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Figure V-5-55. Barbers Point Harbor, Oahu, Hawaii,
location map

Figure V-5-56. Barbers Point Harbor, Oahu, Hawaii (August 1994)

V-5-82

Navigation Projects



EM 1110-2-1100 (Part V)
1 Aug 08 (Change 2)

Navigation Projects V-5-83



EM 1110-2-1100 (Part V)
1 Aug 08 (Change 2)

* Changing economic conditions have created a need for the harbor to serve larger ships. Inresponse
to this need, the State of Hawaii and the U.S. Army Engineer Division, Pacific Ocean, sponsored
physical and numerical model studies to assist in designing harbor modifications (Briggs et al. 1994,
Harkins and Dorrell 1998). The primary study task was to evaluate the navigability of proposed
channel and harbor configurations for a larger design ship unaided by tugs.

* A physical model of the harbor complex and adjacent coastal areas was constructed (Figure V-5-57).
The model scale, 1:75 undistorted, was selected for proper reproduction of important harbor features,
storm waves and longshore currents, and the design ship. Model bathymetry extended to the 30-m
(100-ft) mllw bottom contour and a distance of about 1,067 m (3,500 ft) along the coast on either side
of the entrance channel. Total area covered by the model was over 1,000 sq m (3,500 sq ft). A
directional spectral wave maker was placed seaward of the modeled bathymetry. Longshore currents,
which affect navigation in the existing harbor, were created in the model with a system of PVC pipe
extending along each lateral boundary (with diffuser ports) and meeting at a pump station located
behind the model, landward of the coastline. Pump controls allowed generation of longshore currents
in either direction. Diffuser ports were open or plugged as needed to achieve desired current patterns.

Figure V-5-57. Physical model of Barbers Point Harbor

»  Two design ships were identified, based on anticipated use of the harbor for container and bulk coal
traffic. Existing ships were selected as representative of future harbor traffic, the President Lincoln,
a C9 container ship with capacity of 2,900 TEU operated by American President Lines, and the
Bunga Saga Empat, a bulk carrier (Figure V-5-58). The design bulk carrier was a modified version
of the Bunga Saga Empat, with length increased by 30 m (100 ft). Design ship dimensions are
summarized in Table V-5-15.
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Figure V-5-58. Bulk carrier Bunga Saga Empat

Table V-5-15
Design Ship Dimensions for Barbers Point Harbor Studies

Prototype Ship Dimensions

Container Ship Bulk Carrier
Length Overall 262 m (860 ft) 259 m (850 ft)
Beam 32 m (106 ft) 32 m (106 ft)
Fully Loaded Draft 11.9 m (39 ft) 13.7 m (45 ft)

*  Model ships were constructed to match the harbor model scale, 1:75 (Figures V-5-59 and V-5-60).
Model ships were self-powered by onboard batteries. Forward and reverse speeds, rudder angle, and,
for the container ship, bow thruster direction and speed were remote-controlled.

*  Asetofdesign transit conditions was selected for simulation. Prototype measurements of waves and
currents near the harbor entrance were available. Wave data were collected over a period of
approximately 4 years; currents were collected over a 65-day period. For harbor plan evaluation, the
following conditions were used. The highest measured H, values and a representative range of 7, and
Gp were selected, a total of eight wave conditions. The range of H, and T, values was 2.1 to 3.0 m
(7.0t0 10.0 ft) and 6 to 18 sec, respectively. Longshore currents were selected to represent average,
normal, and extreme conditions from both directions. Extreme currents were 0.41 m/sec (0.80 knot)
from the north and 0.33 m/sec (0.65 knot) from the south. Based on data from a nearby airport,
severe wind speeds of 10.3, 12.9, and 20.6 m/sec (20, 25, and 40 knots) were selected.

Navigation Projects V-5-85



EM 1110-2-1100 (Part V)
1 Aug 08 (Change 2)

Figure V-5-59. Model bulk carrier

Figure V-5-60. Model container ship
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»  Six harbor plans were studied with varying combinations of the waves, current, and wind, as selected
for design transit conditions. Wind forces were simulated with a ship-mounted fan. Model ships
were guided by remote control between deep water and the protected harbor. Both inbound and
outbound runs were made. Two experienced local pilots assisted in verifying the model setup and
conducting some of the runs. Inbound runs were significantly more difficult than outbound runs.
The ship must slow in approaching the entrance and it becomes more difficult to control. Typical
inbound ship speeds are 13.0 km/hr (7 knots) at the seaward end of the entrance channel,
7.4-9.3 km/hr (4-5 knots) in the vicinity of the coastline, and 3.7-5.6 km/hr (2-3 knots) in the harbor.
After a recommended harbor plan was identified, a number of channel/harbor depth variations were
studied to optimize design depths. A total of nearly 2,000 runs were made, of which the majority
were inbound.

* Navigability was evaluated by several methods during the course of the model studies. Ship
operators recorded their observations after each run, with particular attention to any difficulties
during the run. An overhead video camera recorded each run. A commercial motion analysis system
was used to collect and analyze model ship motions. The system uses digital cameras and strobes
to track reflecting balls. Six balls were mounted on the model ship (e.g., Figure V-5-59) and four
were placed at fixed locations around the channel. After processing, the system provides a time
series of clearance between ship hull and bottom.

* Physical model data on ship horizontal and vertical clearance in the channel were evaluated in a
probabilistic assessment of channel design. The design then includes a consideration of the natural
variability of wave, current, wind, ship track, and ship response, which is crucial in realistically
assessing the probability of a momentary grounding event during ship transit. Thus risk of design
ship contact with channel sides or bottom can be incorporated into the design process. The expected
time interval between C9 container ship grounding events as a function of number of transits per year
illustrates risk information available for design (Figure V-5-61). Since several different methods for
estimating probabilities were applied to the physical model tests, the average from all methods is
shown, bracketed by best and worst expected performance based on variability in the methods.
Additional details are given by Briggs, Bratteland, and Borgman (2000).

*  The recommended plan differs from the existing harbor in the following ways:

- Entrance channel is deepened and flares out at the seaward end to allow ships more maneuvering
space during initial approach.

- Transition from entrance channel depth to harbor depth is moved from the coastline to the inner
harbor basin opening. This change moves the transition to a lower wave energy environment and
gives pilots more space to correct when vessel shear occurs at the depth discontinuity.

- Harbor is deepened and expanded in size by excavation in the east part of the harbor.

(b) Additional information, based on numerical model studies of Barbers Point Harbor oscillation
characteristics, is available in Part 11-7.

(2) Ship simulations. Increasingly, deep-draft channels are being designed using ship simulators. For
example, the USAERDC ship simulator is schematized in Figure V-5-62. Ship simulations typically have
pilots operate the steering wheel and ship controls and navigate a realistic course in real time. Pilots give
verbal commands for tug assistance as needed, and an assistant operates tug controls. Pilots are drawn from
professional pilot associations serving the project area. Their experience and intuition aids in evaluating
existing projects as well as refining and studying new alternatives for safe and optimum channels and/or
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Figure V-5-61. Probability assessment for C9 container ship navigating recommended entrance
channel, Barbers Point Harbor
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Figure V-5-62. USAERDC ship simulator system
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turning basins. At some levels of project design, simulators may be used advantageously for fast-time runs
with either autopilot or human control instead of a more comprehensive and costly real-time pilot evaluation
program.

»  Simulators are special numerical models involving representations of a ship, navigation channel,
currents, wind, visual scene (including view over the ship, aids to navigation, bridges, docks, and
other visual features needed for piloting cues and adequate realism), radar image, tugs and thrusters,
ship bridge controls, and typical bridge instruments. Simulated forces and effects are depicted in
Figure V-5-63. The ship model(s) experiences these forces and effects in ways similar to the

prototype ship(s).
SHIP/SHIP
FORCES
BANK FORCES
& MOMENTS

RUDDER

BOTTOM
FORCE EFFECTS

Figure V-5-63. Ship simulator forces and effects

» The key steps in a real-time simulation are shown in Figure V-5-64. Output information saved at
selected short time intervals during a simulation includes ship position, engine and rudder settings,
ship movement information (speed, heading, rate of turn, drift angle), and minimum clearance
relative to channel boundaries. Iftugs are used, information on tug forces imposed on the ship may
also be saved.

»  Two example ship simulator studies are discussed in the following paragraphs. More information
on ship simulators is available from USACE (1998), Webb (1994), and PIANC (1997a).

(a) Example: Alafia River Harbor, Florida. The Alafia River Harbor is located along the eastern shore
of Hillsborough Bay, about 13 km (8 miles) southeast of Tampa, Florida (Figure V-5-65). The
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existing federally maintained project consists of a turning basin adjacent to the dock facilities and a channel
connecting the turning basin to Hillsborough Bay Channel Cut C, the primary north-south shipping channel
in Hillsborough Bay. Total length of the federal project is 5.8 km (3.6 miles). Channel depth is 9.1 m (30 ft)
mllw. Channel width is 61 m (200 ft). The turning basin is 213 m (700 ft) wide and 366 m (1,200 ft) long.

* Alafia River Harbor is used mainly to ship phosphate rock and bulk phosphate products. Ships
typically enter the harbor in ballast and load bulk materials until the ship draft reaches the limit
allowed in Alafia River Channel or until the ship is fully loaded. Ships turn in the turning basin at
the start of the outbound run, in a loaded condition.

* The U.S. Army Engineer District, Jacksonville, funded ERDC to conduct a ship navigation
simulation study to investigate performance of two proposed plans for upgrading the Alafia River
Channel and turning basin to accommodate larger ships. A notable part of the study is the detailed
visual scene developed to provide pilots with realistic visual cues. The cues are a crucial part of
slowing the ship on approach to the turning basin, approaching the dock, and turning the ship for the
outbound run. Figure V-5-66 shows two pilots operating a bulk carrier. One pilot is guiding the
ship, the other is operating tug controls on command. The ship has just entered the turning basin and
turned toward the dock. The view direction (which is easily selected by the pilot) is to starboard,
with the ship bow visible at the right side of the scene. The Alafia Channel heading out to
Hillsborough Bay is visible at the left side, including a channel marker in the foreground. The dock
and dock-side loading facilities are just to the left of the ship bow. Further left are numerous small
trees and a line of rail cars. This scene adjusts continuously as ship position or pilot view direction
change. Additional details of the study are given by Thompson et al. (1998a).

Figure V-5-66. Visual scene of Alfia River Harbor ship simulation study, inbound bulk
carrier approaching dock
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(b) Example: San Juan Harbor, Commonwealth of Puerto Rico. San Juan Harbor is located on the north

coast of Puerto Rico, with open exposure to the Atlantic Ocean (Figure V-5-67). It is the largest port in
Puerto Rico and a major container port. Noncontainerized cargo, such as petroleum products, lumber, grain,
automobiles, and steel, is also imported to the island by sea. Rum, Puerto Rico’s principal export, is shipped
in containers. Cruise vessels frequently call on San Juan Harbor.
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Figure V-5-67. San Juan Harbor, Commonwealth of Puerto Rico, location map

Federally maintained channels include an entrance channel (Bar Channel), a main interior approach
channel to the harbor complex (Anegado Channel), and three interior channels forming a triangular
path accessing the principal dock areas (Army Terminal, Puerto Nuevo, and Graving Dock Channels)
(Figure V-5-68). Design depth of the outer Bar Channel is 13.7 m (45 ft). The deepest approach to
the harbor is the S-shaped path along Bar, Anegado, and Army Terminal Channels, with a controlling
depth of 11.0 m (36 ft). Puerto Nuevo and Graving Dock Channels have design depths of 9.8 and
9.1 m (32 and 30 ft), respectively. Bar and Anegado Channel widths are 152 and 305-366 m (500
and 1,000-1,200 ft), respectively. The other three channels have design widths of between 91 and
122 m (300 and 400 ft).

Wind and waves strongly affect the harbor entrance. Winds are usually steady and are described as
being between 8 and 10 m/sec (15 and 20 knots) predominantly from the east and northeast. Waves
typically approach the entrance from the north, northeast, and east, with significant heights up to
6-7 m (20-22 ft) during severe events.

Pilots typically board inbound ships when they are 4.8 km (3 miles) from the harbor entrance. The
entrance channel can be difficult to navigate in the presence of wind and wave conditions. Ships
must maintain speed in the entrance channel for control, yet they must slow to make the relatively
sharp turn into Anegado Channel. All documented accidents in recent years are groundings that have
occurred on the south side of this turn. The turn is difficult for outbound ships, too, because of the
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Figure V-5-68. San Juan Harbor channels

relatively narrow entrance channel. Sharp turns associated with the relatively narrow interior
channels can also be difficult to navigate.

The U.S. Army Engineer District, Jacksonville, funded a real-time ship simulator study of existing
and two proposed alternative plans to address navigation concerns in San Juan Harbor channels and
to allow access to deeper draft ships (Webb 1993). Controlling depth in the proposed plansis 11.9 m
(39 ft) in Anegado, Army Terminal, and Puerto Nuevo Channels and 11.0 m (36 ft) in Graving Dock
Channel. The purposes of the simulator study were to determine effects of the proposed
improvements on navigation, to optimize channel width and alignment for safe and efficient

navigation, and to determine necessary depths in Bar and Anegado Channel sections affected by
waves.

Design transit conditions were developed. A wind from the northeast was used with a speed of
10.3 m/sec (20 knots) in the outer entrance. Wind speed was decreased to between 0 and 7.7 m/sec
(15 knots) in interior areas sheltered by bluffs and/or tall buildings. Wave information from a
20-year hindcast was used to define incident wave conditions for moderate and heavy seas. A
numerical model transformed the selected incident wave conditions to the harbor and through the

entrance, giving wave estimates along the channel. For simulation, incident H, was 4.6 m (15 ft),

coming from the northeast. This H, is about the practical upper limit for ships to enter the harbor.

The H, progressively decreased along Bar Channel to 1.2 m (4 ft) and then to 0 after the turn into
Anegado Channel. Tidal currents in the channels were determined with a numerical model of the
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harbor embayment. Currents are very small. Since flood tide tends to reduce control of ships
entering the harbor, flood tide currents were used with all simulations. A wave-driven cross-current
of 0.3 m/sec was added in the more exposed section of the Bar Channel, based on pilot comments.

*  Two design ships were used, a tanker 232.6 m (763 ft) in length (LBP) with a 38.1-m (125-ft) beam
and a container ship 246.9 m in length (LBP) with a 32.3-m (106-ft) beam. The inbound tanker draft
(loaded) was 9.8 m (32 ft) for the existing channels and 11.0 m (36 ft) for proposed channels. The
outbound tanker draft (in ballast) was 7.9 m (26 ft). For both inbound and outbound runs, the
container ship draft was the same as the inbound loaded tanker draft.

*  The simulation was validated with the assistance of two pilots from the San Juan Harbor Pilots
Association. Simulations were conducted in three 1-week periods. A total of six licensed San Juan
Harbor pilots conducted the simulations (two per week), giving a representative range of experience
and piloting strategies. Pilots completed a written questionnaire immediately after each run,
including a rating scale of key project features. Some desirable modifications to the proposed plans
emerged after the first week of simulations. The plans were adjusted to improve navigation in
localized areas with difficult clearance and/or to reduce dredging in areas not needed for navigation.

* Design depths for the wave-influenced Bar and outer Anegado Channels were developed in a
separate study component. A range of wave conditions and ship speeds were considered. The sum
of vertical ship motion and squat was used to define the required underkeel clearance to be added to
the 11.0-m (36-ft) ship draft. Because wave height decreases along the Bar Channel, a stepped
design depth was recommended, with depth of 16.8 m (55 ft) at the seaward end of Bar Channel
progressively decreasing in three steps to 13.7 m (45 ft) through the turn into Anegado Channel.

* Results from the simulations were summarized to evaluate proposed plans. For example, average
pilot ratings for inbound container ship runs indicate the plans will significantly improve harbor
access, especially in Puerto Nuevo Channel and at the turn separating it from Army Terminal
Channel (Figure V-5-69). The wider entrance channel in the plans gives a significant improvement.
Ship track plots from all runs show how the increased width and gentler turn would be used in
navigation (Figure V-5-70). An unused area on the outside of the proposed turn is defined by the
envelope of ship tracks. Simulations indicated that a ship could not enter this area and still turn
safely. Therefore, one study recommendation was that the unused area be deleted from the plan,

reducing dredging requirements. Complete results, conclusions, and recommendations are given by
Webb (1993).

c. Specialized field studies.

(1) Harbors. As field measurement and data collection techniques have advanced, field studies have
become powerful and reliable for documenting the behavior of existing harbors. However, the cost for
comprehensive field studies is significant, and such studies are generally practical only for large projects with
high economic impact. Typically, field data are used for calibration and validation in physical and numerical
model studies. Field data helpful for harbor studies include incident directional waves, water levels, waves
and currents at several interior locations, and winds. The data provide valuable information about harbor
response to wind waves and swell, entrance channel wave conditions, harbor oscillations, and circulation and
flushing. A representative, but extensive, field data collection program in the massive Los Angeles and Long
Beach, California, harbor complex is described by Seabergh, Vemulakonda, and Rosati (1992). The program
was aimed at enhancing physical and numerical models used in harbor planning.

(a) Example: Kahului Harbor, Maui, Hawaii. Kahului Harbor, located on the north shore of the Island
of Mauli, is the island’s only deep-draft harbor and the busiest port in Hawaii outside of the Island of Oahu
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Figure V-5-69. Pilot degree of difficulty ratings, inbound container ship, San Juan Harbor

(Figure V-5-71). Commercial piers are presently on the east side of the harbor. In conjunction with long-
term planning for expanded harbor usage, a field wave data collection program was established in the harbor.
The program included an offshore directional array to measure incident waves and four pressure gauges in
the harbor interior (Figure V-5-72). Interior gauge locations were determined with the assistance of a
preliminary numerical model study of harbor wave response (Okihiro et al. 1994).

(b) Data from more than 1 year were collected and proved to be very helpful in subsequent harbor wave
response, modeling, and planning studies (Thompson et al. 1996, Okihiro and Guza 1996).

(2) Ship tracking. The optimum depth and width of proposed navigation channel improvements may be
determined with increased accuracy by measuring actual ship motions. The measurement program should
encompass a significant number of transits of the route during adverse conditions. Availability of differential
Global Positioning System (DGPS) apparatus for recording accurate ship fixes (£3 m) at a rapid rate (0.2 Hz
or faster) makes this an affordable component of feasibility studies. Commercial software is available for data
recording and display in formats applicable to channel design. These systems use standard DGPS receivers
compatible with the U.S. Coast Guard network of DGPS radio beacons, as illustrated in Figure V-5-73. A
time series of fixes is recorded with concurrent gyrocompass headings and other data, such as engine rpm,
rudder angle, and relative wind speed and direction.

(a) Commercial gyrocompasses aboard seagoing cargo vessels usually provide heading accuracy of
+0.3 deg or better. Concurrent time series of position and heading define the swept path of the vessel.
Comparison of ship tracks with tidal currents, winds, waves, water levels, visibility conditions, and other
environmental conditions present at the time of recording, provide channel designers with realistic parameters
for width computations.
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Figure V-5-70. Ship tracks, proposed Bar Channel and turn into Anegado Channel, San Juan Harbor
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Figure V-5-72. Field gauge locations and bathymetry, Kahului Harbor

Navigation Projects



EM 1110-2-1100 (Part V)
1 Aug 08 (Change 2)

GPS position

gyrocompass
" heading

S=._actual track -

intended’ & :
course ~

USCG
DGPS beacon

Figure V-5-73. Components of ship track measurements

(b) A dual-frequency DGPS system that measured horizontal and vertical location of ship bow and stern
with 1 cmaccuracy is described by Webb and Wooley (1998). The data, along with concurrent measurements
of current and water level, provided direct calculation of ship squat. The data are useful for evaluating
existing navigation conditions, designing modifications, and/or validating ship simulation models to study

proposed conditions.
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V-5-12. Definitions of Symbols

a, Breaking wave angle [deg]

A Channel cross-section area [length?]

B Vessel beam at midships [length]

Cy Block coefficient (Figure V-5-4) [dimensionless]

F, Channel depth Froude number [dimensionless]

F, Schijf limiting Froude number (Equation V-5-7) [dimensionless]
g Gravitational acceleration [length/time’]

h Depth of channel [length]

h, h, Overbank depths [length]

L Ship length [length]

Ny Number of boats using the project

T Vessel draft [length]

14 Vessel speed [length/time]

v, Schijf limiting ship speed in squat analysis [length/time]

w Width of channel [length]

Z Maximum ship squat [length]

Z, Maximum ship squat at Schijf limiting Froud number (Equation V-5-8) [length]
Zr Maximum squat in a trench channel (Equation V-5-9) [length]
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