows preparing model input parameters and generating the incident
wave spectrum (Zundel 2006).

Summary

Two coastal wave transformation numerical models, STWAVE and CMS-
Wave, were used to calculate wave parameters (height, period, and
direction) at the entrance of the Ambrose Channel and over the mound in
the vicinity. These directional spectral wave models were applied in the half-
plane wave transformation mode, meaning that wave energy transformation
was limited from offshore toward the coastline in a 0 to 180 deg sector of
the primary incident wave direction in deep water. The reason for using two
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wave models is because STWAVE is adequate for the nearshore wave
transformation outside the surf zone while CMS-Wave is designed
specifically for navigation channels, and inlet and bay applications involving
processes where waves interact with tides, currents, navigation channels,
muddy bottoms, and coastal structures such as breakwaters, jetties, spurs,
and groins. The results from both models were very similar. The main
purpose of the wave modeling was to evaluate the wave refraction
deformation, shoaling, and wave focusing at and in the lee of a submerged
mound just east of the Ambrose Channel Entrance. Wave input information
was based on design wave conditions and prepared by SMS to generate
directional spectrum as input at the model grid sea boundary. Results
obtained from these wave models are described in Chapter 5.
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4 Ship Squat Theory

Ship squat for the lightly and fully loaded Susan Maersk containership in
the Ambrose Channel and Mound ranges are compared for PIANC,
Ankudinov, and CADET/BNT predictions. Because of the width of both
channels, they are modeled as an “open” or unrestricted channel cross-
section in this study as it is assumed that the effect of the trench will be
minimal on the predicted squat, and any variability is included by using
the average of all the squat predictors.

PIANC squat formulas

PIANC has many empirical formulas for predicting ship squat in entrance
channels. Each formula has certain constraints based on the ship and
channel conditions for which they were developed. No one formula works
best for all channel and ship types. Thus, it is necessary to examine the
squat predictions with more than one formula and compare the results
based on the type of ship, channel, and formula constraints.

Five of the most “user friendly” and “popular” PIANC squat formulas
include those of Barrass (2009), Eryuzlu et al. (1994), Huuska (1976),
Romisch (1989), and Yoshimura (1986). Briggs (2006) programmed these
formulas in a FORTRAN program, and PIANC (2013) provided updates.
All of these formulas give predictions of bow squat (Sp), but only the
Romisch method explicitly gives predictions for stern squat (Ss) for all
channel types. Barrass gives Ss for unrestricted channels (U), and for
canals (C), and restricted (R) channels depending on the value of Cg. Of
course, for channel design, maximum squat is the most important, and
location at the bow or stern is not necessarily significant.

Ankudinov squat formula

The Ankudinov squat formulas are much more complicated than the
PIANC squat formulas and were originally used in the Ship Tow Simulator
(STS). The older versions in the STS tended to overpredict ship squat
(Briggs 2009). However, recent modifications have given more realistic
predictions that are comparable with the PIANC predictions (Briggs and
Daggett 2009). Ankudinov squat predictions account for the effects of
both ship and channel. Initial ship trim has recently been shown by
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German researchers (Harting et al. 2009) to be an important
consideration in dynamic trim and resulting ship squat. Ankudinov
includes mid-point sinkage and initial trim in his predictions.

Ankudinov and Jakobsen (1996) and Ankudinov et al. (1996 and 2000)
proposed the MARSIM 2000 formula for maximum squat based on a
midpoint sinkage S, and vessel trim T; in shallow water. The Ankudinov
method has undergone considerable revision as new data was collected
and compared. The most recent modifications from a study of ship squat
in the St. Lawrence Seaway (Stocks et al. 2002) and emails and telecons in
April 2009 (Ankudinov 2009?) are contained in the FORTRAN programs.

The Ankudinov prediction is one of the most thorough but also the most
complicated formulas for predicting ship squat. These components include
factors to account for the effects of the ship and channel. The restriction
on Depth Froude Number, Fy, is for values less than or equal to 0.6. The
maximum ship squat, Suax, is a function of two main components: the
midpoint sinkage, S, and the vessel trim, T+, given by

Sy =L, (S, TO.5T,) (13)

The Suax can be at the bow or stern depending on the value of 7. The
negative sign in the equation above is used for bow squat, Sy, and the
positive sign for stern squat, Ss.

CADET sinkage and trim

Underway sinkage and trim may be provided externally by calculations or
model test data and imported into CADET. Alternatively, it can be calcu-
lated within CADET using the BNT (Beck, Newman, and Tuck) potential
flow program by Beck et al. (1975). Although included in CADET, BNT is
completely independent and stand-alone. The user has the option to import
squat data from other programs as long as the input format is the same.
Since channel geometry can vary from reach to reach, CADET supports the
ability to define multiple sets of sinkage and trim data sets for the same ship
and loading condition.

1 Per discussion via telecoms and emails with Briggs.
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The BNT sinkage and trim prediction program is based on early work by
Tuck (1966), investigating the dynamics of a slender ship in shallow water
at various speeds for an infinitely wide channel and for a finite width
channel such as a canal (Tuck 1967). This work was expanded to include a
typically dredged channel with a finite-width inner channel of a certain
depth and an infinitely wide outside channel of shallower depth (Beck et

al. 1975).

Figure 6 is a schematic of the simplified channel cross-section used in
BNT. In addition to the automatically specified inside-channel depth, H,
the user has the option to include the channel width, W, and outside
channel depth, Hou: (i.e., similar to PIANC hr trench height for restricted
channels but measured from the water surface to the top of the trench).
For unrestricted channel applications, the user can input “-1” in the Hout
input space to automatically ensure that the outer depths are equivalent to
the inner channel depths regardless of depth increment.

Figure 6. BNT channel geometry variables.

Static Draft

Static Draft +
Squat H

In his early work, Tuck (1966) calculated the dynamic pressure of slender
ships in finite-water depth and infinite- and finite-water width by modeling
the underwater area of the hull. This underwater area was defined by the 21
equally spaced stations along the ship’s length. Therefore, the ship’s
geometry file, draft, speeds, and water depths are used in the BNT squat
calculations. Within this analysis, the fluid is assumed to be inviscid and
irrotational and the hull long and slender. Input hull definition is provided
in terms of the waterline beam and sectional area at 20 stations along the
hull. The dynamic pressure is obtained for each Depth Froude Number Fyx
by differentiating the velocity potential along the length of the hull. The
sinkage and trim predictions are obtained from the dynamic pressure by
calculating the vertical force and pitching moment which are translated to
vertical sinkage and trim angle. The proper use of this BNT program
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requires that channel depths be of the same order as the draft of the ship,
therefore satisfying the shallow-water approximations assumed in Tuck
(1966).

The BNT program produces tabular listings and plots of midship sinkage,
Swmid, and trim, Tk, as a function of Fyn. Sinkage is measured in ft, positive
for downward movement. Trim in ft is the difference between sinkage at
the bow and stern, positive for bow down. The equivalent bow, Sp, and
stern, Ss, squat are given by

S, =S,4 +0.5(T,) )
S =8,.,—0.5(T,)

This is a simplistic representation of the squat at the bow and stern as it
assumes they are equally distant from the midpoint of the ship. In CADET,
the squat is calculated for the actual distances to individual control points.
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5 Waves

This chapter is divided into two main sections: Phase 1 waves and Phase 2
waves. The Phase 1 waves consisted of 211 directional wave spectra from the
WIS hindcast. In this phase, wave transformation between the hindcast site
and the Ambrose Channel location was assumed to be insignificant. The
entire dataset was used in the CADET predictions of vertical ship motions.
Wave transformation was evaluated in the Phase 2 waves section using
STWAVE and CMS-Wave numerical models. A subset of 24 waves from the
Phase 1 waves was selected for further processing in CADET, based on these
transformation results.

Phase 1 waves
Deepwater hindcast waves

The 20 yr hindcast wave data for this study were provided by the Wave
Information Study (WIS). Figure 7 shows the location of WIS Station 126
(WIS126) that was selected due to its proximity to the Ambrose Channel
(Table 6). The WIS hindcast data is provided at 1-hour intervals over the

Figure 7. Locations of WIS126 WIS station and ALSN6 Ambrose Light Station in study area.
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Table 6. Wave climate information.

Depth Latitude Longitude
Source Years (ft) (deg N) (deg W)

WIS126 1980-1999 68.9 40.42 -73.83

20 yr time period. It includes significant wave height, Hs, peak period, Ty,
and peak direction, 6,. The 0, represents the dominant wave direction for
wave energy within the frequency band of peak energy. Wave directions in
degrees are directions from which the waves are traveling, the same as
meteorological conventions.

Figure 8 is a percent occurrence histogram of wave direction, period, and
height. Direction bands are in 22.5 deg increments from o0 to 360 deg. The
numbers on top of the bars are the percentages or number of occurrences,
and the numbers on the bottom of the bars are the mean values. The total
number of points for this dataset is 175,310. The most common wave direc-
tion, with 21.3 percent (37,347) of the cases, is between 168.8 and 191.3 deg
with a mean of 178.4 deg. The overall mean-wave direction is 164.1 deg.

Figure 8. WIS126 percent occurrence histogram of wave direction, period, and height, 1980

to 1999.
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Wave periods range from 1 to 23 sec with variable band limits. The most
commonly occurring wave-period band, with 75.9 percent (132,976) of the
cases, is from 1 to 5 sec with a mean of 4.0 sec. The overall mean wave
period is 4.9 sec. Significant wave heights range from o to 22 ft with variable
band limits. The most common wave height, with 45.3 percent (79,439) of
the cases, is from 2 to 4 ft with a mean of 2.8 ft. The overall mean-wave
height is 2.6 ft. The largest significant wave height is 21.3 ft with
corresponding peak period of 12.5 sec and wave direction of 91.4 deg.
However, this is a very rare occurrence.

Figure 9a is a rose of H, that illustrates the percentage of waves coming
from different directions. Figure 9gb is a similar rose for T. The length of the
radial bars indicates the percentage from that particular wave direction.
Thicker bars represent smaller H; or Tp bands. The lowest bands are shown
nearest the center of the rose. The radial bars become narrower toward the
outer end of each bar indicating increasing wave heights or periods.

Joint probability distributions

The next step in the Phase 1 wave processing was to separate the data into
joint probability or percent occurrence tables of Ty vs. Hs for a realistic set of
direction bands. Because of the angle of the shore, wave directions outside
the range of 56.25 to 213.75 deg would not impact the Ambrose Channel, so
the set of direction bands was reduced. The total number of observations for
the entire 20 yr hindcast dataset is 175,310. The limited dataset has 79.3
percent of these observations, or 139,071 observations. Table 7 summarizes
the lower, upper, and mid-point direction band limits for the seven 22.5 deg
direction bands. The number of observations and the percent of the limited
and total dataset are also listed for each band.

The T, vs. Hs percent occurrence tables for each of the ten direction bands
are contained in Appendix B (top table is the percent occurrence in the
band, and the bottom table lists the corresponding number of occurrences).
From these joint probability distributions of wave period and wave height,
wave parameter statistics were gathered for generating empirical directional
wave spectra representative of the WIS126 deepwater data.

A total of 211 different combinations of Tp, Hs, and 6, were obtained. The
ranges for these parameters were as follows:

e 3.7sec<Tp<16.7sec
e 27ft<Hs<20.8ft
e 67.5deg < 0,<202.5deg
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Figure 9. WIS126 wave roses for 1980 to 1999 (a) wave height and (b) peak wave period.
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Table 7. Band limits on wave direction.

Band Direction band limits, deg No. Percent
No. Lower Upper Middle Observations Limited Total
1 56.25 78.74 67.5 6,324 4.5% 3.6%
2 78.75 101.24 90.0 17,044 12.3% 9.7%
3 101.25 123.74 112.5 20,398 14.7% 11.6%
4 123.75 146.24 135.0 20,324 14.6% 11.6%
5 146.25 168.74 157.5 28,310 20.4% 16.1%
6 168.75 191.24 180.0 37,347 26.9% 21.3%
7 191.25 213.74 202.5 9,324 6.7% 5.3%
Notes:

1. Direction bands were 22.5 deg wide.

2. Total number of observations = 175,310.

3. Total number of observations within direction band limits = 139,071 or 79.3 percent of total.

4. Did not include observations if less than 0.05 percent (i.e., 0.0005) of total.

5. Minimum number of occurrences to keep based on total observations = 88 (70 for direction-limited).

Wave bins that had less than 0.05 percent (i.e., 0.0005) of the total number
of occurrences were eliminated as these represent very rare events on both
low and high ends of the dataset. With the elimination of these rare
occurrences and including all the very low wave energy days, a total of

208 days per year (57 percent of a year) are considered “calm” days. During
these days, wave-induced vertical ship motions are insignificant and will not
impact the available UKCye: in the Ambrose Entrance Channel.

Directional wave spectra

The final step in the process for the Phase 1 waves was to generate a
directional wave spectra using a TMA frequency spectrum and a cos”
spreading function. Spectral frequencies ranged from 0.01 Hz to 0.50 Hz
in 0.01 Hz intervals to cover frequencies corresponding to one half to three
times the peak frequency. Because of directional spreading and CADET
requirements, the full circle of 360 deg was modeled in 15 deg increments.
Spectral wave parameters were selected for each wave based on wave
period, a standard approach for CHL studies. For the TMA spectrum,
frequency spreading is a function of the y parameter that varied between
3.3 (broad) to 8 (narrow). For the directional cos” spreading function, the
n parameter ranged from 4 (broad) to 30 (narrow). These spectra formed
the incident wave input at the beginning of the Entrance Reach 1 and the
mound Reach 2 in the Ambrose Channel.
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Since the wave cases in Phase 1 were assumed to experience no transforma-
tion between the WIS126 buoy and the beginning of the channel and mound
reaches, wave heights in both reaches had the same values for each wave
case. Appendix C contains tables of the wave parameters, probabilities, and
corresponding days per year for each of the 211 wave conditions in Phase 1.

Phase 2 waves

The main purpose of the Phase 2 waves was to evaluate the significance of
wave transformation from the WIS126 hindcast site on the incident wave
properties at the entrance and mound reaches. A secondary concern in
Phase 2 was to evaluate any potential differences in incident wave condi-
tions between the hindcast WIS126 waves and the measured NOAA Buoy
44025 waves (Figure 7). In other words, was there any reason to suspect
one site represented a more realistic source of actual wave conditions in
Ambrose Channel? Finally, many of the waves in Phase 1 were very small or
extremely large. The small waves would not have any effect on wave-
induced ship motions and the large waves represent very rare extreme
events that would be avoided by the pilots. Therefore, both of these wave
types could be eliminated from further investigation. Based on these
reasons, it was decided to reduce the number of waves in Phase 1 and
examine the magnitude of wave transformation, especially the relative
differences between the channel and mound reaches.

Preliminary STWAVE and CMS-Wave comparisons

Wave transformation was evaluated using two different numerical models
to make sure no significant transformation between the offshore sites was
overlooked due to resolution issues. Both STWAVE and CMS-Wave grids
(Chapter 3) were constructed to compare WIS126 and NOAA 44025 wave
conditions and wave transformation to the channel and mound reaches.

Initially, 39 wave conditions from Phase 1 were selected for further study
based on cases that indicated grounding in either the channel or mound
reaches. Grounding was defined for the fully loaded, inbound ship at a
speed of 12 kt due to vertical, wave-induced ship motions without ship
squat or any requirement to maintain a minimum net underkeel clearance,
UKChin, of 2 ft in the channel and 4 ft in the mound reach.

Since many of these cases fall into groups with the same wave period and
direction, it was decided to further reduce this set of 39 waves to a subset
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of 10 waves. This subset included only limiting wave heights (vary with
wave period) in each wave group that lead to grounding. The wave
transformation was examined using the two numerical models, STWAVE
and CMS-Wave. A water depth h = 53 ft was used in the channel reach and
h = 55 ft in the mound reach. Table 8 lists the wave parameters selected
for this wave transformation study. Transformed wave heights at the
channel entrance and on the crest of the mound and the ratios between
these values and incident heights at WIS126 were calculated.

Table 8. Subset of 10 preliminary wave cases, Phase 2.

Run Hs T 6
No. (ft) (sec) (deg)
1 4.9 11.8 67.5
2 6.3 11.6 90

3 5.4 14.3 90

4 3.3 11.9 112.5
5 2.7 14.3 112.5
6 3.2 11.8 135

7 2.1 16.7 135

8 4 11.7 157.5
9 4.5 11.4 180
10 4.3 11.5 202.5

Final STWAVE and CMS-Wave comparisons

Based on analysis of these ratios of wave transformation in the preliminary
comparisons between the two sites and the differences in the model
predictions, a final set of 21 wave conditions was selected for comparison
of wave transformation using incident wave height data from the hindcast
WIS126 and measured NOAA 44025 buoy. The wave parameters for these
waves are listed in Table 9. The wave height and period were held constant
in each of the three subgroups while the wave direction varied from 90 to
150 deg, in increments of 10 deg. Again, transformed wave heights at the
beginning of both the channel entrance and on the mound and the ratios
between these incident heights were calculated.
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Table 9. Final set of 21 numerical model wave cases, Phase 2.
Run Hs Tp 6
No. No. of Cases (ft) (sec) (deg)
1to7 7 6 10 90 to 150, 10
8to 14 7 6 13 90 to 150, 10
15t0 21 7 1.5 8 90 to 150, 10

Based on these final comparisons, a group of 24 wave conditions were
selected for Phase 2. Table 10 lists the wave parameters for these waves. The
wave number and days/year corresponds with the equivalent wave from
Phase 1. The “Inc” is the incident wave height at the WIS126 site while the
“R1” and “R2” correspond to Reach 1 (channel entrance) and Reach 2 (on
the mound), respectively. Ratios are listed that compare R1 wave height to
incident wave height, R2 wave height to incident wave height, etc. In
general, the wave heights were similar to the Phase 1 values and smaller on
average. The channel entrance wave height ratios R1/Inc ranged from 0.7 to
1.0 with an average of 0.9. The mound wave height ratios R2/Inc varied
from 0.7 to 1.2 with an average of 0.9. In general, the mound wave height
ratios were slightly larger than the ratios at the channel entrance, with
R2/R1 ratios ranging from 0.9 to 1.2 with an average of 1.1. In summary, the
range of wave parameters for Phase 2 was:

e 94sec<T,<16.7sec

e 1.9 ft < Hs;< 9.8 ft — Channel entrance or Reach 1
e 2.0 ft < Hs<10.2 ft — On the mound or Reach 2
e 67.5deg <0< 202.5deg

Directional wave spectra

Directional spectra representing these waves were then re-created for
CADET runs using the updated wave heights and water depths for the
channel and mound reaches. For no tide conditions, a water depth of

h=53 ft was used in the channel reach and h = 55, 56, and 57 ft in the
mound reach. High tide water levels of h = 58 ft were used in the channel
reach and h = 60, 61, and 62 ft in the mound reach. Details of the directional
wave parameters for these waves are contained in Appendix C.
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Table 10. Wave cases in Phase 2.

Wave A 0 Hs(ft) Ratios

No. |Days/yr|(sec) |(deg) |Inc |R1 |R2 |R1/Inc|R2/Inc|R2/R1
19 0.01 940 |675 |10.8|9.79|10.2|0.91 0.94 1.04
22 0.02 1180|675 |48 |4.16|44 |0.87 0.92 1.06
46 | 0.06 950 |90.0 |88 |825|85 |0.94 |096 |1.03
52 0.15 1160|900 |48 |445|4.6 |093 |0.95 1.03
61 0.01 1430|900 |48 |438|46 (091 0.95 1.04
64 |0.01 16.70 {900 |29 |261(28 |090 |096 |1.06
82 0.04 9.50 [1125|8.7 [838|94 |0.96 1.08 112
87 0.52 1190|1125|48 |464|54 |0.97 112 1.16
92 0.07 14.30|1125|4.8 |4.70|5.5 |0.98 1.15 1.18
95 0.01 16.70| 112528 |2.77|3.3 |0.99 1.18 1.19
115 | 0.10 9.50 |135.0|8.7 |825|91 |0.95 1.04 1.10
119 |0.21 1180 |135.0 (4.8 |4.58 |52 |0.95 1.08 113
125 | 0.05 14.30|135.0|4.8 |458|53 |0.95 111 1.17
127 |0.01 16.70 | 135.0| 2.8 |2.68|3.2 |0.96 113 119
147 | 0.04 950 |1575 |88 |733 |75 |0.83 |0.85 1.02
152 |0.21 11.70| 1575 | 4.7 |3.66|3.8 |0.78 |0.80 1.03
157 |0.12 14.30| 1575 |4.7 |3.39|3.6 |0.72 0.76 1.05
158 | 0.04 16.70 | 1575 | 2.7 |1.86|2.0 |0.69 |0.74 1.07
177 |0.03 9.50 |180.0|8.7 |802|75 |0.92 0.86 |0.93
181 |0.417 11.40|180.0|4.8 |4.19|3.8 |0.87 0.79 |091
205 |0.01 950 |2025(105|791 |84 |0.75 |0.80 |1.06
206 |0.00 9.50 [2025|13.1]9.87|104|0.75 |0.80 1.06
208 |0.03 1150|2025 (4.7 |319|34 |(0.68 |0.72 1.06
209 |0.01 1150|2025 6.7 |455|48 [0.68 |0.72 1.06
Min: | 0.00 9.4 675 (27 (19 |20 (0.7 0.7 0.9
Ave: |0.08 122 |1369|6.2 |53 |57 |0.9 0.9 11
Max: | 0.52 16.7 202513199 |104 |10 1.2 1.2
Notes:

1. Inc = Incident wave conditions.
2. R1 = Channel Reach 1. R2 = mound Reach 2.
3. Min = Minimum, Ave = Average, Max = Maximum.
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Summary

In Phase 1, a joint probability distribution of wave height and period was
created in seven 22.5-deg direction bands from 56.25 to 213.74 deg. It
consisted of 139,071 observations representing 79.3 percent of the
deepwater data from the WIS 20 yr hindcast buoy WIS126. A total of 211
empirical directional wave spectra were created from this joint probability
distribution. Parameters for these directional spectra were based on wave
period and height for a TMA frequency spectrum and cos® directional
spreading function.

In Phase 2, a subset of 24 directional wave spectra were simulated from
the Phase 1 dataset based on an analysis of wave transformation between
the offshore WIS126 hindcast site and the beginning of the channel
entrance and top of mound reaches. The wave transformation was
performed using both STWAVE and CMS-Wave numerical models.
Incident waves in this study were obtained from two sources: WIS126
station and NOAA Buoy 44025.
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6 Ship Squat Results

This chapter compares PIANC, Ankudinov, and CADET predicted ship
squat for both the lightly and fully loaded Susan Maersk in the main
Ambrose Entrance Channel and over the mound. Although the CADET
predictions are based on the BNT program, they are referred to as
“CADET” or “CAD” in this report.

Light-loaded ship
Entrance channel transit

Figure 10 shows maximum predicted ship squat Syax as a function of ship
speed for the light-loaded (T'=46.0 ft) Susan Maersk containership in the
main entrance channel. Individual squat predictions for the Ankudinov,
CADET, Barrass, Eryuzlu, Huuska/Guliev (1971), Romisch, and Yoshimura
formulas are included. The last five predictors are the PIANC empirical
predictions. This maximum squat can occur at the bow or stern of the ship.
The “average” squat prediction line is also included since it is a good
“design” value. The top plot (Figure 10a) shows the no tide condition in a
water depth of h = 53 ft. Figure 10b is the analogous figure for the high
tide (+5 ft) water depth of h = 58 ft. Table 11 lists the squat values that are
plotted in these figures for each water depth.

For no tide conditions, the UKC = 7.0 ft (i.e., 53.0 — 46.0 ft). Figure 10a
shows that the CADET is on the “low” side and the Ankudinov predictions
tend to be on the “high” side of the squat predictions. Using Vi = 12 kt as
an example, squat ranges from Syax = 1.44 to 3.08 ft, with an average of
2.38 ft. The minimum and maximum squat values correspond to the
CADET (similar to Romisch prediction) and Barrass, respectively.

For the +5 ft tide, the UKC=12.0 ft (i.e., 58.0 — 46.0 ft). At Vi =12 kt, squat
ranges from Syax=1.30 to 3.08 ft, with an average of 2.21 ft. Again, the
minimum and maximum squat values correspond to the CADET (similar
to Romisch prediction) and Barrass, respectively.

Since the UKC is larger than the predicted squat values, it would appear
that there are no UKC concerns for both the “no tide” and high tide
transits with the light-loaded ship. Of course, this does not include the
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Figure 10. Ship squat for light-loaded (7= 46 ft) Susan Maersk containership during channel
transit for Ankudinov, CADET, Barrass, Eryuzlu, Huuska, Rémisch, and Yoshimura predictions

(a) no tide (4 =53 ft) and (b) high tide (/= 58 ft).
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Table 11. Ship squat predictions for light-loaded Susan Maerskin Ambrose Channel.

Spd | Ank CAD B3 E2 Hus Rém | Yosh Save Smin Smax
(kt) | (f) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

h=53 ft

8 141 |059 |138 |1.08 |1.08 |0.69 |0.98 |1.03 |059 (141

10 213 |095 |2143 |[1.80 |1.74 112 |154 (163 |095 |213

12 295 (144 |3.08 |276 |259 |161 (223 |2.38 |1.44 |3.08

14 3.97 208 |[417 |390 |3.77 |230 |3.05 |3.32 [2.08 |4.17

16 512 |295 |545 |531 |535 |3.54 |[397 |453 |295 |5.45

h=58 ft

8 128 |054 |138 |098 (098 |0.66 |0.95 |0.97 |0.54 |1.38

10 190 |0.86 [213 |1.67 |1.57 1.02 |1.48 |152 |0.86 |213

12 266 |1.30 |3.08 [253 |233 |148 (210 |221 |1.30 |[3.08

14 351 |186 |[417 |3.58 |338 |207 |289 |3.06 |[1.86 |4.17

16 453 |261 [545 (486 |4.72 |3.02 |3.74 |413 |261 |5.45

Notes:

Ank = Ankudinov

CAD = CADET

B3 = Barrass version 3

E2 = Eryuzlu version 2

Hus = Huuska/Guliev

R6m = Rémisch

Yosh = Yoshimura

Save, Swmin, Smax = Average, minimum, and maximum of all 7 squat predictions

required UKCuyin and wave-induced vertical motions for heave, pitch, and
roll. These will be discussed in the next chapter and, of course, will reduce
the final UKCpe:. Also, note that the Barrass predictions do not change as
the tide level changes (i.e., fixed 3.08 ft prediction) since this predictor
does not incorporate water depth as a parameter in an open or
unrestricted channel.

Mound transit

Figure 11 is the analogous figure for mound transits with no tide and +5 ft
high tide water depths of h = 55 and 60 ft, respectively. Table 12 lists the
corresponding squat values for the light-loaded Susan Maersk at these two
water depths over the mound. In general, one can expect the ship squat to
be slightly smaller for the mound transits because of the deeper water
depths required to accommodate the additional 2 ft underkeel clearance for
hard bottom compared to the channel with soft bottom.
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Figure 11. Ship squat for light-loaded (7= 46 ft) Susan Maersk containership during mound
transit for Ankudinov, CADET, Barrass, Eryuzlu, Huuska, Rémisch, and Yoshimura predictions
(a) no tide (A= 55 ft) and (b) high tide (/= 60 ft).
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Table 12. Ship squat predictions for light-loaded Susan Maersk during mound transit.

Spd | Ank CAD B3 E2 Hus ROom | Yosh Save Smin Smtax
(kt) | (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

h=55 ft

8 135 |057 (138 |1.05 (1.02 |0.69 |0.98 |1.00 |0.57 |1.38

10 2.03 (092 |213 |[1.74 1.67 |1.08 |1.51 1.58 |0.92 |2.13

12 282 |138 |3.08 |266 |249 |154 (220 |2.31 |1.38 |[3.08

14 3.77 199 |4.417 3.77 361 |220 |299 |3.21 |199 |4.17

16 486 |280 [545 (512 |5.09 |331 |3.87 |436 [280 |5.45

h=60 ft

8 121 |052 |138 |095 (092 |0.66 |0.92 |0.94 |0.52 |1.38

10 1.80 |083 |213 |161 |151 |1.02 |144 |148 |0.83 |2.13

12 253 |125 |3.08 |243 |226 |144 |2.07 (215 |1.25 |3.08

14 338 |1.79 |417 |3.48 |3.22 |200 |282 |298 |[1.79 |4.47

16 433 |250 [545 |469 |4.49 |285 |3.67 |4.00 |250 |5.45

Notes:

Ank = Ankudinov

CAD = CADET

B3 = Barrass version 3

E2 = Eryuzlu version 2

Hus = Huuska/Guliev

R6m = Rémisch

Yosh = Yoshimura

Save, Swmin, Smax = Average, minimum, and maximum of all 7 squat predictions

For the no tide case of h = 55 ft, the UKC=9.0 ft (i.e., 55.0 — 46.0 ft).
Figure 11a shows that the squat predictions are bracketed as before on the
“low” side by CADET and on the “high” side by Barrass. Again using Vi =
12 kt as an example, squat ranges from Syax = 1.38 to 3.08 ft, with an
average of 2.31 ft. The minimum squat values correspond to the CADET
predictions, but are reasonably close to those of Romisch. The maximum
squat values correspond with the Barrass predictions.

For the +5 ft tide, the UKC = 14.0 ft (i.e., 60.0 — 46.0 ft). At Vi = 12 kt,
squat ranges from Syax = 1.25 to 3.08 ft, with an average of 2.15 ft. Again,
the minimum and maximum squat values correspond to the CADET
(similar to Romisch prediction) and Barrass, respectively.
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Similarly to the channel transits, the UKC is larger than the predicted squat
values so that UKC does not appear to be a problem for both extremes of
water level for the mound transits. The deeper mound depths provide
additional UKC for the ship. Again, note that the Barrass predictions are
fixed at 3.08 ft even though the water depth and associated UKC increased.

Comparison of transits

Suppose the ship begins transits in the entrance channel and “strays” over
the mound. What is the difference in squat due to the deeper depth of the
mound transit compared to the channel transit? In general, squat for the
deeper mound transits are smaller than the shallower channel transits
since the ship will not be influenced as much by the deeper bottom. Two
ratios are calculated to quantify this change in squat for each of the
Ankudinov, CADET, Barrass, Eryuzlu, Huuska/Guliev, Romisch, and
Yoshimura predictors as a function of ship speed. The first is the squat
difference, Spis, which is given by subtracting the squat values as

SDif = SMax,Channel - SMax,Mound (15)

where Swmax,channet 1s the predicted squat at the channel and Syax,pound is the
predicted squat at the mound. The second ratio is the corresponding ratio
of mound to channel squat, Sg, given by

S
SR — Max,Mound (16)

S Max,Channel

Figure 12 compares Spir for transits with no tide (Figure 12a) and +5 ft high
tide (Figure 12b) for all seven predictors. Table 13 lists Spirand Sk for both
no tide and +5 ft tide advantage. Again, using Vi = 12 kt as an example for
no tide, squat values range from Spyr= 0.0 ft (Srk = 1.00) for Barrass to
Spir=0.13 ft (Sk=0.96) for Ankudinov predictors. The Barrass Spirequals
zero and the Sr equals one since it is not affected by changes in depth
between the channel and mound. The largest Spir= 0.26 ft (Sk = 0.95) for
Ankudinov and Huuska/Guliev occurs at the fastest ship speed of Vi = 16 kt.
Thus, at speeds of Vi = 12 kt one can expect average decreases in squat
over the deeper mound to 0.07 ft or 3 percent compared to the same transit
over the shallower entrance channel. These small differences are not
significant for the “no tide” condition. Even for the fastest speeds, the
differences in squat between channel and mound transits are relatively
insignificant at 0.26 ft or 5 percent.
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Figure 12. Ship squat differences for mound vs. channel transits with Susan Maersk

containership (7= 46.0 ft) (a) no tide predictions, (b) +5 ft tide advantage predictions.
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Table 13. Effect of tides on squat differences Spirand ratios Sk for mound and channel
transits for light-loaded Susan Maersk containership.

Spd | Ank CAD B3 E2 Hus ROom | Yosh Save Smin Smax
(kt) | (fO) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)
No tide Spir

8 0.07 |0.02 |0.00 |0.03 |0.07 |0.00 |0.00 |0.03 |0.00 |0.07
10 0.10 |0.04 |0.00 |0.07 |0.07 |0.03 |0.03 |0.05 |0.00 |0.10
12 0.13 |0.06 |0.00 |0.10 |0.10 |0.07 |0.03 |[0.07 |0.00 |0.13
14 0.20 |0.09 |0.00 |0.13 |0.16 |0.10 |0.07 |0.11 |0.00 |0.20
16 0.26 |0.15 |0.00 |0.20 |0.26 |0.23 |0.10 |0.17 |0.00 |0.26
No tide Sr

8 0.95 |096 |1.00 |0.97 |094 |1.00 |1.00 |0.97 |0.94 |1.00
10 095 |096 |1.00 |0.96 |0.96 |0.97 |0.98 |0.97 |0.95 |1.00
12 0.96 |096 |1.00 |0.96 |0.96 |0.96 |0.99 |0.97 |0.96 |1.00
14 095 |096 |1.00 |0.97 |096 |0.96 |0.98 |0.97 |0.95 |1.00
16 095 |095 |1.00 |0.96 |095 |0.94 |098 |0.96 |0.94 |1.00
+5 ft tide Soir

8 0.07 |0.02 |0.00 |0.03 |0.07 |0.00 |0.03 |0.03 |0.00 |0.07
10 0.10 |0.03 |0.00 |0.07 |0.07 |0.00 |0.03 |0.04 |0.00 |0.10
12 0.13 |0.05 |0.00 |0.10 |0.07 |0.03 |0.03 |0.06 |0.00 |0.13
14 0.13 |0.07 |0.00 |0.10 |0.16 |0.07 |0.07 |0.09 |0.00 |0.16
16 0.20 (011 |0.00 (016 |0.23 |0.16 |0.07 |0.13 |0.00 |0.23
+5 ft tide Sr

8 095 |096 |1.00 |0.97 |0.93 |1.00 |0.97 |0.97 |0.93 |1.00
10 095 |096 |1.00 |0.96 |0.96 |1.00 |0.98 |0.97 |0.95 |1.00
12 095 |096 |1.00 |0.96 |0.97 |0.98 |0.98 |0.97 |0.95 |1.00
14 0.96 |096 |1.00 |0.97 |095 |0.97 |098 |0.97 |0.95 |1.00
16 0.96 |096 |1.00 |0.97 |095 |0.95 |0.98 |0.97 |0.95 |1.00

Notes:
Ank = Ankudinov

CAD = CADET
B3 = Barrass version 3

E2 = Eryuzlu version 2

Hus = Huuska/Guliev

R6m = Rémisch
Yosh = Yoshimura

Save, Smin, Smax

Average, minimum, and maximum of all 7 squat predictions
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Figure 12b is the corresponding comparison of Spis for the case with +5 ft
high tide. In general, the squat differences are smaller for this deeper depth
scenario. Again, using Vi =12 kt as an example, increases in squat range
from Spi=0.0 ft (Sr=1.00) for Barrass to Spi=0.13 ft (Sk=0.96) for
Ankudinov predictors. The largest Spi=0.23 ft (Sk=0.95) for Huuska/Guliev
occurs at Vi =16 kt. Therefore, at speeds of Vi =12 kt in this deeper scenario
with high tide, one can expect average decreases in squat over the deeper
mound up to 0.06 ft or 3 percent compared to the same transit over the
shallower entrance channel. Again, these small differences are not
significant for the high tide condition.

Fully loaded ship
Entrance channel transit

Figure 13 shows maximum predicted ship squat, Smax, as a function of ship
speed for the fully loaded (T = 47.5 ft) Susan Maersk containership in the
main entrance channel. This figure is similar to Figure 10 for the light-
loaded ship. Figure 13a is for the no tide condition at a depth of h = 53 ft
and Figure 13b is the analogous figure for the high tide (+5 ft) water depth
of h = 58 ft. Table 14 lists the squat values that are plotted in these figures
for each water depth as a function of ship speed and predictor.

For the no tide condition, the UKC = 5.5 ft (i.e., 53 — 47.5 ft). Figure 13a
shows that the CADET and Romisch are on the “low” side and the Ankudinov
and Barrass predictions are on the “high” side of the squat predictions. In this
case, the Ankudinov and Barrass predictions overlap each other. Again using
Vi = 12 kt as an example, squat ranges from Sy = 1.46 to 3.08 ft, with an
average of 2.44 ft. The minimum and maximum squat values correspond to
the CADET and Barrass predictions, respectively.

For the high tide condition shown in Figure 14b, the UKC=10.5 ft (i.e.,
58.0 — 47.5 ft). The CADET and Barrass bracket the squat predictions.
With Vi = 12 kt as an example, squat ranges from Sy =1.32 to 3.08 ft,
with an average of 2.26 ft. The minimum and maximum squat values
correspond to the CADET and Barrass, respectively. The Barrass
prediction is unchanged from the light-loaded ship as it is not affected by
changes in the water depth and the ship draft is sufficient even as the
light-loaded condition to produce the maximum squat. Also, the Barrass
squat prediction is the maximum of all the predictions, the same as with
the shallower depth of h=53 ft.
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Figure 13. Ship squat for fully loaded (7= 47.5 ft) Susan Maersk containership during
channel transit for Ankudinov, CADET, Barrass, Eryuzlu, Huuska, Rémisch, and Yoshimura
predictions (a) no tide (A= 53 ft) and (b) high tide (/= 58 ft).

0 Channel Transit (h=53 ft) with Susan Maersk Containership (T=47.5 ft) |

Ankudinov e N T
===¢=== CADET
—pa— Barrass3

-4 -—pt—- Huuska
—®&— Romisch : : :

-——-Yoshimura2
Ave Channel

Bottom UKC=5.5 ft
63 10 12 R 16
Vk, knots

(a)

Channel Transit (h=58 ft) with Susan Maersk Containership (T=47.5 ft) |

‘.‘..: i i
5 : :
g Ankudinov |
%) ===g=== CADET
1|—e— Barrass3 |
|| === Eryuzlu2
-4 -—pt—- Huuska o
||—’”=— Romisch | : =
=== Yoshimura2
1| =Ave= Ave Channel| .
Bottom UKC=10.5 ft
68 10 12 BT 16
V|, knots




ERDC/CHL TR-14-3

Table 14. Ship squat predictions for fully loaded Susan Maersk during channel transit.

Spd | Ank CAD B3 E2 Hus ROom | Yosh Save Swin Smtax
(kt) | (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

8 148 |0.60 (138 |112 |112 |0.72 |1.02 |1.06 |0.60 |[1.48

10 220 (097 |243 (187 |177 |112 |1.57 1.66 |0.97 |[2.20

12 3.08 |146 |3.08 |2.82 (269 |164 |230 |244 |1.46 |3.08

14 410 (211 (447 |4.04 (390 |236 |3.12 (340 (211 |4.47

16 531 |299 |545 |545 |[551 |3.67 |4.07 |464 |299 |551

8 131 (054 |138 |1.02 [1.02 |0.69 |0.95 |0.99 |054 |1.38

10 197 (088 |213 |1.71 |161 |[1.05 |151 |155 |0.88 |2.13

12 276 |132 |(3.08 |259 |243 |151 |217 (226 |1.32 |3.08

14 3.64 |189 |417 |3.67 |3.48 |213 |292 |3.13 [1.89 |4.17

16 469 |265 |545 (499 |4.89 |312 |3.84 |423 |265 |5.45

Notes:

Ank = Ankudinov

CAD = CADET

B3 = Barrass version 3

E2 = Eryuzlu version 2

Hus = Huuska/Guliev

R6m = Rémisch

Yosh = Yoshimura

Save, Swmin, Smax = Average, minimum, and maximum of all 7 squat predictions

For the fully loaded ship with no tide, the UKC is not much larger than the
predicted squat. Therefore, this will be the worst case scenario for transits
when one includes vertical ship motions and required UKCyin. Again,
these values will be discussed in the next Chapter.

Mound transit

Figure 14 is the analogous figure for mound transits and the fully loaded
Susan Maersk with no tide (Figure 14a) and +5 ft high tide (Figure 14b) in
water depths of h = 55 and 60 ft, respectively. Table 15 lists the
corresponding squat values at these two water depths.
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Figure 14. Ship squat for fully loaded (7= 47.5 ft) Susan Maersk containership during mound
transit for Ankudinov, CADET, Barrass, Eryuzlu, Huuska, Rémisch, and Yoshimura predictions
(a) no tide (A= 55 ft) and (b) high tide (/= 60 ft).
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Table 15. Ship squat predictions for fully loaded Susan Maersk during mound transit.

Spd | Ank CAD B3 E2 Hus ROom | Yosh Save Smin Smtax
(kt) | (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

h=55 ft

8 141 |058 |138 |1.08 |1.05 |0.69 |0.98 |1.02 |058 (141

10 210 (093 |2143 |180 (171 1.08 |154 (161 |093 |213

12 292 |140 |3.08 |2.72 |259 |157 (223 |236 |140 |[3.08

14 3.90 [2.02 |4.17 3.87 |3.71 |226 |3.05 |3.28 |2.02 |4.17

16 505 |285 |545 |525 |525 |341 |397 (446 |2.85 |5.45

h=60 ft

8 128 |053 |138 |098 (095 |0.66 |0.95 |0.96 |0.53 |1.38

10 1.87 |085 |213 |164 |154 |1.02 |148 |150 |0.85 |2.13

12 262 |(1.27 |3.08 |249 |233 |148 |210 (220 |1.27 |3.08

14 351 |182 |417 |358 |335 |207 |285 |3.05 [1.82 |4.17

16 449 254 |545 (482 |466 |295 |3.74 |4.09 |254 |5.45

Notes:

Ank = Ankudinov

CAD = CADET

B3 = Barrass version 3

E2 = Eryuzlu version 2

Hus = Huuska/Guliev

R6m = Rémisch

Yosh = Yoshimura

Save, Swmin, Smax = Average, minimum, and maximum of all 7 squat predictions

For the no tide condition at a depth of h = 55 ft, the UKC = 7.5 ft (i.e., 55.0
— 47.5 ft). Figure 14a shows that the CADET and Romisch are again on the
“low” side and the Ankudinov and Barrass are on the “high” side of the
predictions. Again, using Vi = 12 kt as an example, squat ranges from Smyax
= 1.40 to 3.08 ft, with an average of 2.36 ft. The minimum squat values
correspond to the CADET predictions. The maximum squat values
correspond with the Barrass predictions.

For the high tide condition at h = 60 ft, UKC = 12.5 ft (i.e., 60.0 — 47.5 ft).
Figure 14b shows that the CADET and Barrass again bracket the squat
predictions. Using Vi =12 kt as an example, squat ranges from Spyax =1.27
to 3.08 ft, with an average of 2.20 ft. The minimum and maximum squat
values correspond to the CADET and Barrass, respectively. Again, the
Barrass prediction is the maximum of all the predictions, the same as for
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the channel transits since it does not vary due to open water changes in
water depth.

Comparison of transits

As was done for the light-loaded ships, this section compares the differences
Spirand ratios Sr in ship squat between the mound and channel transits.
Figure 15 compares Spir for transits with no tide (Figure 15a) and +5 ft high
tide (Figure 15b) for all seven predictors. Table 16 lists Spirand Sk for both
no tide and +5 ft tide advantage conditions.

Again using Vi = 12 kt as an example for the no tide condition, squat
increases range from Spir= 0.0 ft (Sz = 1.00) for Barrass to Spir= 0.16 ft
(Sr=1.18) for Ankudinov predictors. The largest Spir= 0.26 ft (Sr = 0.93)
occurs for Romisch at the fastest ship speed of Vi = 16 kt. Thus, at speeds
of Vi = 12 kt one can expect average decreases in squat over the deeper
mound up to 0.08 ft or 3 percent compared to the same transit over the
shallower entrance channel. Again, this is a relatively insignificant change
in squat.

For the high tide condition, the squat differences are smaller for this
deeper water scenario. Again, using Vi = 12 kt as an example, increases in
squat range from Spir= 0.0 ft (Sr = 1.00) for Barrass to Spir= 0.13 ft (Sr =
0.95) for Ankudinov predictors. Even at the fastest ship speed of Vi =

16 kt, the largest Spir= 0.23 ft (Sk = 0.95) for Huuska/Guliev. Therefore, at
speeds of Vi = 12 kt in this deeper scenario with high tide, one can expect
average decreases in squat over the deeper mound up to 0.07 ft or 3
percent compared to the same transit over the shallower entrance channel.

Summary

Seven predictors of ship squat were compared for both the lightly and fully
loaded Susan Maersk transits in the Ambrose Channel for a range of ship
speeds from 8 to 16 kt. The purpose was to indicate (a) the relative amount
of UKC required for ship squat for Ankudinov, CADET, Barrass, Eryuzlu,
Huuska/Guliev, Romisch, and Yoshimura predictors and (b) the effect of
the deeper mound on ship squat relative to the shallower channel transits.
The largest squat will occur for the fully loaded ship in the channel with
the no tide conditions since the UKC is the smallest and the ship will “feel”
the bottom more. The UKC in this case is 5.5 ft (i.e., 53.0 — 47.5 ft). For a
ship transiting the channel at a speed of 12 kt, squat can range from 1.46 to
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Figure 15. Ship squat differences for mound vs. channel transits with Susan Maersk

containership (7= 47.5 ft) (a) no tide predictions, (b) +5 ft tide advantage predictions.
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Table 16. Effect of tides on squat differences Spirand ratios Sk for mound and channel
transits for fully loaded Susan Maersk containership.

Spd | Ank CAD B3 E2 Hus ROom | Yosh Save Smin Smax
(kt) | (fO) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)
No tide Spir

8 0.07 |0.02 |0.00 |0.03 |0.07 |0.03 |0.03 |0.04 |0.00 |0.07
10 0.10 |0.04 |0.00 |0.07 |0.07 |0.03 |0.03 |0.05 |0.00 |0.10
12 0.16 |0.06 |0.00 |0.10 |0.10 |0.07 |0.07 |0.08 |0.00 |0.16
14 0.20 |0.09 |0.00 (016 |0.20 |0.10 |0.07 |0.12 |0.00 |0.20
16 0.26 |0.15 |0.00 |0.20 |0.26 |0.26 |0.10 |0.18 |0.00 |0.26
No tide Sr

8 0.96 |096 |1.00 |0.97 |094 |0.95 |0.97 |0.96 |0.94 |1.00
10 0.96 |096 |1.00 |0.96 |0.96 |0.97 |0.98 |0.97 |0.96 |1.00
12 095 |096 |1.00 |0.97 |096 |0.96 |0.97 |0.97 |0.95 |1.00
14 095 |096 |1.00 |0.96 |095 |0.96 |0.98 |0.96 |0.95 |1.00
16 095 |095 |1.00 |0.96 |095 |0.93 |0.98 |0.96 |0.93 |1.00
+5 ft tide Soir

8 0.03 |0.02 |0.00 |0.03 |0.07 |0.03 |0.00 |0.03 |0.00 |0.07
10 0.10 |0.03 |0.00 |0.07 |0.07 |0.03 |0.03 |0.05 |0.00 |0.10
12 0.13 |0.05 |0.00 |0.10 |0.120 |0.03 |0.07 |[0.07 |0.00 |0.13
14 0.13 |0.08 |0.00 |0.10 |0.13 |0.07 |0.07 |0.08 |0.00 |0.13
16 0.20 |0.12 0.00 |0.16 0.23 |0.16 0.10 0.14 0.00 |0.23
+5 ft tide Sr

8 098 |096 |1.00 |0.97 |094 |095 |1.00 |0.97 |0.94 |1.00
10 095 |096 |1.00 |0.96 |0.96 |0.97 |0.98 |0.97 |0.95 |1.00
12 095 |096 |1.00 |0.96 |0.96 |0.98 |0.97 |0.97 |0.95 |1.00
14 0.96 |096 |1.00 |0.97 |096 |0.97 |0.98 |0.97 |0.96 |1.00
16 0.96 |096 |1.00 |0.97 |095 |0.95 |0.97 |0.97 |0.95 |1.00

Notes:
Ank = Ankudinov

CAD = CADET
B3 = Barrass version 3

E2 = Eryuzlu version 2

Hus = Huuska/Guliev

R6m = Rémisch
Yosh = Yoshimura

Save, Smin, Smax

Average, minimum, and maximum of all 7 squat predictions
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3.08 ft, with an average of 2.44 ft. Even at a ship speed of 16 kt, the squat
increases from a low of 2.99 to a high of 5.51 ft, with an average of 4.64 ft.
Therefore, during transits where wave activity is relatively insignificant,
ship squat should not be a problem, even at the fastest ship speeds. Of
course, one will still want to maintain the required UKCpsin of 2 to 4 ft in
the channel and mound reaches, respectively.

For the mound transits with the same fully loaded and no tide conditions,
the UKC'is 7.5 ft (i.e., 55.0 — 47.5 ft). For a ship transiting the channel at a
speed of 12 kt, squat can range from 1.40 to 3.08 ft, with an average of
2.36 ft. Even at a ship speed of 16 kt, the squat increases from a low of 2.85
to a high of 5.45 ft, with an average of 4.46 ft. Again, during transits where
wave activity is relatively insignificant, ship squat should not be a problem,
even at the fastest ship speeds.

For the light-loaded ship, the predicted ship squat is slightly less, plus the
shallower draft of 46 ft provides an additional 1.5 ft of UKC. Ship squat is
not a problem for the high tide condition as the predicted squat is slightly
lower and an additional UKC of 5 ft is available.



ERDC/CHL TR-14-3 62

7 Ship Motions and Underkeel Clearance

As noted in Chapter 2, CADET outputs the wave-induced vertical motion
allowances, Aj, for each ship loading condition, channel reach, and water
depth. These A; are based on Equation 4 and are output for each wave
condition, transit direction, ship speed, and five critical points. They are
composed of the combined effects of heave, pitch, and roll on each of the
five critical points. Therefore, the CADET “vertical motion allowances” are
equivalent to the generic term “wave-induced vertical ship motions” term.

The FORTRAN program ReadIn_CADET_Allow2 reads in these files and
calculates the largest or maximum allowance over all five control points for
each wave condition, transit direction, and ship speed. These “maximum
values,” Auax, are the vertical motion allowances that are used in this report.
As previously discussed, UKC is the project depth minus the static draft of
the ship. The UKChe: is obtained by subtracting dynamic squat and these
Amax from the UKC.

The first section in this chapter discusses maximum ship displacements
which are an indication of the total clearance that is available for vertical
ship motions and UKCne:. Both lightly and fully loaded ships are discussed.
The next section presents the Phase 1 wave results for the fully loaded ship.
The final section describes the Phase 2 wave results for both the lightly and
fully loaded ship.

Maximum ship displacements

The purpose of the maximum ship displacement, Dy, is to indicate the
“space” in the water column above the bottom that is available to accommo-
date wave-induced vertical ship motions after average ship squat, Save, is
subtracted from the UKC. As long as the ship motions do not exceed Duax,
the ship will be able to safely transit a particular reach without grounding. It
is defined as

DMax = UKC - SAve (17)

For safety and maneuverability concerns in this study, the sponsor
requested a minimum UKCner, UKCuin, be maintained as follows:
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Channel transit, reach 1, soft bottom: UKChsin=2 ft
Mound transit, reach 2, hard bottom: UKCuin=4 ft

These values of UKCuin will add to the clearances required in this study.

Light-loaded ship

Table 17 lists maximum ship displacement Dysax for the channel and mound
reaches as a function of ship speed, water depth, and tide level for the light-
loaded ship. The mound reach includes a range of water depths up to 2 ft
deeper (i.e., h = 56 and 57 ft for no tide and h = 61 and 62 ft for high tide) as
results indicate that these are reasonable values to dredge this reach to
insure safe transits. The Save squat predictions from Chapter 5 are repeated
in this table for reference. Although not listed in Chapter 5, the Save
predictions for the two additional depths over the mound in Reach 2 were
calculated and are shown in this table.

Table 17. Maximum ship displacements Dwaxfor light-loaded ship.

Ship squat Sawe (ft) Maximum ship displacements Duax (ft)
Speed Channel Mound Channel Mound
(kt) h=53ft | h=55ft| =56 ft | =57 ft | =53 ft | =55 ft | =56 ft | =57 ft
No tide
8 1.03 1.00 0.99 0.98 5.97 8.00 9.01 10.02

10 |1.63 |158 |156 |1.54 |5.37 742 |8.44 |9.46
12 |238 |231 [227 |224 |462 |669 |7.73 |8.76
14 |332 |321 |316 [341 [368 |579 |6.84 [7.89
16 |453 |4.36 |4.28 |4.21 |247 464 |572 |6.79
High tide (+5 ft)
h=58 ft | =60 ft | /=61 ft | I=62 ft| /<58 ft | =60 ft | /=61 ft | /=62 ft
8 097 094 093 091 [11.03 |[13.06 |14.07 |15.09
10 |152 |1.48 |1.45 |1.44 |10.48 1252 |13.55 |14.56
12 |221 |245 [242 [210 [9.79 |11.85 [12.88 [13.90
14 |3.06 [298 [294 [2.89 [894 |11.02 |12.06 |13.11
16 |443 |400 [394 |[3.89 |7.87 10.00 |11.06 |12.11

Notes:
1. UKCwmin = 2 ft for channel with soft bottom.
2. UKCwin = 4 ft for mound with hard bottom.
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For channel transits with a project depth of h = 53 ft (no tide), Save ranges
from 1.03 to 4.53 ft with a corresponding Dasax 0of 5.97 to 2.47 ft at ship
speeds from Vi = 8 to 16 kt. At Vi = 12 kt, Dmax = 4.62 ft which still leaves
2.62 ft for ship motions after allowing for the UKCuin of 2 ft. This should
be sufficient to prevent grounding at this ship speed. The faster ship
speeds would probably require the use of some or all of the UKCyin to
prevent grounding as the Dy are smaller.

For mound transits with a project depth of h = 55 ft (no tide), Save ranges
from 1.00 to 4.36 ft with corresponding Dasax of 8.00 to 4.64 ft for the same
range of ship speeds. Although these values are larger than the channel
transit values, the mound transit requires UKCuin of 4 ft. At Vi = 12 kt, the
Duyax = 6.69 ft which leaves 2.69 ft available for ship motions, about the
same as the channel transit. The Dy are reduced for faster ship speeds
similarly to channel transits. The deeper mound depths of h = 56 and 57 ft
will provide approximately 1 to 2 ft additional Dyqx due to the increased
dredging. These deeper depths should provide sufficient Dyax to accommo-
date ship motions and prevent grounding for the light-loaded ship.

Finally, for high tide transits in both channel and mound, ship squat values
are reduced as expected due to the deeper water depths. The corresponding
maximum ship displacement is also increased due to the tide. For light-
loaded transits in the channel at Vi=12 kt, the Dyax=9.79 ft which leaves
7.79 ft to accommodate ship motions after allowing for the UKCuin=2 ft. For
mound transits at Vi=12 kt, the Daax=11.85 ft which leaves 7.85 ft to
accommodate ship motions after allowing for the UKCwmin=4 ft. These values
should easily accommodate increased values of wave-induced ship motions
without grounding.

Fully loaded ship

Table 18 lists maximum ship displacement Dysax for the channel and
mound reaches as a function of ship speed, water depth, and tide level for
the fully loaded ship. It is organized similarly to Table 17 for the light-
loaded ship.

For channel transits (h = 53 ft and no tide) with the fully loaded ship, Save
ranges from 1.06 to 4.64 ft with a corresponding Duax of 4.44 to 0.86 ft at
ship speeds from Vi = 8 to 16 kt. At Vi = 12 kt, Dyax = 3.06 ft which only
leaves 1.06 ft for ship motions after allowing for the UKCpsn, of 2 ft. This
should be sufficient to prevent grounding at this ship speed, but will
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Table 18. Maximum ship displacements Dwax for fully loaded ship.

Ship squat Sae (ft) Maximum ship displacements Duax (ft)
Speed Channel Mound Channel Mound
(kt) h=53ft | h=55ft| =56 ft | =57 ft | =53 ft | =55 ft | =56 ft | =57 ft
No tide
8 1.06 1.02 1.01 1.00 4.44 6.48 7.49 8.50

10 1.66 1.61 1.60 1.57 3.84 5.89 6.90 793

12 244 2.36 2.33 2.29 3.06 5.14 6.17 7.21

14 3.40 3.28 3.23 3.18 2.10 4.22 5.27 6.32

16 4.64 4.46 4.38 4.31 0.86 3.04 412 5.19

High tide (+5 ft)
h=b8ft | =60 ft | =611t | =62 ft| =58 ft | =60 ft | F=61ft | =62 ft
8 0.99 0.96 0.95 0.93 9.51 11.54 | 1255 |13.57

10 1.55 1.50 1.49 1.48 8.95 11.00 |12.01 |13.02

12 2.26 2.20 2.17 214 8.24 10.30 |11.33 |12.36

14 3.13 3.05 3.01 2.96 7.37 9.45 10.49 |11.54

16 4.23 4.09 4.03 3.98 6.27 8.41 9.47 10.52

Notes:
1. UKCwmin = 2 ft for channel with soft bottom.
2. UKCwin = 4 ft for mound with hard bottom.

probably require the use of some of the UKCyin for most wave conditions.
Faster ship speeds would show similar trends, with Dyax continuing to
decrease as speed increases. In Table 18 the value of Dyax=0.86 ft at Vi=16
kt is highlighted in yellow to indicate that there is insufficient clearance to
provide for the full UKCysin (i.e., 2 ft channel and 4 ft mound reach) at this
speed.

For mound transits with a project depth of h = 55 ft (no tide), Save ranges
from 1.02 to 4.46 ft with corresponding Dyax of 6.48 to 3.04 ft for the
same range of ship speeds. At Vi = 12 kt, the Dyax = 5.14 ft which leaves
1.14 ft available for ship motions after allowing for the UKCuin of 4 ft,
about the same as the channel transit. In Table 18 the Dax are reduced for
faster ship speeds similarly to channel transits. The value of Dyax = 3.04 ft
at Vi= 16 kt is highlighted in yellow to indicate that there is insufficient
clearance to provide for the full UKCuin at this speed.
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As before, the deeper mound depths of h = 56 and 57 ft will provide
approximately 1 to 2 ft additional Dysax due to the increased dredging. This
is especially important for the fully loaded ship due its increased draft. At
Vi = 12 kt, the Dyax = 6.17 to 7.21 ft which leaves 2.17 to 3.21 ft available for
ship motions for project depths of h=56 and 57 ft, respectively. Of course,
there is still the UKCuin = 4 ft available if necessary. These deeper depths
should provide sufficient Dyqx to accommodate ship motions and prevent
grounding for the fully loaded ship.

Finally, for high tide transits in both channel and mound, maximum ship
displacement is increased due to the tide. For fully loaded transits in the
channel at Vi = 12 kt, the Dyax = 8.24 ft which leaves 6.24 ft to accommodate
ship motions after allowing for the UKCusin = 2 ft. For mound transits at Vi =
12 kt, the Dyax = 10.30 ft which leaves 6.30 ft to accommodate ship motions
after allowing for the UKCuin = 4 ft. These values should easily accommo-
date increased values of wave-induced ship motions without grounding.

Phase 1 waves - fully loaded ship

The Phase 1 waves consisted of all 211 wave cases from the WIS hindcast.
Only the fully loaded ship was tested in Phase 1 as this was the worst case
scenario for UKC. In general, outbound transits are much less of a problem
than inbound transits as their motions are much smaller. Therefore, most of
the discussion will focus on the inbound transits since they produce the
largest vertical ship motions.

In the first section, typical and extreme examples of CADET maximum
allowances Amqx and corresponding net underkeel clearance UKCne: are
presented. The second section presents average and maximum Apax and
UKChe statistics for all 211 waves in Phase 1. Appendix D contains full
listings of Phase 1 Ay for the fully loaded ship for inbound and outbound
transits for all ship speeds at depths corresponding to no tide and high tide
water levels. Appendix E contains corresponding listings of Phase 1
UKChnet.

Typical and extreme examples

An example of a typical wave, ID 160, occurs 27.1 days/yr with a wave
period of 4.3 s and wave height of 2.8 ft. The extreme wave example, ID
177, occurs only 0.03 days/yr with a wave period of 9.5 s and height of

8.7 ft. Both waves are from 180.0 deg (south), which is the most frequently
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occurring wave direction for Ambrose Channel. The extreme wave is not
necessarily the largest wave of the 211 Phase 1 waves, but is one of the
larger, more frequently occurring waves in this group.

CADET Awmax predictions

Table 19 compares the CADET predictions of Amax allowances in the
channel and mound reaches for the typical and extreme waves in Phase 1.
The Anmax are listed for both inbound and outbound transits for each ship
speed and for no tide and high tide water levels.

Table 19. Maximum vertical motion allowance Aweax (ft), Phase 1, fully loaded ship.

Wave Inbound ship speed Vi (kt) Outbound ship speed Vi (kt)

Reach ID Days/yr |8 10 12 14 16 8 10 12 14 16

No tide

160 271 0.05 |0.10 |[0.08 [0.11 |0.19 |0.02 [0.04 |0.04 |0.05 |0.09
Channel

(h=53ft) |4177 0.04 225 (228 |224 |213 |246 (180 |179 |1.82 | 179 |1.80

Mound 160 |271 0.05 [0.08 [0.07 |0.10 |0.416 |0.03 [0.05 |0.05 |0.06 |0.11

(h=55f1t) | 177 0.04 234 |233 (234 |228 [226 |214 (211 |215 |212 | 210

High tide (+5 ft)

160 271 0.06 [0.09 |{0.08 |0.11 |0.18 |0.03 |0.04 [0.04 [0.05 |0.09
Channel

(h=58f1t) | 177 0.04 2,63 |261 (258 |253 [247 |228 (223 |224 |222 |219

Mound 160 |271 0.06 [0.08 [0.07 |0.09 |0.16 |0.04 [0.05 |0.05 |0.06 |0.11

(h=60f1t) | 177 0.04 272 |269 |268 |264 |258 [256 |251 |252 |249 |(245

Notes:

1. UKCwmin = 2 ft for channel with soft bottom.
2. UKCwin = 4 ft for mound with hard bottom.
3. Wave ID 160 = typical wave case.

4. Wave ID 177 = extreme wave case.

Comparing Table 19 to Table 18 for the maximum possible ship displace-
ments, Dyax, the typical case (ID 160) with no tide will not pose any
problems except for the Vi = 16 kt case as it has the potential to ground at
this speed since some of the UKCysin is required. For the typical wave case,
both inbound and outbound transits in the channel and mound reaches are
okay as Amax is less than the available Dysax. For the channel reach, Anyax =
0.19 ft is less than the Dyax= 0.86 ft available. Similarly, for the mound
reach, Ayax = 0.16 ft is also much less than the Dy = 3.04 ft that is
available. However, some of the required UKCusin (i.e., 2 ft channel and 4 ft
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mound) is used to prevent grounding. For the extreme wave case (ID 177),
however, the channel reach during inbound transits would indicate
grounding as Amax = 2.46 ft is greater than the available Dy = 0.86 ft. All of
the UKCwin is used, but it is not enough to prevent grounding. The mound
reach does not indicate grounding during inbound transits for the extreme
wave case since the Apqx = 2.26 ft is less than the available Dy = 3.04 ft. In
this case, the UKCuin is used to prevent grounding.

In general for the extreme case and other larger wave cases, one should
realize that the ship is not going to actually experience Apx as large as
predicted in most cases if the available UKC is less than the predicted ship
motion. The CADET program does not cut off the vertical motion prediction
based on available UKC. Of course, once the ship is grounded, it cannot
experience any greater vertical motion.

For inbound transits at the slower design speeds of Vi = 12 kt, the Dyax is
3.06 ft in the channel at low tide. This is more than satisfactory to prevent
grounding for the typical case Ayax 0f 0.08 ft, but not large enough to
prevent incursion into the UKCyin for the extreme case with Apax of 2.24 ft.
For the inbound mound transits with similar conditions, the Dyax = 5.14 ft
from Table 18. As before, this is more than adequate to prevent grounding
for the typical case with Ayax = 0.07 ft, but not large enough for the extreme
case with Amax = 2.34 ft. Again, grounding does not occur, just that there is
incursion into the UKCpyin.

None of the high tide ship motions will pose any problems due to the
additional 5 ft of UKC.

CADET UKChnet predictions

Table 20 lists the corresponding UKChne: for the Phase 1 channel and mound
reaches for the same typical and extreme wave conditions. The format is
similar to the previous table for the Ayq in Table 19. Negative values are
highlighted in red since they indicate the possibility of grounding. Caution
should be exercised for values highlighted with yellow background.
Although the ship has not grounded for these cases, it is within the required
UKChin values of 2 ft for the channel and 4 ft for the mound reaches.

Grounding is not a problem for the high tide water levels due to the
additional 5 ft of UKC. Therefore, only the no tide water level cases are
discussed. Also, the extreme wave (ID 177) with the longer period and
larger wave height produces significantly larger vertical motions than the
typical wave case (ID 160).
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Table 20. Net underkeel clearance UACwe: (ft), Phase 1, fully loaded ship.

Wave Inbound ship speed Vi(kt) Outbound ship speed Vi(kt)
Reach ID Days/yr | 8 10 12 14 16 8 10 12 14 |16
No tide
Channel 160 | 27.08 439 |3.74 |298 |199 |0.67 [442 |380 |3.02 |2.05|0.77

(h=531ft) | 177 | 0.04 219 |156 |(0.82 |-0.03|-1.60 (264 |205 |124 |0.31|-0.94

Mound 160 |2708 |6.43 |581 |5.07 |412 |288 645 |584 |5.09 |4.16 |293

(h=55ft) | 177 |0.04 414 |356 |2.80 [194 [0.78 |434 |3.78 |299 |210 |0.94

High tide (+5 ft)

160 |27.08 945 |886 |816 |726 |6.09 [9.48 |891 |820 |732 |6.48
Channel

(h=58ft) | 177 | 0.04 6.88 (634 |566 |484 [3.80 |723 |6.72 |6.00 |5.15 |4.08

Mound 160 | 2708 |11.48 |10.92 |10.23 |9.36 |8.25 | 11.50 | 10.95 | 10.25 | 9.39 | 8.30

(h=601t) | 177 | 0.04 882 |831 (762 |681 583 (898 |849 |778 |6.96|5.96

Notes:

1. UKCwmin = 2 ft for channel with soft bottom.
2. UKCwin = 4 ft for mound with hard bottom.
3. Wave ID 160 = typical wave case.

4. Wave ID 177 = extreme wave case.

For the typical wave and inbound and outbound transits, there is sufficient
UKCnet until Vi=14 kt for both the channel and mound reaches. Grounding
is not indicated, but the ship would be using some of the UKCuin in both
reaches. For the extreme wave in the channel reach, caution should be
exercised for Vi>8 kt for inbound transits and Vi>10 kt for outbound
transits. The ship will ground at Vi>12 kt for inbound and Vi>14 kt for
outbound transits. The ship will experience similar levels of UKCne: during
mound transits, but will not necessarily ground because of the larger
UKChwin of 4 ft over the mound. It will experience incursions into the
UKChwin, however, to prevent grounding. As expected, the UKCye.: decreases
as speed increases.

Average and maximum statistics

As mentioned previously, Amax were calculated for each wave condition,
transit direction, and ship speed. Average and maximum Apqx values over
all 211 waves were calculated to facilitate comparisons among the different
parameters affecting the fully loaded ship transits. The “maximum” Anax
value represents the worst wave case in terms of its ability to produce the
largest Amax. These statistics are presented in this section.
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CADET Awax predictions

Table 21 lists the average and maximum Apz for both the channel and
mound reaches for inbound and outbound transits. For the maximum
wave, the Wave ID is also listed (see Appendix C). As for the typical and
extreme wave examples, the inbound transits produce larger Amqx statistics
than the outbound transits.

Table 21. Vertical motion allowance statistics Awax(ft), Phase 41, fully loaded ship.

Inbound ship speed Vi(kt) Outbound ship speed Vi(kt)

Reach | Statistic |8 10 [12 [14 [16 |8 10 [12 [14 [16
No tide

Average |2.10 |2.43 [2.05 |247 |3.48 [1.48 |1.41]1.39]1.34[1.32
(ii:gnfet') Maximum | 12.11 [ 11.54 | 10.80 | 13.53 | 22.89 |9.58 |9.07 |8.58]8.27 | 7.49

Wave D |163 |163 |163 |163 |163 |163 |163 |163 |163 | 163

Average |2.11 |20 |2.03 |2.09 |2.87 |1.62 |1.55|1.52|1.47 |1.45
(l:”:%“;ft) Maximum | 9.42 |8.82 |8.67 |11.75|19.70 |8.52 |8.04|8.107.80 |7.53

Wave D |427 427 [427 |463 [463 |611 |611 611 |611 |611
High tide (+5 ft)
Average |2.21 [2.18 [2.08 [212 [2.73 |1.78 |1.69|163[1.60 |1.58
Channel | Maximum [11.12 [ 10.53 |9.96 |9.98 |15.89(10.27 |9.74 [9.19 | 8.89 |8.51
(h=58 ft) | Wave ID |163 |163 |163 |163 [163 |163 [163 |163 |163 |163
Average |2.21 |2.17 |2.07 |2.07 |2.64 |1.88 [179|172|1.68|1.67
Mound | Maximum [9.55 |9.02 |8.63 |8.77 |14.96 |9.25 [8.80|8.53|8.568.30
(h=60 ft) | Wave ID 427 |427 |427 |463 [463 |611 [611 |611 |611 |611

Notes:

1. UKCwmin = 2 ft for channel with soft bottom.

2. UKCwin = 4 ft for mound with hard bottom.

3. Wave ID = Wave ID for maximum wave. Mound Wave ID 463 same as Channel Wave ID 163.

Comparing average Amax in Table 21 with Dy in Table 18 for no tide water
levels, inbound and outbound channel transits will not experience
grounding until Vi>14 kt as Ay is less than Dysar. Similarly, inbound and
outbound mound transits will not experience grounding for all ship speeds
since Amax is less than Daax. Of course, some of the UKChin will be used to
prevent grounding for most ship speeds in both channel and mound
reaches. Due to the increase in water level of 5 ft at the high tide condition,
all speeds are acceptable for average wave conditions in both channel and
mound reaches.
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The maximum Awmqx are so large that transits at any speed and reach will
pose a problem regardless of tide level. For the channel reach, Wave ID 163
produces the largest ship motions for both inbound (stern quartering) and
outbound (bow quartering) transits at all ship speeds and both water
depths. With a T,=14.3 s, Hs= 17.7 ft, and 6, = 90 deg it is a very rare
probability of occurrence of only 0.00002, or about 0.2 hr per year. The
maximum ship motions in the mound reach are produced by waves with
similarly rare probabilities of occurrence. For inbound transits at Vi = 8 to
12 kt, Wave ID 427 (similar to Channel Wave ID 127) produces stern
quartering. With a T = 11.8 s, Hs = 16.2 ft, and 0,, = 67.5 deg it has an even
rarer probability of occurrence of 0.00001, or about 0.05 hr per year. For
the faster inbound transits at Vi = 14 to 16 kt, Wave ID 463 (similar to
Channel Wave ID 163) produces stern quartering with the same probability
of occurrence as the channel reach. Finally, for outbound transits at all ship
speeds and both water depths, Wave ID 611 (similar to Channel Wave 1D
211) produces beam seas with associated rolling. With a T, = 11.5 s, Hs =
14.1 ft, and 0, = 202.5 deg it has a similarly rare probability of occurrence of
0.00001, or about 0.05 hr per year. Of course, since these wave conditions
occur so rarely, they can usually be avoided by the pilots.

In summary for inbound transits, the Amar tend to decrease with decreases
in speed and increases in depth due to tide. In general, the Ay for the
mound reach are equal to or less than those in the channel reach. Therefore,
the mound transit is not any more of a problem than channel transits for the
equivalent wave conditions.

CADET UKCnet predictions

Table 22 compares UKChe: statistics for average and minimum values over
all 211 wave cases in Phase 1. The format and color-coding of this table is
similar to Table 20. Note that the “Min” UKCne: corresponds with the
“Max” Apax sSince UKChe: is obtained by subtracting the maximum Apax
from the UKC.

For no tide water levels, average wave conditions and inbound transits in
the channel, the ship should exercise caution for Vi>8 kt and can expect
grounding for Vi>12 kt. Outbound transits show similar trends, but are
delayed until 2-kt faster speeds. Mound transits exhibit similar UKCne:
values for both inbound and outbound transits, but will not experience
grounding because of the additional required UKCuin of 4 ft. The “Min”
UKChne: represents the most extreme of all the 211 waves, so both channel
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Table 22. Net underkeel clearance UACwe: statistics (ft), Phase 1, fully loaded ship.

Inbound ship speed Vk(kt) Outbound ship speed Vi (kt)

Reach Statistic | 8 10 12 14 16 8 10 12 14 16

No tide
Ave 234 |1.71 {1.01 |-0.07 |-2.32 |2.96 [2.42 |1.67 |0.76 |-0.46
Channel
(h=53 ft) | Min -7.67 |-7.70 |-7.74 |-11.43 |-22.03 |-5.14 |-5.23 | -5.52 |-6.17 |-6.63
Ave 437 |3.79 |3.11 |2.13 0.17 485 |4.34 |3.62 |2.75 |1.59
Mound
(h=55 ft) | Min -2.94|-2.93(-3.53|-7.53 |-16.66 [-2.04 |-2.15 |-2.96 |-3.58 | -4.49

High tide (+5 ft)

Ave 730 |6.77 |6.16 |5.25 |3.54 |7.73 |7.26 |6.60 |5.77 |4.69

Channel
(h=58 ft) | Min -1.61|-1.68 (-1.72 |-2.61 |-9.62 [-0.76 |-0.79|-0.95 |-1.52 |-2.24
M Ave 9.32 | 8.82 |8.23 [7.38 5.77 9.66 |9.21 [8.58 |7.77 |6.73
ound

(h=60 ft) | Min 1.99 (198 |1.67 [0.68 |-6.55 [2.29 |2.20 |1.77 |0.89 |0.11

Notes:

1. UKCmin = 2 ft for channel with soft bottom.
2. UKCwin = 4 ft for mound with hard bottom.
3. Min corresponds with Max in Avax table.

and mound would experience grounding at all ship speeds and transit
directions regardless of UKCuin. Finally, trends are the same for both
reaches and the UKCne: decreases as speed increases.

For the high tide water levels and average wave conditions, there are no
grounding problems for both the channel and mound transits due to the
increase in water level.

For the worst case minimum wave condition, the channel would
experience grounding for all speeds and transit directions. Because of the
additional UKCuin of 4 ft over the mound, only Vi>14 kt inbound transits
would ground. Other speeds and outbound transits should exercise
caution as they are using some of the UKChin.

Phase 2 waves

The Phase 2 waves consisted of 24 wave cases that were transformed using
STWAVE and CMS-Wave from the WIS hindcast and NOAA buoy offshore
sites. Both lightly and fully loaded ships were tested in Phase 2. It was
decided to use inbound transits at Vi = 12 kts as the criterion in Phase 2
since this is the typical transit speed and inbound transits have larger ship
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motions than outbound transits. Dredge depths of h = 53 ft in the channel
reach and h = 55, 56, and 57 ft in the mound reach were selected for
comparisons. The high tide level is not a problem because of the additional
5 ft of water level. Therefore, only the “no tide” water level is discussed.

In the first section, CADET Anax and corresponding UKCne: for all 24
waves are presented for the light-loaded ship. The next section presents
similar results for the fully loaded ship. Since only the inbound transits at
Vi = 12 kts are discussed in the text, full listings of inbound and outbound
Phase 2 Amax at all ship speeds are contained in Appendix F. Appendix G
contains corresponding listings of Phase 2 UKChe:.

Light-loaded ship
CADET Awmax predictions

Table 23 lists vertical motion allowances, Awmax, due to the Phase 2 waves
for the light-loaded ship transiting channel and mound reaches at Vi = 12
kt. The mound reach includes the three optional water depths of h = 55,
56, and 57 ft. At the bottom of the table, some values are included for
reference. These include the maximum ship displacement, Dyax, values at
Vi =12 kt from Table 18 and statistics showing the minimum, average, and
maximum Apzax.

As a first comparison, all of the Apaxin both the channel and mound
reaches are less than the Dyx values in Table 17. This indicates that there
is “room” to accommodate the ship motions without grounding. However,
some of the UKCuin will be required in some wave cases.

The next comparison involves a discussion of the relative magnitudes
between the channel and mound Apzax. Yellow highlights in Table 23
indicate those mound A which are at least 0.3 ft larger than the
corresponding channel reach value. This value corresponds to approxi-
mately 10 percent of the maximum channel Ayq.. This value was selected as
it seems statistically significant when comparing channel and mound
values. If the mound Amax is not at least 0.3 ft larger than the channel Awmqx,
one can conclude that there is no significant difference between transits in
the two reaches. Only 6 wave cases are highlighted for the light-loaded ship.
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Table 23. Wave motion allowances Awax(ft), Phase 2, light-loaded ship, 12 kt inbound transits.

Wave Channel Awax Mound Awmax

ID Days/yr h=53ft h=55ft h=D56ft h=5T7ft
19 0.01 2.68 2.07 247 2.25
22 0.02 2.49 1.88 1.95 2.01
46 0.06 2.36 1.58 1.65 1.73
52 0.15 2.27 1.31 1.36 1.42
61 0.01 3.23 1.96 2.01 2.05
64 0.01 3.34 2.08 211 2.15
82 0.04 2.38 1.70 1.78 1.86
87 0.52 2.37 1.64 1.71 1.78
92 0.07 2.92 212 2.18 2.24
95 0.01 3.06 2.08 2.13 2.18
115 0.10 2.34 1.84 1.93 2.01
119 0.21 2.38 2.00 2.07 214
125 0.05 3.00 2,94 2.99 3.03
127 0.01 3.07 3.37 3.39 3.40
147 0.04 2.10 1.77 1.85 1.92
152 0.21 2.04 1.90 1.95 2.01
157 0.12 2.64 2.85 2.83 2.81
158 0.04 2.62 3.23 3.16 3.08
177 0.03 2.24 2.00 2.07 2.15
181 0.17 2.18 2.02 2.08 2.13
205 0.01 2.06 2.40 2.47 2.55
206 0.00 2.56 2.79 2.89 2.98
208 0.03 1.80 2.06 2.10 213
209 0.01 2.59 2.78 2.84 2.89
Reference values

Dwmax, Vik=12 kt 4.62 6.69 7.73 8.76
Minimum 1.80 1.31 1.36 1.42
Average 2.53 2.18 2.24 2.29
Maximum 3.34 3.37 3.39 3.40

Notes:
1. Yellow highlight = AmaxMound = Amax,channel + 0.3 ft.
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CADET UKChnet