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ABSTRACT

ENVIRONMENTAL TESTING OF AN OPEN
WATER MARITIME SECURITY BARRIER

by
Jackson S. Coyle
University of New Hampshire, September, 2019

A 60 m long Halo Triton floating security barrier, made up of four 15 m segments, was deployed at
the University of New Hampshire (UNH) offshore research site from January to May 2018. The barrier was
constructed with High Density Polyethylene (HDPE), allowing it to be robust, yet compliant, in order to
function in high seas. Computer models of the Triton system’s sea keeping response and mooring system
had been developed, yet required field testing for validation. The project entailed on-site evaluation to
monitor the environmental conditions, the barrier’s dynamic response, mooring forces, and the overall
integrity of the Triton barrier system. The barrier was deployed offshore for five months where winter
storm events provided a rigorous test of the Triton’s structural integrity. Post deployment, a Froude scaled
physical model of the Triton barrier and mooring system were developed for further analysis in the UNH
Ocean Engineering wave tank. Motion and load responses were analyzed to allow the barrier’s response in
a wide range of open water environments to be known. The basic HDPE pipe construction has been
demonstrated to be suitable for sites exposed to severe storm conditions. Careful design of end connections
to reduce fatigue and assembly methods that prevent loosening of threaded connections, however, should be
employed.

xvii

INTRODUCTION

BACKGROUND

Maritime barriers provide protection to resources that may be vulnerable to unwanted water-borne
access. A modular, military grade, open water maritime security barrier was designed and developed by
Halo Maritime Defense Systems to provide protection for offshore installations that require restricted water
space.
Called the Triton, its High Density Polyethylene (HDPE) construction is robust, yet compliant, in order to
remain functional in high seas. This system, however, had not been field tested in storm wave environments.
Also, several design alternatives for attachments needed to be evaluated to identify the best option. Field
data on forcing, motion response and mooring loads was also desired in order to validate computer models
of seakeeping response. The validated models could then be reliably used for site-specific commercial
applications.
An open ocean test site, ideal for testing the Triton barrier, has been permitted and maintained for
research investigations by University of New Hampshire (UNH). Located approximately 1.5 nautical miles
south-southeast of White Island, Isles of Shoals, NH, winter storms at the site would provide a rigorous test
of Triton’s structural integrity. Previous work at the site provided a wealth of environmental data, and site
access and monitoring methods have been worked out over decades of use as a research location.
Located on UNH’s Durham campus is the Chase Ocean Engineering Laboratory, which houses a
variety of ocean engineering instruments, including a 36.6m (120 ft.) long, 3.66m (12 ft.) wide, 2.44 (8 ft.)
deep wave/ tow tank. The wave tank has been successfully used to test scaled fish pens, wave energy
converters as well as other ocean structures in a variety of wave environments. Due to the geometric
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similitude of the tanks depth and the offshore research site at a 1:20 Froude scale, the vertical structure of
waves can be accurately scaled for testing purposes. Utilizing this relationship, a scaled model of the Triton
system could be tested in an appropriately scaled wave environment.

OBJECTIVES

The overall goal of this collaborative project was to better understand how the Triton barrier will
withstand open ocean conditions. The specific objectives were to:











Deploy sections of HALO’s Triton Barrier at the UNH Test Site for 3-6 months
Measure/monitor the system response to the environmental forces
Record the wave and wind environment
Conduct regular site visits to directly observe the system status/integrity
Recover and inspect the system at the end of the deployment
Construct 1:20 Froude-scaled model of Triton system
Subject scaled model to single frequency and random sea waves
Measured scaled mooring loads due to wave forcing
Measure model response to wave forcing
Visually observe model response

Deployment and recovery were principally the responsibility of Halo. UNH was mostly responsible for
obtaining field data and recording visual observation, though on-board data acquisition was maintained by
Halo. All model construction, testing, and data was collected and processed by UNH and did not include
Halo personnel.

2

APPROACH

A prototype of the Triton system was fabricated consisting of four modular units connected by
hinges and delivered for testing. The system was deployed offshore with instruments aboard capable of
measuring motion, location, video and mooring force. Instruments to measure the wave environment were
deployed near the barrier to operate in conjunction with existing instruments in the area. Following the
offshore testing period, the system was recovered, returned to Halo, and a report was written.
Additional aspects of the system that were not directly observed were of interest to both UNH and
Halo, that lead to the development of a Froude scaled physical model for tank testing. The model was
designed, constructed, and tested at UNH’s Chase Ocean Engineering Laboratory. Tank tests were
designed to better understand and observe the Triton system and its response that were not able to be
observed or measured offshore.
The first part of this thesis, PART I, will cover all aspects of the offshore testing of the Triton
system. This includes deployment, observations, instrumentation and data collection, recovery, and data
processing. After the conclusion of offshore testing and related data analysis, scaled model construction and
testing was begun. The scaled model testing and findings will be covered in PART II of this thesis.
Following PART II, conclusions and findings are presented.

BARRIER, MOORING AND UNH TEST SITE DESCRIPTIONS
BARRIER DESCRIPTION

The Triton system is an open water barrier designed to withstand large wave events typical in the
offshore environment. The system deployed at the UNH site consisted of 4 units, each with a length of 15
meters (see Figure 1.) The units were numbered 1002328 (Northern Unit), 1002417 (unit 2), 1002541 (unit
3

3), 1002423 (Southern unit) as seen in Figure 1. Each unit was comprised of different connections between
the A-frame truss, gull wings and the main longitudinal pipes and the tabs used to hold them in place as well
as different net hangers and fasteners. The differences between each unit are summarized in Table 1.
The system is comprised of dual longitudinal flotation modules at the waterline, secured with transverse
modular stanchion elements that support upper and lower longitudinals, impact netting, ballast, and other
barrier components (see Figure 2.) The pipes contain closed cell foam flotation. The upper pipe had
reflective tape applied to enhance night visibility. The lower pipe was filled with heavy chain ballast
providing increased stability. The system was outfitted with lights, radar reflectors and signage as required
using standard mounting plates.

Net Joint 1

Northern
Unit

Unit 1

Net Joint 2

Unit 2

Hinge 1

Net Joint 3

Southern
unit

Unit 3

Hinge 2

Hinge 3

Figure 1: The 4-unit barrier deployed at the UNH site.
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Unit 4

Table 1: Differences between 4-units in Triton system.
Unit
Main Pipe - AFrame Truss
Structural
Connection
Connections
Main Pipe - Gull
Wing Connection
Truss Locators
Locators

1002328

1002417

1002541

1002423

Collar

Collar

Fully
Welded

Collar

Collar

Collar

Collar

Collar

Tapered Plug

Electro-Fused
Tabs

N/A

Thru-Bolts

ElectroFused Thru-Bolts
Tabs
Clamp
Off-the Shelf Off-the Shelf
Off-the Shelf
Hanger
Clamp
Thru-Bolt Clamp Hanger
Thru-Bolts
Hanger
Clamp
Welded
Clamp Hanger
Thru-Bolts
Hanger

Gull Wing Locators Tapered Plug
Top Pipe Net
Hanger
Bottom Pipe Net
Net Hangers
Hanger
A-Frame Net
Hanger

Electro-Fused
Tabs

Upper Net Hangers
UPPER NET SUPPORT PIPE

IMPACT NET

Lower Net Capture
Reflective tape

Main flotation pipes

BALLAST PIPE
(Subsurface)

Ballast truss “Gull Wing”
(Subsurface)

Figure 2: Triton barrier unit components. The main longitudinal flotation pipes are 20 inch OD,
DR17, HDPE pipe.
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The segments were joined together by dual EPDM rubber hinges, as shown in Figure 3. These
hinges allow the segments to contour to the wave environment and can absorb the tension/compression
loads applied to the barrier due to the high energy marine environment. The end mooring attachment points
are illustrated in Figure 4. The impact netting was fabricated from stainless steel, similar to that used in rockfall applications, which has been proven to be robust and corrosion resistant. The Triton barrier stands
approximately two and a half meters (8.2 ft.) off the water and has a beam of 2.1 meters (6.9 ft.).

Hinge
s

Hinge Limiter Cables

Figure 3: Triton barrier hinges between units.
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End connection
mounting bolts

End
connection
floats/straps

Figure 4: End connectors for mooring attachment.

Transverse pipe members were attached to longitudinal pipe members by butt-fusing Tees to the
transverse members. The top of the Tee encircled to longitudinal member. Tees were held in position by
pins or tabs welded to the longitudinal member, or by through-bolting. The exception was Unit 3, for which
the horizontal transverse members, connecting the two waterline longitudinals, were straight welded without
using a Tee.
The stainless steel netting was suspended from the upper longitudinal and attached to the horizontal
transverse members at the waterline (see Figure 2). Attachment methods included hangers strapped around
the pipe and eyes through-bolted to the pipe.
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PART I: OFFSHORE TESTING
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1. OVERVIEW

The 60 m long Triton barrier, made up of four 15 m segments, was deployed at the UNH offshore site from
January to May 2018. Anchored at each end, the barrier was oriented north-south along the site’s western
edge. At the time of deployment, another project was scheduled to use the site, so this placement was
chosen to minimize interference. Two one-ton embedment anchors and two steel floats from previous UNH
projects were made available to Halo. The two-leg mooring was designed and analyzed by Halo using
Orcaflex seakeeping response program. This analysis was reviewed and approved by UNH. During the
deployment, UNH personnel inspected the system on a twice-a-month basis or as weather conditions
allowed. The barrier’s physical condition was recorded through visual observations, photography, and
video. Data from a load cell, an on-board Inertial Measurement Unit (IMU), and video camera were
downloaded manually during the small boat inspection trips. Sea conditions were monitored using a
combination of on-site wave sensors and inferences from the continuously maintained National Data Buoy
Center, Jeffrey’s Ledge wave buoy. The nearby White Island meteorology station was used as the source of
wind data. A camera on Seavey Island, adjacent to White Island, was used to check barrier status once-aday.
UNH advised and helped coordinate the deployment of the mooring system and barrier, which was
carried out by Halo and their contractor, Riverside and Pickering (R & P). The inspection visits were
conducted using the UNH small boat, the Galen J., and the UNH research vessel, Gulf Challenger. Visual,
photo and video observations were obtained jointly and archived by UNH. Wave data was acquired on-site
using a RBR Duet pressure sensor deployed for 4 – 7 week intervals using a moored, subsurface buoy.
Processed wave data included wave spectra, significant wave heights, maximum wave heights and peak
periods. Previously made comparisons indicated excellent correlation between wave data at the UNH site
9

and wave data from the Jeffrey’s Ledge wave buoy when waves are from the important easterly direction.
Due to limited fetch from the west, storm and other severe wave environments at the UNH site are typically
from the east and well-characterized by Jeffrey’s Ledge data.
The units were recovered by Halo using Black Dog Divers as the contractor. Final inspection of the
recovered Triton units took place at the NH State Pier.
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2. UNH TEST SITE AND TRITON MOORING DESCRIPTION

The UNH permitted research test site is located 1.5 nautical miles south-southwest from White
Island, Isles of Shoals, NH (see Figure 5).

Figure 5: Detailed view of the UNH test site in 52 m of water off the Isles of Shoals.
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The coordinates of the site corners are given in Table 2.
Table 2: Coordinates of UNH offshore research site corners.

NW Corner

42°56.66900'

-070°38.11400'

NE Corner

42°56.66900'

-070°37.82400'

SW Corner

42°56.46100'

-070°38.11400'

SE Corner

42°56.46100'

-070°37.82400'

The Triton barrier was oriented north-south, parallel to, and just inside the west boundary of the
research site. The average tidal range seen at Gosport Harbor at the Isle of Shoals from the NOS tide charts
is 2.6m (8.5 ft.). The tidal current experienced at the research site was roughly 10 cm/sec, with weather
forced currents of roughly 40 to 50 cm/sec (Irish, 2010).
A large, wave energy conversion buoy had been scheduled to occupy the center portion of the site,
so the Triton barrier was placed just inside the predominately down-wave edge of the site. The wave energy
converter, however, was not on-site during the Triton barrier experiment due to fabrication delays. Figure 6
shows the overall, two-leg mooring configuration, while Figure 7 provides detail of mooring hardware.
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Figure 6: Cross-section of the Triton barrier mooring design. Numbered callouts describe the
individual mooring components
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Figure 7: Mooring system detail.

Halo produced a computer model of this barrier/mooring system for extreme storm events using
Orcaflex (Osienski 2017). Design criteria included tension forces on mooring gear, as well as displacement
of the system towards the center of the site. The displacement criterion was due to the expected presence of
the wave energy converter. Modeling results were satisfactory to both UNH and Halo.
14

3. DATA ACQUISITION

3.1 ONBOARD GPS

The Triton system was equipped with four Gloabalstar onboard global positioning system (GPS)
tracking devices, one on each of the four units. The Globalstar model SmartONE C was used and can be
seen in Figure 8. The GPS devices allowed for the position of the barrier, while deployed, to be monitored
from shore. As each Triton unit was equipped with a device, in the event of a separation or mooring failure,
each unit could be tracked individually.

Figure 8: Gloabalstar SmartONE C GPS tracking device, 2.54 cm (1 inch) tall, 6.86 cm (2.7
inches) wide, 8.26 cm (3.25 inches) deep.

The devices configuration could be changed remotely using the SmartONE configuration tool.
This could be done online at https://www.orbitaltrack.com/, where the tracking of each device was also
made available. Each device held 4 AAA 1.5v lithium batteries and transmitted its location at three hour
increments. The satellite technology used for tracking was the GPS low earth orbit (LEO) satellite via
Globstar’s simplex data network. The devices were capable of operating in temperatures from -30° to 60°
C.
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The barrier’s motion during the during the entire deployment, including deployment and retrieval,
can be seen in Figure 9, while the barrier’s movement during its time at the research site can be seen in
Figure 10.

Figure 9: Barrier’s motion during entire deployment including deployment and retrieval.
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Figure 10: Barrier’s motion at UNH research site over entire deployment.
3.2 ARDUINO ACCELEROMETER

To measure the gravitational and dynamic accelerations experienced by the Triton system, HALO
developed a 9-axis accelerometer, gyroscope, and magnetometer system for the UNH test. The system is a
ATmega328P microcontroller processor by Arduino. The individual components of the Arduino package
can be seen in Figures 11-13, and the assembled package in Figure 14.
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Figure 11: Arduino™ UNO
Board - or SparkFun
RedBoard.

Figure 12: Adafruit®
ProtoShield with Adafruit®
DS3231 Precision RTC
Breakout and Adafruit® 9DOF Accel/Mag/Gyro+Temp
Breakout Board – LSM9DS0.

Figure 13: Arduino Ethernet
Shield v2 with microSD slot.

Figure 14: Assembled Arduino™ Based Sensor Package with data logging.
The LSM9DS0 inertial module has 9 degrees of freedom and is paired with a Adafruit DS3231 real
time clock. The orientation of detectable accelerations, angular rates, and magnetic fields can be seen in
Figure 15. The inertial module’s specifications are provided in Table 3. The data recorded was stored on a
microSD card where it was data-logged as a .csv file. Using the accelerations, the mean square heave can
be calculated.
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Figure 15: LSM9DS0 Inertial Module.
Table 3: Inertial module specification and configuration. User can choose precision from Value column,
chosen precision shown in Configured Value column.
Specification

Value

Configured Value

Linear Acceleration Measurement Range

+/- 2,4,8,16 g

-2 … +2 g

Magnetic Measurement Range

+/- 2,4,8,12 gauss

-2 … +2 gauss

Angular Rate Measurement Range

+/- 245,500,2000 dps

-245 … +245 dps

To determine the barrier’s heave response to wave forcing, the vertical acceleration was analyzed.
Vertical position of the barrier was measured with respect to the barrier’s average position. The same
approach was taken for velocity and acceleration. Thus, the mean of the acceleration was subtracted from
the acceleration to center the data. The data was also de-trended, to remove any linear trends present. This
process, demeaning and de-trending, was also applied at further steps of vertical acceleration data analysis.
The acceleration data was logged hourly in individual files, and thus analyzed in one-hour
increments after the application of a digital band pass filter. The band pass filter has an order of 500, where
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500 data points of the raw signal are analyzed for each output. The filter allows a desired bandwidth of
frequencies to pass, called the passband, while stopping the unwanted frequencies from passing. These
unwanted frequencies, such as high frequency noise and very low frequency oscillations like tides were not
allowed to pass and therefore removed.
The low stopband and high stopband are the lowest and highest frequency values allowed to pass
through the filter, respectively. Contributions due to frequencies between the low stopband and low
passband, and the high passband and high stopband are attenuated by the filter before being output. The low
and high stopband values of the filter were set at 0.05 and 1.05 Hz, respectively. All contributions at
frequencies lower than 0.05 Hz or higher than 1.05 Hz were removed from the data.
The passband was between 0.0667 Hz and 1.0 Hz, where raw signal contributions due to
frequencies within that bandwidth were passed through the filter without being attenuated. From 0.05-.0667
Hz and 1.0-1.05 Hz, the data was attenuated, reducing the signal’s amplitude before being output. Applying
the filter to the raw acceleration data limited the barrier’s response motion due directly to wave forcing. The
filter allowed heave response to waves with periods from 1 to 15 seconds to pass through the filter, as those
were the range of wave periods observed at the research site. The resulting filtered and original signal can
be seen in Figure 16, which illustrates the process on a representative 20 second record.
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Figure 16: Representative filtered and unfiltered vertical acceleration data on 02/16/2018 from
15:00:00 to 15:00:20.
To determine the barrier’s vertical position, the filtered acceleration data was sequentially integrated
twice numerically. The first integration gave the barrier’s vertical velocity, which was again filtered, detrended and demeaned. The filtered vertical velocity was then again numerically integrated to give the
barrier’s vertical position. This was again filtered, de-trended and demeaned. A plot containing the filtered
results of the representative vertical acceleration, velocity and position can be seen in Figure 17. The
barrier’s position spectral density in response to the wave forcing for one hour is shown in Figure 18.
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Figure 17: Representative filtered vertical acceleration, velocity and position from sequential numerical
integration on 02/16/2018 from 15:00:00 to 15:00:20. A significant wave height of 0.58 m was observed at
research site at 15:01:05 on same day.
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Figure 18: Spectral density of barrier’s vertical position on 02/16/2018 from 15:00:00 to
16:00:00. To characterize the barrier’s heave motion in a manner analogous with the wave
environment data from the research site, the barrier’s significant heave motion (SHM) was
calculated using

Heave motion is quantified in a similar manner as random sea waves, where significant wave height is the
average of the largest one third of wave heights. Significant heave motion (SHM) can be interpreted as the
average of the largest one third of the peak-to-trough vertical position differences, and is thus analogous to
significant wave height of the wave forcing, and is defined as
SHM = 4√𝑚0 = 4RMS,

[1]

where m0 is the variance of the motion, and RMS is the root mean square of the motion and defined as
1

2
𝑅𝑀𝑆𝑚𝑜𝑡𝑖𝑜𝑛 = 2√𝑁 ∑𝑁
𝑛=1|ℎ𝑛 | ,
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[2]

where N is the number of points in the time series, n is the first point in the time series, and h is the vertical
position. As the mean of the barrier’s position signal is zero, the variance of the motion, 𝑚0 , is equal to the
root mean square (RMS) squared, and the standard deviation is equal to the RMS. The RMS of each hour
was found and tabled allowing for time series plots of SHM to be made. The SHM of the month of
February 2018 is shown in Figure 19.

Figure 19: Significant heave motion of the barrier for the month of February, 2018. Significant
heave is approximately equal to the average of the highest one-third of vertical displacement
peak-to-trough differences.

Using the spectral data for the vertical position of the barrier, a random sea response amplification
operator (RAO) could be determined using the following equation
𝐵𝑎𝑟𝑟𝑖𝑒𝑟 Response 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑅𝑎𝑛𝑑𝑜𝑚 𝑆𝑒𝑎 𝑅𝐴𝑂 = √
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𝐵𝑟𝑒𝑡𝑠𝑐ℎ𝑛𝑒𝑖𝑑𝑒𝑟 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚

,

[3]

where the Bretschneider random sea wave spectrum (Bretschneider Spectrum Definition) is found
according to
𝑆(𝑓) =

2
5𝐻1/3

1

16𝑓0 ( 𝑓 )
𝑓0

−5 𝑓 −4
( )
𝑓0

𝑒4
5

.

[4]

The barriers representative random sea RAO was found using the IMU data and wave data from the
Jeffrey’s Ledge buoy using data from 3:06 am to 3:36am on April 5, 2018. From the Jeffrey’s Ledge buoy
the significant wave height (H1/3) was 2.04m with a peak period of 7.69 seconds and a mean wave direction
of 150 degrees from true North. The models heave response spectral density was found by first applying a
MatLab Blackman data window on the time series (t.s.) as seen in Figure 20, then calculating the spectrum.
Applying a data window reduces leakage of lower frequency energy into higher frequency bands.

Figure 20: Blackman windowed time series of the heave motion of the barrier from 3:06 am to
3:36 am on April 5, 2018.
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The Bretschneider random sea wave spectrum was calculated using equation 4 and the raw spectral
density of the windowed time series calculated and can be seen in Figure 21. The spectra were cutoff at
0.092 Hz (10.87 sec) and 0.233 Hz (4.29 sec), as the noise floor of the barrier’s response was reached and
the RAO spectrum could not be resolved outside of those frequencies.

Figure 21: Spectral densities of the barriers heave motion and the Bretschneider wave spectrum
for a significant wave height of 2.4m and a peak period of 7.69 seconds and a wave direction of
150 degrees from true North.
The random sea RAO was found using equation 3 and can be seen in Figure 22. The minima seen
in the heave RAO can be attributed to spikes in the heave response spectrum. Smoothing would have
resulted in reduction in spectral energy and an increase in the RAO’s bandwidth. The peak of 0.69 at 0.137
Hz (7.3 sec) is well correlated with the wave forcing peak frequency of 0.13 Hz (7.69 sec). As the RAO
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fails to reach unity at over the bandwidth of the response, the system’s response is damped for all wave
forcing frequencies present.
The IMU used to measure the barriers dynamics was positioned on the northernmost end of the
barrier. The vertical motion of the barrier at this location could have been limited by vertical mooring forces
transferred to the barrier, as there were no mooring floats present at this time. The mooring forces would
have been applied downward, instead of horizontally had mooring floats been present. The truss design of
the barrier also allows the upper portion of waves to pass through the upper truss, therefore further limiting
the magnitude of barrier’s RAO.

Figure 22: Random sea heave RAO of the barrier from 3:36 am to 4:00 am on April 5, 2018.
The significant heave motion (SHM) was 2.04m with a peak period of 7.69 seconds.
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3.3 ONBOARD CAMERA

To record onsite video, a GoPro HERO 5 black edition camera was mounted at the top of the north
end unit of the Triton system. The camera was directed axially along the barrier to the South end, so the
entire barrier was in the field of view. The camera was housed within a CamDo SolarX, solar powered
enclosure with a CamDo BlinkX camera controller. This assembly was mounted on the same platform as
the data pack, which allowed for access to the camera from the two ladders attached to the barrier. The
cameras internal SD memory card, holding the video, was removed and replaced with every site visit to
ensure enough data storage for the camera to continually operate.
The camera ran on a schedule taking a picture every twenty minutes, and a one-minute video every thirty
minutes from 6:00 am to 6:00 pm daily. With this schedule there were thirty-six photos and twenty-four
videos taken each day during the barrier’s deployment. A sample image taken from the camera during a
storm event can be seen in Figure 23.

Figure 23: Onboard camera view, April 16, 2018.
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3.4 LOAD CELL
To monitor the mooring’s tension, a Sensing Systems model number 11598 pancake-style load cell
rated for 25,000 lbs. was installed on the north end mooring connection. The load cell was recorded using a
single-channel analogue input resistor made by Beckhoff and located in the data pack. Data from the strain
gauge was stored in the data pack via a cable that ran between the two.
As the data pack was lost during a storm before the first site visit, data was never retrieved from the load
cell. The load cell remained intact and in place, but the cable was damaged in the storm and could not be
replaced while the system was in the water. A repair of the cable and load cell was attempted after the
installation of the new data pack, but was unsuccessful.

3.5 WAVE LOGGER

The wave environment of the UNH offshore research site was characterized using a subsurface
wave logger made by RBR seen in Figure 24. The device was attached below a taut-moored, subsurface
buoy at the research site. The device logged pressure from its subsurface location, which was de-trended
and corrected to the surface by dividing by the pressure response factor. This was done using RBR’s
Ruskin software package included with the device. The software provides significant wave height, max
wave height, significant period, peak period and wave energy per area from the wave logger data.
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Figure 24: RBR duet T.D wave logger. Length is 260 mm; diameter is 63.3 mm.
The wave logger was deployed three times over the span of the barrier’s deployment to record the
on-site wave environment. The deployments spanned January 24, 2018 – February 22, 2018, February 22,
2018 - April 3, 2018 and April 3, 2018 – May 24, 2018, respectively as seen in Figure 25. Prior to the end
of the barrier’s deployment on June 10, 2018 the wave logger was removed using the Gulf Challenger as
there were no significant waves forecasted.
2018 Jan
February
Deployment 1
1/24/2018 - 2/22/2018
Deployment 2
Deployment 3

March

April

May

2/22/2018 - 4/03/2018
4/03/2018 - 5/24/2018

Figure 25: Gantt chart wave logger deployment.
The device measured using two channels, pressure and temperature, from its subsurface location
below the wave action. Before deployment the device was programmed to take measurements at a sampling
rate of 4 Hz. The data was collected in bursts that lasted 17.07 minutes taking 4096 samples. Bursts were
collected in 20-minute intervals which allowed for a fresh battery life of 45 days. The device was retrieved
and redeployed twice to download data and change the battery on February 22, 2018 and April 3, 2018
respectively. The wave logger’s deployment ended on May 24, 2018 with its retrieval and return to shore.
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The device was deployed attached to the mooring line where it was held below the surface and
corresponding wave action by a subsurface float as seen in Figure 26. The first deployment held the device
3.63 m below mean water level (MWL) which was shallower than desired, so the mooring line was
shortened before the first redeployment to avoid being impacted by the wave environment. The shortened
line held the device 5.95 m and 5.64 m below MWL for the second and third deployments, respectively.

Figure 26: Schematic of the pressure sensor deployment configuration.

The subsurface float used to hold the mooring line taut was a Woods Hole Oceanographic Institute
(WHOI) elliptical shaped buoy. The buoy consisted of an outer plastic elliptical shaped shell that held seven
20.3 cm (8-inch) poly balls within. The elliptical shape of the buoy reduced drag on the system reducing the
horizontal motion of the device. The poly balls supplied 890 N (200 lbs.) of buoyancy, keeping the
mooring line taut and the device at the desired depth.
The configuration of the entire mooring system used to hold the logger can be seen in Figure 27.
The logger was moored within the research site in 52 m of water at 42°56.507’N 70°37.937’W, 200 m from
the North end of the Triton system, with a crown line anchored at 42°56.435’N 70°37.960’W. Both
31

anchors consisted of steamer chain shackled together to form a clump weight. The logger’s anchor
consisted of 16 links of steamer chain weighing 204 kg (450 lbs.), while the crown line anchor consisted of
5 links weighing 56.7 kg (125 lbs.). The line used to construct the system was 1.9 cm (¾ inch) EsterPro Hot
Shot sinking line.

Figure 27: Complete wave logger mooring configuration including recovery system.
Each time the instrument was retrieved, its data was downloaded, processed with Ruskin software,
and the battery replaced. The software derived tidal slope, significant wave height, significant wave period,
1/10 wave height, 1/10 wave period, maximum wave height, maximum wave period, average wave height,
average wave period, wave energy per area, average sea pressure and depth from the values of each burst.
The significant wave height and period from the system can be seen in Figure 28, and the maximum wave
height and period can be seen in Figure 29. Tabled values of significant wave height and period, height and
period of highest ten percent of waves and maximum wave height and period from five storms are
summarized in Table 4.
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Figure 28: Significant wave height and period.

Figure 29: Maximum wave height and period.
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Table 4: Wave heights, periods, and direction from 5 storms. Wave heights are from the RBR data
described above, while wave direction is from Jeffrey’s Ledge Buoy (see next section).
Storm 1

Storm 2

Storm 3

Storm 4

Storm 5

(3/3/18)

(3/8/18)

(3/13/18)

(3/22/18)

(4/16/18)

H1/3

6.20

5.63

5.61

4.78

4.96

T1/3

11.66

11.13

11.89

9.88

9.23

H1/10

8.44

7.39

7.18

5.97

6.04

T1/10

11.98

11.13

11.85

10.04

9.44

Hmax

10.57

9.96

9.78

7.35

7.75

Tmax

13.00

10.50

11.50

10.50

10.00

94°

83°

83°

92°

96°

Wave
Direction

Using Orcaflex, a software package for dynamic ocean systems analysis, a JONSWAP wave
spectra was used to produce a representative sea surface time series for storm 1 which is plotted in Figure
30. The JONSWAP spectrum (Stewart, Robert) is defined as

∝𝑔2

5

𝑓

−4

𝑆(𝑓) = 16𝜋4 𝑓 −5 exp [− 4 (𝑓 ) ] 𝛾 𝑏 ,
𝑚

[5]

where
1

𝑓

2

𝑏 = exp [− 2𝜎2 (𝑓 − 1) ],
𝑚

𝜎={

𝜎1 , 𝑓 ≤ 𝑓𝑚
,
𝜎2 , 𝑓 > 𝑓𝑚
1

𝑓𝑚 = 𝑇 ,
𝑝
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[6]
[7]
[8]

with the spectral parameters partially specified. The significant wave height of 6.20 m, peak period (Tp) of
13.0 seconds was specified and γ was left at a value of 1. With parameters partially specified, spectral width
parameters were fixed at σ1 = 0.07 and σ2 = 0.09. The spectral energy parameter α is calculated within
Orcaflex to a given sea state from specified wave height and period. Using these partially specified
parameters a wave time history was synthesized by Osienski (2018), producing a wave train time series.

Figure 30: A representative, 6-minute sea surface time series generated using Orcaflex software.
Significant wave height (6.20 m) and peak period (13.0 seconds) were from Storm 1 on 3/3/18,
as seen in Table 4 above.
3.6 JEFFREY’S LEDGE WAVE DATA
A secondary source of wave height information was provided by NOAA’s National Data Buoy
Center (NDBC) station 44098 at Jeffrey’s Ledge, NH as marked by the red point in Figure 31. The station
is a waverider buoy located 25 miles East Southeast of the UNH research area in 76.5m of water. The buoy,
as seen in Figure 32, is owned and operated by UNH with data processed and made available by Scripps
Institution of Oceanography at https://www.ndbc.noaa.gov/station_page.php?station=44098.

35

Figure 31: Jeffrey’s Ledge waverider buoy location.

Figure 32: UNH’s waverider buoy at Jeffrey’s Ledge.
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The NDBC’s historical data summaries from station 44098 provided significant wave height, peak
period and wave direction. Plots of significant wave height and peak period can be seen in Figure 33. The
direction from which waves came, from true North can be seen in Figure 34, and a wave direction
histogram can be seen in Figure 35.

Figure 33: Significant wave height and period from the Jeffrey’s Ledge waverider buoy.
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Figure 34: Direction from which waves came, with respect to true North, from the Jeffrey’s
Ledge waverider buoy.

Figure 35: Wave direction histogram from the Jeffrey’s Ledge waverider buoy over the duration
of the barrier deployment.
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3.7 WHITE ISLAND METEOROLOGY STATION

Wind data was available from nearby White Island at the Isles of Shoals (IOS), where NOAA’s
NDBC owns and operates meteorology station IOSN3, at
https://www.ndbc.noaa.gov/station_page.php?station=iosn3. The station is housed within White Island
Light House and is less than 2.8 km (1.5 nautical miles) North Northwest of the UNH research area as seen
in Figure 36. The anemometer elevation at station IOSN3 is 32.3 meters above mean sea level.

Figure 36: Station IOSN3 location, White Island, and the Little Seavey Island webcam
placement, IOS.
From the NDBC’s historical data and climate summaries, wind data was available for the months of
the barrier’s deployment. The data from the NDBC’s website was quality controlled, and was available in
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time series of 10-minute averages. For the purpose of this report, the data was linearly interpolated to
produce data at three-minute intervals, in line with industry standards for other applications.
The average wind speed from the anemometer was corrected from 32.2m to 10 m above sea level,
an industry standard for all wind averages shown. The correction was made using the wind profile power
law (Gaythwaite, 1981 p. 36) with a chosen n exponential value of 1/16 based on observed conditions.
Average wind speed and a histogram of wind speeds are shown in Figure 37 and 38, respectively. The
wind direction and a histogram of the direction from which it blew are shown in Figure 39 and 40,
respectively.

Figure 37: Wind speed at White Island, IOS.
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Figure 38: Wind speed histogram at White Island, IOS over the duration of the barrier
deployment.

Figure 39: Wind direction with respect to true North, at White Island, IOS.
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Figure 40: Wind direction histogram at White Island, IOS over the duration of the barrier
deployment.
3.8 LITTLE SEAVEY ISLAND VIDEO

Real time and recorded video of the barrier at the UNH research area was made available by a
webcam located on Little Seavey Island at the Isles of Shoals (IOS) seen in Figure 36 above. Little Seavey
Island is located just West of White Island, and supports fog horns used by the White Island Lighthouse.
The webcam is operated by Shoals Marine Lab (SML), a non-profit operation run by Cornell University
and The University of New Hampshire on Appledore Island, IOS. The camera’s primary purpose is to
monitor the tern nesting habitat on Little Seavey Island.
The camera was programmed by SML to record the barrier daily from 8 to 9 am. The recordings were
saved on the SML computers at their UNH campus location, where they were made available to the UNH
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team. The videos were transferred from SML to the UNH team via flash drive on a weekly basis. Special
permission was given by SML to remotely operate the camera outside of those hours to further investigate
the barrier. A sample image of the camera’s view from April 23, 2018 can be seen in Figure 41.

Figure 41: View of barrier from Little Seavey Island webcam on April 23, 2018.
Each daily video was watched, and significant changes, observations and information were
logged.
Since the webcam’s orientation was fixed for the daily recordings, a qualitative assessment of the
barrier’s position could be made. A sample of the video log can be seen in Table 5.

Table 5: Sample of the Little Seavey Island webcam video log.

Date
2/8/2018
2/9/2018
2/10/2018
2/11/2018
2/12/2018

Observation
Barrier intact and in center of frame
Significant Ice buildup
Barrier intact and in center of frame. Ice gone
Significant Fog, unable to see barrier
Barrier intact and in center of frame
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4. INSPECTION VISITS
4.1 GULF CHALLENGER
During Halo’s Triton barrier deployment, the system was visited at the research site using two of
UNH’s vessels, the research vessel Gulf Challenger and the Galen J. The Gulf Challenger is a 15.24m (50foot) aluminum vessel captained by Bryan Soares. The vessel is equipped with a 2722 kg (6,000-pound)
hydraulic A-frame and two hydraulic deck winches. The A-frame and winches were used to deploy and
retrieve the subsurface wave logger, which was deployed at the offshore research site and used to
characterize the wave environment.
While visiting the barrier at the offshore site on the Gulf Challenger, inspections were done visually
while the vessel was passing close-by the barrier. Due to the size of the Gulf Challenger it was not possible
to come alongside the barrier to download data or closely inspect areas of interest without risking damage to
the vessel. An overview of the trips taken to the barrier at the offshore site can be seen in Table 6.

4.2 GALEN J.
After the second inspection done on the Gulf Challenger, the 6.7m (22-foot) Galen J. was used for
most site visits. Normally, Jackson Coyle served as the boat’s captain, though on one occasion, Matt
Rowell served as captain. Due to the vessel’s smaller size, it was possible to come alongside the barrier and
tie up. Being a small vessel, fair weather and calm seas were necessary for operations to be conducted using
the Galen J. The Galen J was used to make visits to the barrier for inspections, and other missions seen in
Table 6.
Over the course of the barrier’s deployment, 5 inspection visits were conducted using both the Gulf
Challenger and the Galen J. Other visits to the barrier to make repairs, add instruments and download data
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were made without conducting a full inspection. Table 6 shows a list of visits to the barrier with the vessel
used, date, personnel, and mission.
Table 6: Barrier visits made on the Gulf Challenger and the Galen J.
Vessel
Galen J.

Date
12/22/2017

Gulf Challenger

1/26/2018

Galen J.

2/16/2018

Gulf Challenger

2/22/2018

Galen J.

3/1/2018

Gulf Challenger

3/9/2018

Galen J.

3/11/2018

Galen J.

4/2/2018

Gulf Challenger

4/3/2018

Personnel
UNH: Jackson Coyle
Halo: Mike Osienski,
Sean Gribbin
UNH: Rob Swift,
Jackson Coyle
Halo: Mike Osienski,
Sean Gribbin, Eric
Rines
UNH: Jackson Coyle
Halo: Mike Osienski,
Sean Gribbin, Tom
Sherwin
UNH: Jackson Coyle,
John Ahern

UNH: Jackson Coyle
Halo: Mike Osienski,
Jud Decew
UNH: Jackson Coyle
Halo: Mike Osienski

Mission
Connect North and
South mooring floats
for barrier connection
Conduct first barrier
inspection, deploy
subsurface wave
logger
Replace data pack

Retrieve the
subsurface wave
logger, shorten
mooring line, and
redeploy subsurface
wave logger.
Conduct inspection
Attempt repair of
load cell

Conduct inspection,
locates barriers
southern clump
weight, located
subsurface wave
logger moorings
UNH: Matt Rowell
Lashed southern end
Halo: Mike Osienski, weldment to barrier,
Jud DeCew
adjusted solar panel
UNH: Jackson Coyle Test end connections
Halo: Mike Osienski,
of load cell cable,
Sean Gribbin,
checked data pack
electronics
UNH: Jackson Coyle, Retrieve and redeploy
Jon Hunt
subsurface wave
logger, conduct
inspection
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Galen J.

4/11/2018

UNH: Jackson Coyle
Halo: Mike Osienski,
Sean Gribbin, Tom
Sherwin

Galen J.

5/21/2018

UNH: Jackson Coyle
Halo: Mike Osienski,
Sean Gribbin

Galen J.

5/22/2018

Gulf Challenger

5/24/2018

Galen J.

6/26/2018

UNH: Jackson Coyle
Halo: Mike Osienski,
Sean Gribbin
UNH: Jackson Coyle,
Jon Hunt
UNH: Jackson Coyle
Halo: Tom Sherwin
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Replace load cell
cable involving
swimmer in the
water, replace camera
card
Conduct inspection,
remove
instrumentation (data
pack and camera)
Add straps from
Southern end
weldment to barrier
Retrieve subsurface
wave logger
Search acoustically
for lost southern
mooring at offshore
site, check for north
mooring float

5. EXPERIMENT NARRATIVE

5.1 BARRIER ARRIVAL, ASSEMBLY AND DEPLOYMENT

Prior to the arrival of the four Halo Triton barrier units at the NH State Pier, Halo, UNH and the
marine contractor, Riverside and Pickering (R&P) met at the R&P facility, Paterson Lane, Newington, NH
on Nov. 27, 2017 to plan the joint venture. The overall approach was for Halo to have the four units
delivered by truck to the NH State Pier, Portsmouth. R&P would use a crane to unload the units. Halo and
R&P would ready the above-water components, then the units would be craned into the water for
completion of the below-water components. As this was being done, R&P would barge the mooring
components to the UNH offshore site and set the anchors. The units would then be towed to the site and
hooked up to the mooring.
The barrier units arrived by truck at the State Pier on Dec. 7, 2017. They were unloaded by crane for
assembly of below-water ballast longitudinal, data pack, and lights. On Dec 14, 2017, the UNH group
visited the State Pier and inspected the units. Figure 42 shows one unit on its side with netting attached.
Each of the four units was put in the water by crane on Dec. 19, 2017. Divers assisted in joining the units
using the flexible hinge components.
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Figure 42: Halo unit at the State Pier, Dec 14, 2017. The unit is on its side with stainless steel
netting attached and flexible hinges bolted to the ends of the waterline longitudinals. The yellow
beam is the strong-back for lifting by crane.
During unit assembly, the mooring was also being prepared. The mooring gear was laid out on the
R&P barge and transported to the offshore site on Dec. 18, 2017, The two 0.97 tonnes (1-ton) anchors and
the two 0.76m (2.5-foot) steel crown line buoys (see Figures 6 and 7) had been borrowed from the UNH
outside marine storage facility on Dec 11, 2017. The rest of the mooring gear was supplied by Halo. The
plan was for the mooring gear to be lowered such that the configuration shown in Figure 6 would be
achieved. Video of the actual deployment, however, showed the 0.97 tonnes (1-ton) anchor being levered
overboard and dragging the rest of the mooring over the side in a clump. Due to the dragging of the south
mooring over the edge of the barge, the South crown line buoy was pulled below the water and never
surfaced. An effort to “set” the anchors was made by R&P on Dec. 21, 2017. The moorings were pulled in a
north-south direction in an attempt to lay the bottom chain out as designed (see Figure 6). On Dec. 22, UNH
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and Halo personnel, using the UNH small research vessel Galen J, connected the two mooring floats with a
surface line, so they would be available for barrier hook-up and avoid tangling.
After a period on inactivity due to bad weather, R&P towed the joined barrier units to the
deployment site on January 10, 2018 (see Figure 43). The barrier was secured to the large mooring floats at
the north and south ends, as seen in Figure 44. The north flounder plate, however, was not properly rigged,
and the mooring had been attached using back-up lines. The south crown-line buoy was also missing. Halo
personnel and Pepperell Cove divers straightened out the flounder plate connections on Jan 21, 2018.

Figure 43: Towing to the UNH offshore research site using the tug Towline.
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Figure 44: The four-unit Halo barrier secured to mooring floats at north and south ends on Jan
10, 2018. The original data pack with solar panel is mounted on the top of the north end.

5.2 DATA PACK, FENCING, MOORING COMPONENTS AND MECHANICAL
FASTENINGS

The first UNH/Halo inspection trip took place on Jan. 26, 2018 using the Gulf Challenger. In
addition, this trip was used for the first pressure sensor deployment. Weather was fair; seas were 0.3-0.6m
(1-2 feet), and Low Water at Gosport Harbor occurred at 11:51 am.
After leaving the UNH Pier at 1 pm, the pressure sensor mooring was rigged on-deck during the
trip out to the site. Initially, the mooring described in the Pressure Sensor section, was deployed just east of
the barrier. However, the subsurface elliptical buoy was nearly at the surface. Slack in the primary chain link
clump anchor, untwisting of the vertical rope and the addition of a swivel had lengthened the taut, vertical
line to the sensor/subsurface buoy. The system was then moved southeast to deeper water. At this location
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(42 deg 56.507 min N, 70 deg 37.937 min W) the subsurface buoy was 2 m below the surface. The vertical
line was shortened during the next recovery/data download trip on Feb. 16, 2018.
The most notable aspect of the barrier inspection was that the data pack and solar panel (see Fig. 43)
was entirely missing. In addition, net hangers were damaged and bolt/nut combinations holding the net in
place had backed-off. Tabs and weld pins holding transverse Tees in position on the main waterline
longitudinals were damaged. More seriously, bolts holding the end mooring mounts had backed off, were
loose, or had fallen out. The northern crown line buoy was also missing. The general barrier structure,
however, appeared sound. Surveillance using the Little Seavey Island webcam began February 6, 2018.
Video showed the south mooring float was missing February 14-15, 2018.
On February 16, 2018, UNH and Halo personnel replaced the data pack using the UNH small boat
Galen J. The new data pack was lighter at 13.8 kg (30.5 lbs.), more compact, and with a smaller solar panel.
The data pack was secured to the top longitudinal, at the north end of the northern unit. It was attached by
means of U-bolts, ring clamps and lag screws to the HDPE pipe longitudinal.
The Gulf Challenger returned to the site on February 22, 2018. The pressure sensor was recovered,
data downloaded, and battery replaced. The scope of the main, taut mooring to the elliptical submerged
buoy was reduced by 3 m. This brought the sensor depth at MLW to approximately 5 m. The pressure
sensor system was re-deployed. The barrier was also inspected with no new, significant changes. Note that
Gulf Challenger inspections are done visually while the vessel was close to the barrier. At no time did the
Gulf Challenger come alongside and tie-up to the barrier.
For on-board barrier tasks, the Galen J. was used. On March 1, 2018, Halo and UNH personnel on
the Galen J. inspected the barrier, went on-board and swapped the camera card. They determined that the
load cell cable had no connectivity. Whether the load cell or cable was bad could not be determined. The
inspection confirmed that the south mooring float was missing.
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5.3 STORMS

There were three storms in March 2018 which provided a good test of the Triton barrier and
mooring system. These typical winter Gulf of Maine northeasters took place on March 2, March 7 and
March 13 of 2018. In all three storms, significant wave height was at least 7m (23 feet).
The first storm, March 2, 2018, occurred the day after the last Galen J. inspection trip. The highest
waves recorded at Jeffrey’s Ledge had a significant wave height of 8.1m (26.6 feet). The on-site pressure
gauge recorded wave heights that were somewhat less, but it is likely that wave troughs exposed the
pressure sensor leading to missed maximum wave conditions. Maximum wind at the nearby White Island
met station were 25 m/s. In the days immediately after the storm, seas were still too high for a boat visit, so a
visual confirmation of the barrier’s condition was done by airplane (see Figure 45).

Figure 45: Aerial view of the Triton barrier on March 5, 2018 after the March 2, 2018 storm.
The north mooring float is visible, but the south float had been missing since Feb. 14, 2018. Seas
are still high, but the system is erect and able to perform its security function.
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During the March 7, 2018 snowstorm, significant wave height reached 7.3m (24 feet) at the
Jeffrey’s Ledge wave buoy. At the site, the pressure sensor recorded significant wave heights of 5.5 m (18
ft.). The White Island meteorology station measured wind speeds over 20 m/s. Right afterwards, on March
9, 2018, an inspection was made from the Galen J. by UNH and Halo personnel. The most important new
observation was that bolts holding the south mooring attachment unit had become loose. On a follow-up
Galen J. trip March 11, 2018, Halo personnel lashed the south end unit, consisting of a horizontal steel beam
to which the mooring lines are attached, to the nearest HDPE pipe cross-member using available rope.
The lash-up parted during the next storm, the blizzard of March 13-14, 2018 for which significant
wave height at Jeffery’s Ledge reached 7.6m (25 feet). The barrier became single-point moored by the north
mooring allowing the barrier to swing freely. The loss of mooring redundancy was of grave concern. Black
Dog Divers were contracted to reconnect the south mooring on March 20, 2018. They used four lengths of
2.54 cm (1-inch) galvanized steel cable to attach the end unit to the four pad eyes on the end rings of the two
main longitudinals. Thus the south end-unit was floating separately from the barrier, held up by the two
foam separation disks. But continuity of the south mooring had been restored. During the March 20
operation, Halo personnel recovered the data pack. The load cell component was wet, and there was no load
cell data. Camera video and the IMU data, however, were good.
April 2018 was quieter by comparison. On April 1, 2018, Halo and UNH personnel on the Galen J.
re-mounted the data pack, replaced the load cell cable, as well as conducted an inspection. The Gulf
Challenger was used on April 3, 2018 to recover the wave pressure sensor, download the data, replace the
battery, and re-deploy the pressure sensor. On April 11, 2018, operating from the Galen J., Halo personnel
removed and replaced the load cell cable and the video camera data card. An inspection was also conducted
on this trip. Jeffrey’s Ledge wave data indicated high seas during mid-April. About that time, April 18,
2018, the north mooring float was determined to be missing from the Little Seavey Island video images.
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Seas were relatively moderate throughout May 2018, the last full month of the deployment.
Nevertheless, the south end connection parted on May 8, 2018. The next Galen J. inspection trip on May 21,
2018 revealed cracks in one of the barrier unit’s HDPE pipe structure, and that only one north mooring line
was holding the barrier in position. The north end connection had been snapped in half, leaving one line
from the part still attached to the barrier to the separated section floating nearby. The next day, May 22,
2018, UNH and Halo personnel used the Galen J. to add lines to from the barrier to the separated north end
connection, which was still attached to the north mooring. Anticipating the end of the barrier field
experiment, the pressure sensor and mooring were recovered using the Gulf Challenger on May 24, 2018.

5.4 SYSTEM RECOVERY AND ON-SHORE INSPECTION

Black Dog Divers disconnected the units from the north mooring, and towed them in to the UNH
Pier on June 1, 2018. UNH and Halo personnel looked the units over from the Galen J while the barrier was
alongside the pier. UNH personnel made a visual inspection from the Pier on June 2, 2018 (see Figure 46).
Figure 47 shows evidence that the south end mooring attachment hardware had been stripped entirely from
the ends of the longitudinals. Besides the anchor end of the south unit being torn off, the lower support of
central ballast longitudinal had slipped off and had been swung up overhead (see Figure 48). Black Dog
Divers power washed the units at the UNH Pier on June 4, 2018. The units were individually towed to the
NH State Pier on June 5 and 6, 2018 and craned out of the water onto the pier deck.
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Figure 46: The four Triton barrier units alongside the west side of the UNH Pier on June 2, 2018.

Figure 47: The south end mooring attachment position. The steel mooring attachment fixture and
the retaining HDPE flanges had been stripped back to the interior foam.
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Figure 48: Detached lower central longitudinal support swung up overhead for transport.

The UNH team conducted a visual inspection of the recovered units on June 7, 2018 at the NH
State Pier. Overall, the basic barrier HDPE structure was remarkably sound. Damage in addition to that
noted in the in-water inspection was found onshore and documented for each unit. These observations are
documented in Table 7. Figure 49 shows the remains of a failed weld site. Transverse supports that had
been fused to oversize T’s to form sleeve connections were intact. One of the main waterline longitudinals
on unit 3 was also broken as shown in Figure 50.
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Table 7: Individual unit structural observations made at NH Sate Pier on 6/7/18.
Unit

Observations

1002328 (Northernmost)

Fairly good shape, end connection broke free which caused the main
floatation pipe to rotate 90°. 30% of truss locator pins were missing
and 50% of gull-wing locator tabs were missing.

1002417 (second from North)

Good shape overall, all but two electro fused tabs missing. Impact
net appeared to keep trusses in position. Main floatation pipe rotated
90°.

1002541 (third from North)

All horizontal truss members had issues, 3 missing, remaining two
cracked at welds. Main floatation pipe broken at second truss from
Southern end. All gull-wing locator tabs present.

1002423 (Southernmost)

End connections and flanges were ripped off, all truss thru-bolts
missing. East gull-wing truss at southern end shifted and came off of
bottom ballast pipe.
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Figure 49. Damage to a unit 3 longitudinal due to failure of the HDPE weld of a cross-member
support.

Figure 50. Cracked unit 3 longitudinal at the site of a cross-member weld failure. As noted
previously, fence supports had become detached in places. Individual stainless steel net strands
had also been severed where they had been clamped.
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PART 2: MODEL TANK TESTING
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6. OVERVIEW
6.1 MOTIVATIONS

Following the completion of offshore testing and recovery of the HALO Triton system,
opportunities for further investigation and research were presented. Aspects of the system while deployed
were not able to be measured or observed due to its remote offshore location, due to damage to
instrumentation and rough seas, and due to fog which made visual observations unattainable. The
remaining objectives and research were to be completed through the development of a scale model to be
tested in UNH’s Chase Ocean Engineering Laboratory wave/ tow tank.
With the model in a controlled environment, the system could be tested in a variety of orientations
with the anchor system set to the original offshore deployment plans. It could further be altered to match
changes that occurred offshore as well as a number of other orientations to further expand the scope of
testing. In this environment the system’s response to individual wave forcing amplitudes and frequencies
could be visually observed and measured.
Mooring loads and the system’s response including heave, pitch, roll, sway and surge motion due to
wave forcing could all be measured using instruments available in the wave tank. The data generated from
the model can also be used to validate computer models for mooring loads, sea keeping response, as well as
other uses.
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7. SCALE MODEL CONSIDERATIONS
7.1 FROUDE SCALING

In order to further investigate certain aspects of the Triton barrier system in a wave environment, a
scaled model of the system was developed for testing in UNH’s wave tank. The scaling factor of 1:20 was
selected by using the ratio of the depth at which the Triton system was moored at the offshore research site
(52.0 m), and the depth of the wave tank (2.44 m). This ratio gave a scale factor (α) of 21.3, which was
rounded to the value used, 20. Froude scaling was selected as it was the most applicable for inertia and
gravity forcing, the most significant forces that the barrier experienced due to wave forcing.
The dimensionless Froude number, developed by William Froude is utilized in model testing
involving a liquid free surface, such as would occur in the testing of ships, harbor response or wave forces
on a structure, is the ratio of the inertial forces extant to the gravitational forces (Dean and Dalrymple, 1984).
The Froude number is defined as
𝐹𝑟 =

𝑈
√𝑔𝐿

,

[9]

where U is water velocity, g is the gravitational constant, and L is the characteristic length dimension. As
the testing to be done involved wave forces on a structure, Froude scaling was appropriate.
Froude scaling was used to determine length (L) dimensions, which was necessary to ensure
geometric similitude between the scaled model and the full scale barrier, were determined as
𝛼=

𝐿𝑓𝑠
𝐿𝑚

,

[10]

where the subscript fs denotes full scale, and the subscript m denotes model. Flexural rigidity (EI) values
were scaled as
𝛼5 =

𝐸𝐼𝑓𝑠
𝐸𝐼𝑚

61

.

[11]

Force (F) values, including weight, were scaled as
𝛼3 =

𝐹𝑓𝑠
𝐹𝑚

.

[12]

.

[13]

Time (T) values were scaled as
√𝛼 =

𝑇𝑓𝑠
𝑇𝑚

The full scale dimensions of the barrier and mooring system were given by Halo which allowed the
model scale dimensions to be calculated using the above equations. All dimensions of the barrier system,
moorings, and wave forcing were found using Froude scaling. With these model scale values available,
scaled model and mooring construction plans were developed.

7.2 STRUCTURAL MODELING

The full scale Triton barrier was constructed with HDPE pipe which allowed the system to be
robust, yet compliant to a wave environment. HDPE pipe’s flexural nature was attempted to be scaled, to
develop a fully structurally scaled model. Many materials were investigated to accomplish the 1:20 Froude
scaled flexural rigidity of each component comprising the Triton system, yet no appropriate materials were
discovered. HDPE is flexural at full scale, and at a 1:20 Froude scale the material in the appropriate
geometric similitude either did not exist or gave considerable fabrication issues. For these reasons the plans
for a structural model were abandoned in favor of a physical model where each unit would act as a rigid
body connected with appropriately structurally scaled flexural hinges.
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8. SCALED PHYSICAL MODEL CONSTRUCTION

8.1 MODEL MATERIAL SELECTION

With the scaling factor selected, the physical dimensions and weight of the model were calculated.
The full scale prototype was constructed with various sizes of DR17 HDPE pipes show in Table 8. The
model was to consist of cylinders, tubing and pipe to construct the upper and lower trusses as well as the
waterline longitudinals. To retain geometric similitude, the diameter and length of each model scale
component was first found. The nominal pipe sizes of the full scale prototype and the Froude scaled
dimensions are summarized in Table 9.

Table 8: Dimensions of full scale DR17 HDPE pipe and scaled dimensions for material selection.
Full Scale
Model Scale
Component Nominal Size Length (m) Length (ft) Diam (cm) Diam (in) Length (cm) Length (in) Diam (cm) Diam (in)
Top Pipe
8
15.2
50
21.9
8.6
76.2
30.0
1.1
0.4
Bottom Pipe
8
11.9
39
21.9
8.6
59.4
23.4
1.1
0.4
Truss and
Gull Wing

10

3.1

10.3

27.3

10.8

15.7

6.2

1.4

0.5

Horizontal
Truss

12

2.4

7.9

32.4

12.8

12.0

4.7

1.6

0.6

Main
Longitudinal

20

14.9
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50.8

20.0

74.7

29.4

2.5

1.0

With the desired lengths and diameters known, a variety of different materials were explored to
ensure the weight was scaled correctly for its length dimension. The weights of the individual, full scale
prototype components and their scaled values can be seen in Table 9. With scaled physical dimensions
known, materials for model construction were selected.
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Table 9: Values for the selection of materials for model building.
Nominal Weight
Component
Size
(kg)
Top Pipe
8
128.8
Bottom Pipe
8
100.5
Truss and Gull
Wing
10
41.2
Horizontal
Truss
12
44.5
Main
Longitudinal
20
678.6

Full Scale
Weight Weight/Length Weight/Length
(lb)
(kg/m)
(lb/ft)
284.0
8.5
5.7
221.5
8.5
5.7

Weight
(kg)
0.016
0.013

Model Scale
Weight Weight/Length Weight/Length
(lb)
(kg/m)
(lb/ft)
0.036
0.021
0.014
0.028
0.021
0.014

90.8

13.1

8.8

0.005

0.011

0.033

0.022

98.0

18.5

12.4

0.005

0.012

0.046

0.031

1496.0

45.4

30.5

0.085

0.187

0.114

0.076

While exploring materials that met the length, diameter, and weight requirements certain
components had additional requirements. The bottom member had to be hollow to allow ballast to be
inserted, and although the top member did not need to have a hollow center, the same material was to be
used for both the top and bottom members to retain the desired weight distribution. A hollow pipe was also
necessary for the horizontal truss members so weight could be inserted as needed to retain the correct center
of gravity (COG). The main longitudinals needed to provide the bulk of the buoyancy, therefore the
material selected needed to buoyant. After several rounds of exploring and measuring of materials, the
materials listed in Table 10 were selected. As all materials were to be cut to desired lengths, their values are
the same as the desired model scale lengths seen above in table 8.
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Table 10: The desired, versus the actual physical dimensions of the materials chosen to construct the
physical model.

Goal
Actual
Component Diam (cm) kg/m Material Diam (cm) kg/m
1.63 1/4" PEX tube
Top Pipe
1.09
0.95
0.03
1.63 1/4" PEX tube
Bottom Pipe
1.09
0.95
0.03
1/2" medium
Truss and
2.04 density balsaa
1.37
1.27
0.03
Gull Wing
dowel
Horizontal
1.63
2.42 1/2" PEX tube
1.59
0.08
Truss
1" medium
Main
2.54
3.78 density balsaa
2.54
0.10
Longitudinal
dowel
a
Medium density balsa wood, as classified by supplier, was 12 lbs./ft3
The material selected for the main longitudinals resulted in slightly underweight members. The
decision to use less dense than needed wood was made purposely, allowing for two coats of wood sealant to
be applied plus additional coats as needed. For dowels less dense than desired, additional coats after the
second coat of sealant were applied to bring them up to the desired weight. For dowels already at the
desired density, no additional coats were applied after the second coat of sealant which was sufficient to seal
the dowels.
The ballast weight at full scale was 4.44 cm (1.75 inch) stud link grade 3 chain weighing 44.6 kg/m
(30 pounds per foot), which was inserted into the bottom nominal size 8 pipe. At model scale a 0.635 cm
(quarter-inch) diameter aluminum round rod weighing 0.12 kg/m (0.08 pounds per foot) was selected to be
inserted into the bottom PEX tubing. This same rod was also inserted into the horizontal trusses to make
COG corrections.
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8.2 HINGE DESIGN

At full scale the hinges were constructed of EPDM rubber connecting each section. They allowed
the segments to contour to the wave environment and absorb the tension/compression loads applied to the
barrier by wave forcing. The flexural rigidity of the rubber hinges was a set ratio of the main longitudinal
length and the hinge length over their flexural rigidity’s, respectively. The flexural rigidity of the hinge is
proprietary information of Halo Maritime Defense Systems, but was given to allow for scale structural
modeling of the hinge. Due to the nature of this information, its full scale and model flexural rigidity cannot
be provided here.
As the hinges allowed the system to contour to the wave environment, structural scaling was
required to ensure the system responded accurately to wave forcing. At model scale, rubber tubing that met
the scaled flexural rigidity properties was selected to connect each section. As the selected material was
much lighter than the desired scaled weight of the hinge, steel washers were attached at connections for the
hinges which increased the weight to the desired value.

8.3 MODEL MOORING MATERIAL SELECTION

As the mooring system was also of interest, its design plans were Froude scaled too. The designed
full scale mooring system as seen in PART 1 Figure 6, was scaled using the same 1:20 Froude scaling for
the anchor, chain, dead weight, lines and floats. For testing purposes it was assumed the embedment
anchors were fixed points, as it would not have an impact on the testing, and 10-pound lead weights were
used for the model mooring system on either end.
The results of Froude scaling for the mooring system are summarized in Table 11. The chain and
clump weight were both constructed of size 16 zinc plated jack chain. The scaled mooring line selected was
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8-mm monofilament fishing leader while the bridle lines were made of braided fishing line. The full scale
mooring floats were capable of providing up to 39233 N (8820 pounds) of buoyancy, when scaled they
would need to provide 4.9 N (1.10 pounds) of buoyancy. The floats selected were pool floats that provided
the necessary 4.9 N of buoyancy.

Table 11: 1:20 Froude scaled values used for material selection of the model’s mooring system.
Full Scale
1:20 Model Scale
Component Length (m) Weight (kg) kg/m Length (m) Weight (kg)
Chain
50.0
2777.94
55.50
2.50
0.34
Clump Weight
N/A
1999.92
N/A
N/A
0.25
Mooring Line
105.0
N/A
1.06
5.24
N/A
Mooring Bridle
15.0
N/A
1.06
0.75
N/A

kg/m
0.14
N/A
0.003
0.003

The mooring system was constructed of the materials specified in the Scaled Mooring Materials
Selection. A photo of one of the completed mooring systems is shown in Figure 51.

A.

B.

C.
D.

F.
G.
E.

Figure 51: Mooring components used for model tank testing. The individual components are: A. mooring
bridle, B. mooring float, C. mooring line, D. “clump weight”, E. mooring chain, F. lead weight, G. crown
line.
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8.4 FABRICATION

The main longitudinals, made of balsa wood dowels, were each cut to the same length for
assembly. In the original design plans, collars were used to connect the trusses to the longitudinals allowing
the main longitudinals and the top and bottom members to move. Due to the assumption that each model
section was rigid, the truss members were to be connected by being inserted into drilled holes in the main
longitudinals.
A drill press was used to drill a line of five dowel holes for the upper truss and four dowel holes for
the lower truss in the main longitudinal, each a half inch deep spaced according to scaling of the Triton
design plans. This process was repeated for the other main longitudinal in the section, then again for the
remaining three sections.
With the main longitudinals ready, the balsa dowels for the truss members were cut to length
according to the design plans with an additional half inch provided for the portion to be inserted into the
main longitudinal. Each section is symmetric, so the top truss members were the same length as the bottom.
A correction for center of gravity (COG) was not necessary as the dowels to be inserted into the holes in the
main longitudinal were the same density as the main longitudinal. Glue was then poured into each hole and
the truss dowels inserted into the hole.
In the original design plans, the top and bottom pipes were attached to the truss with collars
allowing them to rotate. For the model; quarter-inch screw in eye rings were screwed in to the ends of the
truss members, replicating the collars and allow the pipe to be inserted through them. The eye rings could
be screwed further into or out of the end of the truss members to allow a tolerance for the top and bottom
pipes. Sliding the top and bottom PEX tube through the eye rings connected the two sides of each section
together as seen in figure 52.
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Figure 52: View of top and bottom pipes fed through eye rings to connect the two sides of the
section.
The truss and gull wings members and the main longitudinals were the only components of the
model to be constructed of wood, which would need to be sealed. The bottom pipe was removed allowing
each side to rotate outward, then sprayed with two coats of wood sealer. Each half was weighed to ensure
they were the correct weight, and further coats of wood sealer were added as necessary to make each section
consistent.
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Next the horizontal members that run perpendicular to the main longitudinals were cut to specified
scaled lengths, and holes drilled through them to allow them to be attached to the main longitudinals. The
quarter inch aluminum rod selected for the ballast weight could also be inserted into these horizontal
members to adjust the COG to match the desired value. Table 12 shows the values used to find the
according to
𝑍𝐶𝑂𝐺 =

∑ 𝑚𝑍
∑𝑚

,

[14]

where ZCOG is the vertical location of the COG, m is the mass of each individual member and Z is the
vertical distance of each individual members COG.
Table 12: Individual members vertical center of gravity and mass for use in calculating unit number one’s
vertical COG.
Members
Z FS (cm)
Top Pipe
290.0
Top Collars
290.0
Bottom Pipe
-290.0
Bottom Collars
-290.0
Truss members
152.3
(top)
Truss members
-152.3
(bottom)
Aluminum Rod
-290.0
(Ballast Chain)
Main Long
0.0
Horiz Member
0.0
Horiz member fill
0.0
Sealer
0.0

1:20 Z (cm) actual mass (g) Quantity Total mass (g) m*Z (g-cm)
14.5
30.0
1
30.0
435.0
14.5
3.8
10
38.0
551.0
-14.5
24.0
1
24.0
-348.0
-14.5
3.8
8
30.4
-440.8
7.6

4.0

10

40.0

304.7

-7.6

4.0

8

32.0

-243.8

-14.5

56.0

1

56.0

-812.0

0.0
0.0
0.0
0.0

64.0
6.0
140.0
14.0

2
5
1
1
sum

128.0
30.0
140.0
14.0
562.4

0.0
0.0
0.0
0.0
-553.9
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Table 13 shows the model sections goal and actual mass and vertical COG of unit 1 for comparison
from Table 12 above.
Table 13: Summary of mass and GOG for unit 1.
Model mass sum (g)
Model mass goal (g)
Actual model COG (cm)
Goal model COG (cm)

562.399
565.999
-0.985
-0.960

With the amount of ballast determined, the quarter inch aluminum rod was cut and inserted into the
bottom pipe and the horizontal truss members. The horizontal members with ballast weight inside were
then zip tied on each end to the main longitudinals as seen in Figure 53. The ballast weight in the bottom
pipe was likewise zip tied in place via a hole drilled through the center of the pipe.

Hinge
Attachment
Screw

Horizontal
member zip
tie attachment

Figure 53: View of the horizontal truss members attached to main longitudinals with zip ties
passed through holes on the member’s end from the bottom of the model lying on its side
looking upward.
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Following the completion of each of the four individual units, a target was attached to the top of unit
1. The target was for the application of motion tracking software which requires a stark contrast for tracking
to be effective. Half-inch holes were then drilled into the end of each main longitudinal for the rubber tube
that the hinge was constructed out of to be inserted. Hinge end connection washers were then glued to the
ends of the main longitudinal and the hinges inserted and held in place by a single screw as seen above in
Figure 53, connecting all four units to each other.
Lastly end plates were constructed out of white HDPE plates according to scaled design plans.
These end plates were attached to both ends of the model as seen in in Figure 54 allowing mooring lines and
a load cell to be attached. The plates were attached with eye rings which provided for additional mooring
attachment points.

Figure 54: End plate connections and eye rings on one end of model, shown with single mooring
bridle line attached to center point with zip tie.
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9. EXPERIMENTAL METHODS

9.1 FACILITY, INSTRUMENTS & PROCEDURES
The scale model was to be tested in the UNH Chase Ocean Engineering lab’s wave tank under a
variety of wave conditions. The wave tank is 36.6m (120 ft.) long, 3.6m (12 ft.) wide and 2.44m (8 ft.)
deep, capable of generating waves up to a half meter in height by using a hydraulic wave generator. The
models dynamic response to wave forcing was measured with the use of video recordings for motion data.
Mooring force was obtained with the use of a submersible load cell. The movable tow carriage that travels
the length of the wave tank allowed adjustable camera angles as well as streaming of data from the load cell
to the main host PC. Most tests were done using single frequency waves to isolate the response due to each
frequency of the forcing. Random sea tests were also completed.
Before wave testing, the Futek model LSB210 two-pound submersible S-beam load cell was
calibrated in tension with known weights hung from, and in compression with known weights placed on,
the active end while the other end was attached to a metal beam. The voltage output for the known weights
was recorded, and a linear calibration line calculated. This equation was entered into the LabView software,
allowing the load from the voltage output to be determined. The load cell was end mounted on the model,
as it was on the full scale Triton, to measure mooring force acting on the end.
To capture the models dynamics, a GOPRO HERO 3+ camera was attached to a pole which was
vertically mounted to the tow carriage. The carriage was moved into place aligning the camera with the
target attached to the top of the model as seen in Figure 55. The target on the model was attached in
approximately the same location as the data pack that contained the accelerometer was at full scale.
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Xleft
Δup θ
Xbottom

Figure 55: Target used to track model dynamics. As shown here; heave, pitch and surge can be
found. The points Xleft and Xbottom as well as geometry required for pitch and roll calculations
can be seen as well.
To quantify the model’s dynamics, videos recorded during testing were analyzed using Kinovea
motion tracking software. The beta version of the software was utilized as it offers more experimental
features necessary for motion tracking. Videos were taken for each variation in wave forcing, model
orientation and mooring set up so there would be corresponding motion data available.
Each video was individually analyzed with the Kinovea software, and the motion data exported as
Microsoft Excel files. For each video analyzed, two points on the target were tracked, Xleft and Xbottom, as
seen in Figure 55 above. The contrast of the black points on the orange target against the white background
provided enough contrast to allow them to be tracked by the software.
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As the dimensions of the target were known, a calibration line was drawn across the diameter of
the target and its length entered into the software. This calibration allowed the distance each point traveled
both horizontally and vertically to be found. Through the video captured certain aspects of the models
attitude, as defined in Figure 56, can be found. The trails left from the tracked motion, which were exported
from the software as time series, can be seen in Figure 57. With the target oriented as seen in Figure 57,
heave, pitch and surge can be measured. By rotating the model 90° heave, roll and sway can be measured.

Figure 56: Model attitude definition for heave, sway, surge, pitch, roll and yaw.
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Figure 57: Target attached to the top of the model with trails showing tracked point’s path taken,
the left point’s track is visible in black while the bottom point’s is seen in lime green.
To ensure the waves heights produced by the wave maker were accurate, they were measured with
a wave staff seen in Figure 58. A voltage is applied to the sensing wire, and as waves pass there is a
corresponding change in voltage, which can be calibrated to give sea surface elevation. To calibrate the
wave staff, it was mounted to the tow carriage with the midpoint of its sensing wire roughly at the waterline.
The voltage corresponding to mean water level (MWL) was then recorded. The staff was then raised 10
cm, which would correspond to the trough of a 20 cm wave, and the voltage at that location recorded. It
was then lowered to 10 cm below the MWL mark corresponding to a 20 cm wave crest, and the voltage of
that location recorded. Using these three points a line was found which allowed the voltage to be converted
to water surface elevation
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Figure 58: Wave staff used to measure wave heights produced by the wave maker in the UNH
wave/ tow tank.
Prior to generating waves, the mooring system was first deployed in the tank according to the
appropriate scaling of the mooring plans. The model was then placed in the tank and attached to the
mooring bridles. On the end of the model with the load cell, the mooring bridle was attached to the load cell
eye bolt. The camera was then aligned with the target and the load cell plugged into the CDAQ system
allowing load cell data to be streamed to the tow tank PC.

9.2 MOORING SYSTEM & MODEL ORIENTATION

During preliminary testing, the mooring system was laid out in the tank according to the Froude
scaled spacing from the offshore deployment plans. With this layout there was no pre-tension in the
mooring system, and the model would move fore-and-aft and side to side a considerable distance. This
resulted in large spans of time where there were no loads being recorded and the bridles were slack. This
did not reflect observations seen offshore. While offshore the system was kept in tension by the tide, wind,
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waves or a combination of the three. As wind and tides were not able to be generated in the wave tank, the
mooring system required alterations before accurate measurement could be made.
To determine how to move forward with testing and the mooring design, Halo corporation
engineers were contacted to determine the original design intent of the mooring. The original plans did not
call for, but was intended to have 2224.1 N (500 lb.) of pre-tension (T1) in the mooring bridle line. This
tension was Froude scaled, which resulted in a pre-tension of 0.28 Newtons N (0.0625 lbs.) at model scale.
As the effect of tension was of interest, in additional 4448.2 N (1,000 lbs.) pre-tension (T2) at full scale,
0.556 N (0.125 lbs.) at model scale was to be included in testing. For all model orientations, both pretensions were used for all wave regimes. (Note: actual full scale offshore pre-tension was presumed, but not
measured.)
The model was moored in two different orientations; in-line and perpendicular to the direction the
waves traveled as seen in Figure 59. For the in-line orientation the model was positioned so the target,
where its dynamics were measured, was closest to the paddle generating the waves. With this orientation
the models heave, pitch and surge could be obtained.
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waves
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Figure 59: Inline and perpendicular to wave direction orientations of the scale model. In drawing
A) section view drawing of the in-line model orientation with mooring floats, in drawing B)
section view drawing of perpendicular to direction of wave travel orientation, and in drawing C)
overhead plan view drawing of perpendicular to direction of wave travel orientation. Vertical,
smooth cylinders were used to turn the bridle lines without inhibiting in-and-out or vertical
movement.
From testing observations, it was determined that the mooring floats’ dynamics were having an
impact on the mooring loads. To determine the effect of the floats’ dynamics on the mooring loads, they
were removed for a second round of in-line orientation testing. (Note: for most of the field testing, the
mooring floats were absent.) Without mooring floats, the mooring line went directly from the clump weight
to the load cell. This configuration would not apply loads horizontally to the load cell as intended, instead at
a downward angle and would not allow the load cell to operate as specified.
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To combat this issue, a bolt was bent to an angle matching the line-of-action of the mooring line.
The bolt was attached to the models end connection, and the load cell attached to the end of the bolt seen in
Figure 60. This allowed the load cell to be in-line with the mooring line, and the loads to be measured
correctly.

Figure 60: Bolt attachment made for in-line testing without mooring floats.
The second orientation as seen in Figure 59 B&C, with the model perpendicular to the direction of
wave travel required the mooring system orientation to again be altered. To achieve this, smooth, vertical
directional cylinders were utilized. These were made of vertically mounted PVC pipes which allowed the
mooring bridle to be redirected from across the width of the tank, to along the length of the tank. By
redirecting the mooring, the full mooring systems could be used. Without the directional cylinders, the
manner in which the model would be moored would not have allowed the appropriate compliance. This
would not show how the system would handle incident broadside waves with its designed compliance.
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9.3 SINGLE FREQUENCY WAVES

Waves in the wave/tow tank are generated by a paddle that is hinged on the bottom, and driven at
the top by a hydraulic ram. Wave height and period are specified on the wave tanks computer, then
generated by the paddle. At the other end of the tank is the “beach”, which allowed the waves to dissipate
their energy and prevent the waves from reflecting back. Model scale wave heights of 0.05, 0.10, and 0.15m
were input into the PC for periods of 0.75 to 2.5 seconds in 0.25 second increments, and the full scale wave
heights, periods and wavelengths seen in Table 14 were generated. As the wave height was increased,
limitations of the wave paddle did not allow for certain high frequency waves with larger wave heights to be
generated.

Table 14: Measured model scale and full scale wave periods and heights for the three different wave heights
tested.
Period T (s) Wavelength (m) wave Height H1 (m) wave Height H2 (m) wave Height H3 (m)
3.4
4.5
5.6
6.7
7.8
8.9
10.1
11.2

17.46
31.4
48.34
69.8
96.66
125.66
157.08
179.52

1.5
1.3
1.2
1.1
1.2
1.4
1.2
0.6

2.2
2.2
2.2
2.2
3
2.4
1.2

3.5
3.6
3.6
4.4
4
1.8

With single frequency waves, motion response could be visually observed and attributed to
individual wave forcing amplitude and frequency. Mooring force could also be measured and attributed to
certain wave frequencies and amplitudes. For every variation in the experimental process, the system was
subjected to the same three single frequency wave regimes seen above in table 14. This allowed changes
made to the mooring system, or models orientation to be directly compared.
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9.4 RANDOM SEA WAVES

Random sea waves were produced by generating a Bretschneider spectrum and inputting the
spectrum to the wave maker. To generate a Bretschneider spectrum a significant wave height and peak
period are specified, and the input spectrum is generated according to
𝑆(𝑓) =

2
5𝐻1/3

1

16𝑓0 ( 𝑓 )5

𝑒

−5 𝑓 −4
( )
4 𝑓0

,

[15]

𝑓0

where f is frequency (Hz), f0 is peak period (Hz), and H1/3 is significant wave height. Random sea waves
were generated with a model scale peak period of 1.75 seconds (full-scale 7.83 sec) and model scale
significant wave heights of 0.05, 0.01 and 0.15m (full-scale 1.0, 2.0 and 3.0m). A representative plot
showing the Bretschneider input spectrum with H1/3=.05 m (full scale H1/3=1.0m) and a peak period of 1.75
sec (full scale 7.83 sec), and the actual measured output wave spectrum from the wave staff can be seen in
Figure 61. As the random seas wave energy is centered at the peak period, it was assumed the largest
response in motion and mooring force would occur at, or near the wave forcing peak period.
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Figure 61: Model scale input Bretschneider wave spectrum and raw measured wave spectrum for
random seas with a significant wave height of 0.05m and a peak period of 1.75 seconds.
The random sea significant wave height from the measured wave time series (H1/3) is defined as
𝐻1/3 = 4√𝑚0 ,

[16]

where mo is the variance of the sea surface time series defined as
𝑚0 =

1
𝑁−1

2
∑𝑁
𝑖=1|𝑦𝑖 − 𝜇| ,

[17]

where N is the length of the time series, i is the data point index in the time series, yi is the sea surface profile
position, and μ is the mean on the sea surface profile time series. As random seas are generated randomly,
they could not be exactly recreated, thus random sea waves were measured using the wave staff for each test
and their respective spectrum calculated. The sea surface profile time series was scaled up to full scale
before calculating the spectrum for further analysis.
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9.5 SINGLE FREQUENCY WAVE FORCING RESPONSE

The model’s motion resulting from wave forcing was characterized by RAOs. RAOs are ratios of
the amplitude of the response to the amplitude of the forcing. The amplitude of the response of the model
was found with Kinovea motion tracking software. The motion data exported from the software was loaded
into MATLAB, de-trended, plotted, and the peaks found as seen in Figure 62 for in-line orientation. The
distance between the peak and trough was found and averaged over 30 seconds, giving the magnitude of the
response due to wave forcing.

Figure 62: Representative model scale plot of surge, heave and pitch motion for wave height of
0.15 m and period of 1.25 seconds over 25 seconds.
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The Heave RAO is defined as
𝐻𝑒𝑎𝑣𝑒𝑅𝐴𝑂 =

𝐻𝑒𝑎𝑣𝑒𝐴𝑚𝑝𝑚𝑜𝑑𝑒𝑙
𝐴𝑚𝑝𝑤𝑎𝑣𝑒

,

[18]

where HeaveAmpmodel is the model’s heave amplitude and Ampwave is the wave forcing heave amplitude.
Ampwave is defined as
𝐻

𝐴𝑚𝑝𝑤𝑎𝑣𝑒 =

,

2

[19]

where H is the wave height. Surge RAO is defined as
𝑆𝑢𝑟𝑔𝑒𝑅𝐴𝑂 =

𝑆𝑢𝑟𝑔𝑒𝐴𝑚𝑝𝑚𝑜𝑑𝑒𝑙
𝑆𝑢𝑟𝑔𝑒𝐴𝑚𝑝𝑤𝑎𝑣𝑒

,

[20]

where SurgeAmpmodel is the model’s surge amplitude. SurgeAmpwave is found by calculating the waters
maximum displacement amplitude of a particle in the waves direction of travel, and is defined as
𝐻 cosh(𝑘ℎ)

𝑆𝑢𝑟𝑔𝑒𝐴𝑚𝑝𝑤𝑎𝑣𝑒 =

2 sinh(𝑘ℎ)

,

[21]

where h is the water depth. The wave number k is defined as
𝑘=

2𝜋
𝐿

,

[22]

where L is the wavelength and is found by solving the dispersion relation. The PitchRAO is defined as
𝑃𝑖𝑡𝑐ℎ𝑅𝐴𝑂 =

𝜃𝐴𝑚𝑝𝑚𝑜𝑑𝑒𝑙
𝐴𝑚𝑝𝑤𝑎𝑣𝑒

,

[23]

where θAmpmodel is defined as
𝜃𝐴𝑚𝑝𝑚𝑜𝑑𝑒𝑙 =

𝑥𝑙𝑒𝑓𝑡 −𝑥𝑏𝑜𝑡𝑡𝑜𝑚
∆𝑢𝑝

,

[24]

where xleft, xbottom, and Δup can be seen in the geometry of the target shown above in Figure 55. Sway RAO
was calculated using the same equation for Surge RAO as the model was rotated 90° as was the target. The
same went for Roll RAO; it was calculated using the same equation as for Pitch RAO.
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9.6 RANDOM SEA WAVE FORCING RESPONSE
The model’s heave response to random sea wave forcing was characterized by the significant heave
motion defined in equation 1. It is equivalent to the average of the largest 1/3 of random sea heave response
motion. The max heave response is equal to the largest peak to trough heave response.
The model’s vertical response to wave forcing was further quantified using a random sea RAO.
The random sea RAO was defined as
𝑀𝑜𝑑𝑒𝑙 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑅𝑎𝑛𝑑𝑜𝑚 𝑆𝑒𝑎 𝑅𝐴𝑂 = √𝑅𝑎𝑛𝑑𝑜𝑚 𝑆𝑒𝑎 𝑊𝑎𝑣𝑒 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚.

[25]

A representative time series of the measured random sea surface profile and the model’s
corresponding motion can be seen in Figure 63. Before calculating the spectrum, a Blackman data window
was applied to reduce leakage of energy into higher frequency bands.

Figure 63: Representative full scale random sea surface profile and model vertical displacement
for a significant wave height of 1.2m and a peak period of 7.8 seconds.
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The random sea wave spectrum was calculated and smoothed using three ensemble averages that
results in individual bands having a bandwidth of 0.0056 Hz. The model response data was band averaged
with five degrees of freedom, resulting in individual bands also having a bandwidth of 0.0056 Hz. The
wave forcing and model response spectra can be seen in Figure 64.

Figure 64: Representative full scale smooth spectral density of measured wave forcing and
model vertical response in random seas with a significant wave height of 1.2m and a peak period
of 7.8 seconds.

The model and wave spectra were both cutoff at the point where either reached their respective
noise floor. The noise floor is the measure of the signal created from the sum of all noise in the system. At
the point where either the force or wave spectra hit their noise floor, the signal is cutoff at that frequency.
Failing to apply a cutoff frequency results in small number division of the noise signal that results in large
extraneous spikes. The frequency cutoffs were further adjusted to reflect the physical limitations of the
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wave maker. To calculate the model’s heave RAO in random seas, a spectral heave RAO was found using
equation 25.
Random sea RAOs were calculated at a full scale peak period of 7.83 seconds (1.75 sec model
scale) and for full scale wave heights of 1.0, 2.0 and 3.0 meters (model scale 0.05, 0.10, and 0.15 m) for the
model oriented in line with and without mooring floats and sideways, broadside to the waves, for both
mooring system pre-tensions.

9.7 SINGLE FREQUENCY MOORING LOADS

The load cell was used to measure the initial mooring pre-tension before testing began, and the
mooring force resulting from wave forcing. Data from the load cell was converted from voltage to kilo
Newtons (kN) with LabView software, and a representative time series of the mooring force for the model
oriented in line with mooring floats can be seen in Figure 65. Using MATLAB the peaks in the mooring
force time series were found and can be seen marked with green triangles.
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Figure 65: Representative 30 second mooring force time series for the model oriented in line and
a pre-tension of 2224.1 N with mooring floats in 2.2m seas with a period of 7.83 seconds.
Statistics of the single frequency mooring loads were calculated using the peaks found. The max
peak mooring force is largest of the peak mooring forces found. The mean peak mooring force is the mean
of all the peaks identified, represented with green triangles, in the mooring force time series. The standard
deviation statistic is the standard deviation of the peak mooring forces and is defined as
1

2
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = √𝑁−1 ∑𝑁
𝑖=1|𝐹𝑖 − 𝜇| ,

[26]

Where N is the number of data points, i is the index, Fi is the force and μ is the mean of F. The peak
mooring force data was used to calculate single frequency wave force RAOs according to
𝑆𝑖𝑛𝑔𝑙𝑒 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑀𝑜𝑜𝑟𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 𝑅𝐴𝑂 =
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𝑀𝑒𝑎𝑛 𝑃𝑒𝑎𝑘 𝑀𝑜𝑜𝑟𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒
𝑊𝑎𝑣𝑒 𝐻𝑒𝑖𝑔ℎ𝑡

.

[27]

Mooring force RAOs were found for all frequencies, wave heights, model orientations, and pre-tensions
used.

9.8 RANDOM SEA MOORING FORCE
Mooring forces due to random sea wave forcing were again measured with the load cell. Before
use, the calibration was verified before being reapplied. Large spikes in the load data that were not present
in previous single frequency wave testing were removed using a filter that removed data points that were
more than three times the standard deviation, this was done three times and can be seen in Figure 66. After
the spikes were removed, peaks in the mooring force were found and shown with blue triangle markers.
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Figure 66: Representative 10 second time series of full-scale random sea mooring forces on the
model oriented in-line with mooring floats, a pre-tension of 4448.2 N, significant wave height of
1.31 m and peak period of 7.83 seconds. The red dashed line shows the data before the filter
was applied, and the black line shows the data after the spikes were removed.

Statistics for the random sea mooring force were found using the same methods explained in the
single frequency mooring force section. Before computing the spectra from the filtered data, a Blackman
window was again applied as it was in the Random Sea Wave Forcing Response section. The resulting
spectra can be seen in Figure 67, along with the cutoff frequencies. The cutoff frequencies were located
where either spectrum hits its respective noise floor, and frequencies outside this bandwidth were cutoff and
therefore not used. The random sea mooring force RAO is defined as
𝑀𝑜𝑜𝑟𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑅𝑎𝑛𝑑𝑜𝑚 𝑆𝑒𝑎 𝑀𝑜𝑜𝑟𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 𝑅𝐴𝑂 = √
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𝑊𝑎𝑣𝑒 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚

.

[28]

Figure 67: Mooring force and random sea wave spectrum for a significant wave height of 1.31m
and a peak period of 7.83 seconds. The cutoff frequencies used for this particular trial are
represented with black vertical lines.

9.9 FREE-RELEASE TESTS

Free release tests were conducted to determine the natural periods of specific response modes
visually observed during wave excitation tests. Three types of free-release tests were performed; unit 1
pitch, and entire system roll and hobby-horse heave. These test configurations can be seen in Figure 68.
The natural period of the model allows insight into which wave forcing frequencies might excite that
particular model response.
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Figure 68: Orientation showing displacement from rest prior to release. The sketches show A)
unit 1 Pitch release, B) Roll release, C) Hobby-Horse release.
For the free-release testing, each section was lifted from equilibrium until the section, or sections,
main longitudinal was just above water level, then released. The target affixed to the top of unit 1 was used
to track the motion resulting from the free-release test. Each test was repeated three times so the results
could be averaged.
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10. RESULTS

10.1 SINGLE FREQUENCY WAVE RESPONSE
The amplitude of the barrier’s response in heave, surge, sway, pitch and roll was found and then
converted to full scale using MATLAB. This was done for all single frequency wave periods and for wave
heights of 1, 2, and 3 meters (model scale 0.05, 0.1, and 0.15m). Due to the orientation of the camera and
the target attached to the top of the barrier for motion tracking, not all aspects of motion were able to be
tracked in each test. With the barrier oriented in-line; the heave, pitch and surge response could be found.
Turning the barrier sideways, broadside to the waves, the heave, sway and roll could be found.
With the barrier oriented in-line, the surge motion, the distance the barrier moves fore and aft, and
the pitch rotation, rotation of the barrier about its transverse axis, could then be tracked. The full scale heave
RAO, as characterized in single frequency wave forcing response, can be seen in Figure 69. As the target
used to track motion was attached to the front of the barrier, and the units articulate as the wave forms pass
through, the recorded motion response applies to that lead point only. However, that lead point was visually
observed to have the most motion response.
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Figure 69: Single frequency wave heave RAO (= heave amplitude/wave amplitude) plots for full
scale wave heights H of 1.0, 2.0 and 3.0 m for the barrier oriented in-line with and without
mooring floats and sideways with respect to the wave direction of travel.
It can be seen that the pre-tension in the mooring system has little impact on the heave RAO for all
three wave heights tested. The heave RAO for each orientation follows roughly the same trend for all three
wave heights, suggesting a linear vertical response to wave forcing.
The barrier oriented sideways, broadside to the waves, produced the largest heave RAO with its
peak value at 0.1 Hz (10 sec) at or just below unity. At 0.1 Hz the wave length is 157m, nearly twice the
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length of the barrier. With the barrier oriented sideways there is a much larger water plane area being
subjected to wave forcing at the same time, allowing the entire barrier system to heave at the same time. As
the entire system is moving together, one unit’s response will not act to damp another’s.
With the mooring floats removed the barrier exhibits signs of increased damping. This is to be
expected as the mooring force being transferred to the barrier is downward, instead of horizontal as it would
be with mooring floats, limiting the barrier’s vertical response. But, the heave response for the barrier in line
without floats is greater than the same orientation with floats from 0.125-0.18 Hz (8.0-5.6 sec) in 2m seas.
The pitch RAO for the barrier oriented in line and the roll RAO for the barrier oriented
sideways, broadside to the waves, can be seen in Figure 70. As the normalizing wave amplitude was
the same for both orientations, the pitch and roll RAOs were both included in the same plot. With the
barrier oriented in line, it was assumed that the barrier was perfectly in line with the direction of wave travel
and therefore no sway motion was induced. A similar assumption was made for the barrier oriented
sideways; that the barrier was oriented exactly 90° to the direction of wave travel and therefore no surge was
induced.

96

Figure 70: Single frequency pitch and roll RAO (= angular amplitude (rad)/wave amplitude (m))
plots for full scale wave heights H of 1.0, 2.0 and 3.0 m for the barrier oriented in-line, with and
without mooring floats, and sideways with respect to the wave direction of travel.
With a mooring pre-tension of 2224.1 kN (500 lbs.) the pitch response follows the same trend for
the barrier in line both with and without mooring floats. For 2.2 and 3.6m waves the pitch response for the
barrier in line without mooring floats begins to increase with an increase in frequency while the response for
the barrier with mooring floats does not. This could be a result of the downward mooring force due to the
lack of floats limiting the barrier’s pitch response.
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For 1.2m waves the roll response is nearly twice that of pitch, and steeply declines until 0.12 Hz
(8.3 sec) where it reaches a minimum. The response peaks at 0.15 Hz then slowly increases with an
increase in frequency. In 2.2m waves the roll response reaches a minimum at 0.125 Hz (8 sec) then
continuously increases with an increase in frequency. In 3.6m waves the roll response does the opposite of
the last two random sea wave environment responses and increases to a peak at 0.1 Hz (10 sec). It then
reaches a minimum at 0.125 Hz (8 sec), then increases again with an increase in frequency.
Increasing the pre-tension to 4448.2 N has little impact on the roll response in 1.2 and 2.2m waves,
but greatly reduces the roll response in 3.6m waves. In 3.6 m waves the roll response declines to a
minimum at 0.125 Hz (8 sec) then increases again with an increase in frequency. The increase in tension
has nearly no impact on the pitch response of the barrier in line without floats, except for in 2.2m waves
where the response declines in frequencies higher than 0.175 Hz (5.7 sec) where it had increased with the
lesser pre-tension. Oriented in line with mooring floats sees a peak in pitch response form at 0.15 Hz (6.7
sec wave) that was not present in the lesser pre-tension, then return to a similar magnitude as in the lesser
pre-tension. This peak in pitch corresponds to a wavelength of 70m, slightly longer than the barrier length.
It should be noted that the roll response is of a much larger magnitude than the pitch response. Each
units’ mass is distributed much closer to its longitudinal axis, than its transverse axis. The closer the mass is
distributed to the axis around which it rotates, the larger the corresponding angular acceleration is. As the
mass is distributed much closer to the longitudinal axis than the transverse axis, the roll rotation about the
longitudinal axis is much greater than the pitch rotation about the transverse axis.
As the barrier begins to pitch, the normalizing buoyancy force moment arm is much greater than
that of the barrier’s normalizing force moment arm in roll. As the barrier begins to roll, the normalizing
buoyancy force moment arm comparably small, as the beam of the barrier is small compared to its length.
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In Figure 71 below, the barrier’s surge while oriented inline and sway with the barrier oriented
sideways are both included. As the wave normalizing water horizontal displacement was the same for both
orientations, the pitch and roll were both included in the same plot. With the barrier oriented in line, it was
assumed that the barrier was perfectly in line with the direction of wave travel and therefore no roll motion
was induced. A similar assumption was made for the barrier oriented sideways.

Figure 71: Single frequency wave surge and sway RAO (= displacement amplitude/wave amplitude) plots
for full scale wave heights H of 1.0, 2.0 and 3.0 m for the barrier oriented in-line with and without mooring
floats and sideways with respect to the wave direction of travel.
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At a mooring pre-tension of 2224.1 N the sway response follows a similar trend in all three wave
environments, with a slight decline in response with increase in wave height. The response generally
declines with an increase in frequency. In 1.2m waves the sway response peaks at 0.15 Hz (6.7 sec). A
peak in sway response occurs at the same frequency in 3.6m waves.
In 1.2m waves the surge response for the barrier oriented in line with mooring floats is over twice
that of the barrier in the same orientation without floats at the lowest frequency. As the wave forcing in acts
over the entire broadside of the barrier when oriented sideways, versus just the cross section of the first unit
while inline, the sway response was larger than the surge response. As the frequency increases the surge
response for the in line barrier with floats peaks at 0.175 Hz (5.7 sec). The same orientation without floats
peaks at 0.15 Hz (6.7 sec) and again at 0.225 Hz (4.4 sec). At higher frequencies the surge response of the
barrier in line without floats is greater in magnitude than the same orientation with floats. This signifies that
the mooring floats reduce the surge response at high frequencies, and increase it in low frequencies in 1.2 m
waves.
In 2.2m waves the surge response for the barrier in line with floats does not peak, but reaches a
minimum at 0.125 Hz (8 sec) then increases with an increase in frequency. The same orientation without
floats follows the same trend as it did in 1.2m waves. In 3.6m waves the surge response is greatly reduced,
falling sharply in magnitude with an increase in frequency from the lowest frequency. With the barrier in
line without mooring floats the surge response plateaus with a slight peak at 0.15 Hz (6.7 sec). With the
barrier in line with mooring floats has a slight peak in surge at 0.125 Hz (8 sec) then decreases to 0.15 Hz
(6.7 sec), then increasing again in magnitude with an increase in frequency.
At the increased pre-tension of 4448.2 N the sway response is nearly the same as it was at the lesser
pre-tension, with a slight decrease in response at higher frequencies. The surge responses follow the same
trend as it did with the lesser pre-tension, with a decrease in response at low frequencies and a slight increase
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at higher frequencies. The peaks in surge occur at the same frequencies and with roughly the same
magnitude.
Single frequency wave forcing RAOs allow the response to wave amplitudes and frequencies to be
known. Even as wave height was increased, the corresponding response was linear. This shows that as the
wave forcing amplitude is increased, the barrier response amplitude is increased roughly the same amount.
Although the magnitude of the response followed the same trend with roughly the same magnitude, there
are nonlinearities in the response. However, a pattern of nonlinearities was not observed.

10.2 RANDOM SEA WAVE RESPONSE

The magnitude of the barrier’s heave response was found using MATLAB, with response values at
full scale. Statistics to represent the response were then found for a wave peak period of 7.83 seconds (1.75
sec model scale) and measured significant wave heights of 1.2, 2.4, and 3.4 meters. Statistics and RAOs
were calculated to characterize the random sea heave response. The heave motion was tracked for both
orientations and statistics on the barrier’s heave can be seen in Table 15.

101

Table 15: Statistics of full-scale barrier random sea heave motion for all three orientations and all three
wave heights at a peak period of 7.8 seconds. Statistics are for both mooring system pre-tensions.
Orientation
In-Line w/floats

In-Line w/o floats

Sideways

Orientation
In-Line w/floats

In-Line w/o floats

Sideways

Pre-Tension = 2224.1 N (500 lbs.), Period = 7.83 s
Wave H (m)
RMS Heave
Sig. Heave (m)
1.20
0.13
0.53
2.20
0.30
1.21
3.60
0.40
1.60
1.20
0.14
0.56
2.20
0.35
1.40
3.60
0.40
1.58
1.20
0.14
0.55
2.20
0.31
1.23
3.60
0.38
1.54
Pre-Tension = 4448.2 N (1000 lbs.), Period = 7.83 s
Wave H (m)
RMS Heave
Sig. Heave (m)
1.20
0.13
0.50
2.20
0.29
1.15
3.60
0.40
1.60
1.20
0.14
0.56
2.20
0.30
1.22
3.60
0.39
1.56
1.20
0.16
0.62
2.20
0.28
1.13
3.60
0.47
1.89

Max Heave (m)
0.68
1.52
2.60
0.73
1.54
1.90
0.75
1.78
1.85
Max Heave (m)
0.75
1.37
1.90
0.79
1.90
1.89
0.82
1.86
2.54

The random sea heave RAOs, as characterized in random sea waves, were calculated for random
sea wave environments with a peak period of 7.8 seconds and significant wave heights of 1.2, 2.4 and 3.4m.
This was done for the barrier oriented in line with and without mooring floats and oriented sideways,
broadside to the waves. The full scale heave RAO for the barrier in both orientations in random sea waves
with a significant wave height of 1.2m can be seen in Figure 72.
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Figure 72: Full-scale random sea heave RAO (= [Sheave/Swaves]1/2) for significant wave height of
1.2m and a peak period of 7.8 seconds.
In a random sea wave environment with a significant wave height of 1.2 m and a mooring pretension of 2224.1 N the heave response fails to reach unity even at the lowest frequency. This can be
attributed to wave crests passing through the upper truss of the barrier, limiting the vertical response. There
is no peak in heave response at the peak wave forcing period, but there is a broad peak for all orientations
roughly centered at 0.175 Hz (5.7 s).
Increasing the pre-tension to 4448.2 N the response at the lowest frequency is increased to 1.4, 1.0,
and 0.8 for the barrier oriented sideways, in line with floats and inline without floats, respectively. The
response with magnitude greater than 1 of the barrier sideways could be attributed to small number division
as responses greater than the wave forcing were not observed. The response has a minimum for all three
orientations at 0.13 Hz (7.7 sec), roughly the peak period of the wave forcing. A broad peak occurs for the
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barrier oriented in line without floats, centered at 0.21 Hz (4.7 sec). The increase in pre-tension greatly
reduces the magnitude of the response at frequencies higher than 0.12 Hz (8.3 sec). The increase in pretension tends to increase the response at low frequencies, and decrease the response at high frequencies in a
random sea wave environment with a significant wave height of 1.2m.
The full scale heave RAOs for the barrier in a random sea wave environment with a significant
wave height of 2.4 m can be seen in Figure 73. The heave response does not seem to change appreciably
with an increase in significant wave height for a mooring pre-tension of 2224.1 N. The barrier oriented in
line without mooring floats sees a slight increase at the lowest frequency to 0.9, but follows the same trend
as frequency increases.

Figure 73: Full-scale random sea heave RAO (= [Sheave/Swaves]1/2) for significant wave height of
2.5m and a peak period of 7.8 seconds.
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At an increased pre-tension of 4448.2 N the heave response also follows the same trend, with a
decrease in response after 0.12 Hz (8.3 sec). At frequencies higher than 0.12 Hz, the response changes only
slightly with an increase in frequency. The response levels off at a magnitude roughly equal to 0.6.
The random sea heave RAO for the barrier in random seas with a significant wave height of 3.4m
can be seen in Figure 74. At the lowest frequency with a mooring pre-tension of 2224.1 N the barrier
oriented sideways has the largest response of unity. The heave response for the barrier oriented in line
follow roughly the same trend, generally declining in magnitude with an increase in frequency, though the
barrier in line without floats has a larger response for all frequencies. The barrier’s heave response when
oriented sideways also declines in magnitude with an increase in frequency until 0.15 Hz (6.7 sec), where it
reaches a minimum. This is nearly the same frequency as the peak period of the wave forcing. After 0.15
Hz the response trends upwards to a magnitude of roughly 0.8 at the highest frequency.

Figure 74: Full-scale random sea heave RAO (=[Sheave/Swaves]1/2) for significant wave height of
3.4m and a peak period of 7.8 seconds.
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Increasing the mooring’s pre-tension to 4448.2 N moves the barrier response closer to unity when
oriented in line. In line without floats has a slightly smaller response than in line without floats below 0.15
Hz (6.7 sec), where the barrier in line with floats response becomes larger. The barrier oriented sideways
has a heave response of 0.6 at the lowest frequency suggesting heave damping. This was not observed
during testing. The response reaches a minimum at 0.15 Hz (6.7 sec), and has a broad peak with a
magnitude of 0.9 centered at 0.32 Hz (3.1 sec).
Looking at the RAOs of all three random sea wave environments some trends are apparent. For the
barrier oriented in line with mooring floats and a pre-tension of 2224.1 N the heave response is roughly 0.8
at the lowest frequency. It follows the same trend in all wave environments, generally a declining response
with an increase in frequency until there is little to no response after 0.3 Hz (3.3 sec). Increasing the pretension results in an increase in the response at the lowest frequency to approximately unity, with the same
general trend of decreasing in magnitude with an increase in tension.
Removing the mooring floats at a pre-tension of 2224.1 N results in a heave response magnitude
below 1, following the same trend as it did with mooring floats. Increasing the pre-tension reduces the
response at the lowest frequency in the smaller significant wave heights tested, and increases it in the largest
significant wave height. The response magnitude again generally decreases with an increase in frequency.
With the barrier oriented sideways and a pre-tension of 2224.1 N the response is at or below 1 at the lowest
frequency, and declines in magnitude with an increase in frequency until roughly 0.15 Hz (6.7 sec) where it
begins to increase in magnitude with the continued increase in frequency. As the beam of the barrier is
much less than the wavelength and at all frequencies it would be expected to act as a wave follower. At
higher frequencies, with shorter wavelengths the heave response trends towards unity.
Increasing the pre-tension to 4448.2 N increases the response at the lowest frequency in the smaller
of the significant wave heights tested. It then trends downwards and has a smaller response at high
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frequencies suggesting the increased tension acts to damp the response. At the largest significant wave
height tested the opposite occurs, where the response at the lowest frequency is nearly halved. At higher
frequencies the response follows the same trend with similar magnitude. Although the significant wave
height is below storm wave heights it suggests that barrier may react differently in larger wave
environments, especially at lower frequencies.
While the barrier is oriented in line, the random sea heave RAOs show that the barrier is a wave
follower for low frequency components of wave forcing. Low frequency components of waves contain the
most energy and are called the swell. Swell waves are surface gravity waves, and are normally larger and
contain more energy than the smaller higher frequency waves often called wind waves. The peak period
used in the random sea wave tests is approximately the period of the swell. The barrier very nearly follows
the shape of the low frequency components of the random sea waves. The barrier responds less and less at
the higher frequency components of the random sea waves. This suggests that the barrier responds near or
at unity with the low frequency components of waves, and has a limited response to the higher frequency
components.
As was observed when the barrier was deployed offshore, and reaffirmed with tank data, the barrier
followed the shape of the dominant swell very closely. The higher frequency components of the random
sea, such as wind waves, included in the random sea produced little response from the barrier. A
representative RAO from the barrier while deployed offshore was calculated over a span of time where the
Jeffrey’s ledge buoy reported a significant wave height of 2.04m and a peak period of 7.69 seconds. The
wave direction during that time span was 150° from true north. The significant wave height and peak
period are close enough to make a comparison with the random sea heave RAOs calculated from scaled
tank data with a significant wave height of 2.4m and a peak period of 7.8 seconds. As the barrier was on a
single point mooring at that time its orientation with respect to the waves direction of travel cannot be
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assumed. Therefore, the representative offshore RAO is plotted for comparison with the barrier oriented in
line without mooring floats scaled barrier RAO data in Figure 75 and sideways scaled barrier RAO data in
Figure 76. The logical comparison is with the barrier oriented in line without mooring floats and a pre
tension of 2224.1 M (500 lbs.), but all random sea heave RAOs are included for completeness.

Figure 75: Representative offshore RAO from 3:36 – 4:00 am, April 5, 2018 plotted with random
sea RAOs oriented in line without mooring floats in a random sea wave environment with
significant wave height of 2.4m and a peak period of 7.8 seconds.
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Figure 76: Representative offshore RAO from 3:36 – 4:00 am, April 5, 2018 plotted with random
sea RAOs oriented sideways in a random sea wave environment with significant wave height of
2.4m and a peak period of 7.8 seconds.
Some differences between the two model and the barrier should be noted before comparisons are
made. The Triton prototype had been subjected to an offshore winter environment for nearly four months,
including five nor’ easters. Over this span of time it had sustained damage on its end connections, damage
to the third unit, flooding of horizontal truss members, and was not anchored with a two-point mooring so
there was no pre-tension in the mooring system. Further biofouling had occurred acting to limit the heave
response.
However, the heave RAOs from the barrier oriented in-line without mooring floats and a pretension of 2224.1 N (500 lbs.) does follow the same trend as the frequency is increased. The magnitude of
the barrier RAOs is smaller over all frequencies, but does approach the same values at 0.10 Hz (10 sec) and
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0.18 Hz (5.6 sec). The RAO values are of the same general order of magnitude, lending credibility to the
tank data.
Comparing the offshore RAO with the RAO from the barrier oriented sideways in Figure 75 shows
a weaker correlation, yet is still close in magnitude. This case was not likely unless there was a strong wind
90° to waves. The difference in RAO magnitude can be attributed to the fact that the Triton prototype was
on a single point mooring and was most likely oriented in line with the waves direction of travel. This can
explain the poor correlation between the two RAOs. The RAOs are again close in magnitude at 0.1 Hz (10
sec) and 0.18 Hz (5.6 sec).

10.3 SINGLE FREQUENCY MOORING FORCE

To characterize the single frequency mooring loads due to wave forcing, some basic statistics as
well as single frequency mooring force RAOs were calculated. The statistics and RAOs allow for point-topoint and whole-to-whole comparison between both single frequency mooring force as well as random sea
mooring forces. Statistics for single frequency mooring forces can be seen in Table 16.
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Table 16: Statistics of full-scale mooring forces for all three orientations and all three wave heights at a peak
period of 7.8 seconds. Statistics are for both mooring system pre-tensions.
Orientation
In-Line w/floats

In-Line w/o floats

Sideways

Orientation
In-Line w/floats

In-Line w/o floats

Sideways

Pre-Tension = 2224.1 N (500 lbs.), Period = 7.83 s
Wave H (m) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.20
5.96
4.36
0.61
2.20
8.70
6.75
0.93
3.60
14.38
12.53
1.02
1.20
5.96
4.36
0.91
2.20
10.46
8.07
0.72
3.60
11.40
8.05
1.29
1.20
7.94
6.06
0.83
2.20
7.24
4.52
1.87
3.60
9.17
6.92
2.12
Pre-Tension = 4448.2 N (1000 lbs.), Period = 7.83 s
Wave H (m) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.20
9.18
8.05
0.69
2.20
14.41
12.44
0.91
3.60
21.49
19.70
0.95
1.20
8.45
6.62
1.00
2.20
10.09
8.62
0.86
3.60
13.65
10.99
1.12
1.20
9.97
8.04
1.11
2.20
9.76
8.37
0.54
3.60
13.91
10.07
1.26

In addition to the statistics seen above, tabled mooring force statistics for all wave regimes can be
found in the APPENDIX. The maximum mooring force observed was 27.60 kN with a mean peak force
of 27.06 kN and a standard deviation of 0.96. This mooring force occurred with the barrier oriented in line
without mooring floats, a wave height of 1.3m and a period of 4.5 seconds, and a mooring pre-tension of
4448.2 N.
The single frequency force RAOs for all orientations were found according to equation 28
explained in the Single Frequency Mooring Force section. The single frequency mooring force RAO for
the barrier oriented in-line with mooring floats with both pre-tensions can be seen in Figure 77.
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With this orientation and a pre-tension of 2224.1 N (500 lbs.), the response reaches a minimum at 0.1 Hz
(10 sec), then trends upwards with an increase in frequency. Increasing the pre-tension to 4448.2 N (1000
lbs.) the force RAO responds similarly below 0.1 Hz, then trends upwards to a rounded peak at 0.22 Hz (4.5
sec). At this pre-tension the response is largest for 1.0 m waves for all frequencies measured.

Figure 77: Single frequency mooring force RAO (= mean peak force/wave height) for the barrier
oriented in-line with mooring floats.
The mooring force RAO for the barrier oriented in the same direction with its mooring floats
removed can be seen in Figure 78. Removing the floats results in a similar trend, with a considerable
increase in magnitude. For the first pre-tension two distinct peaks are present for 1.0 m waves, and a single
peak for 2.0 and 3.0 m waves. At 0.18 Hz (5.6 sec) the response is the same for all three wave heights.
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Increasing the pre-tension results in two distinct peaks forming for all three wave heights and a
considerable increase in magnitude. The first peak occurs at 0.15 Hz (6.7 sec) and the second at 0.22 Hz
(4.5 sec), with the same response from all three wave heights occurring again at 0.18 Hz (5.6 sec).

Figure 78: Single frequency mooring force RAO (= mean peak force/wave height) for the barrier
oriented in-line with the mooring floats removed.
The mooring force RAO for the barrier oriented sideways, broadside to the waves, can be seen in
Figure 79. There is a peak at 0.1 Hz (10 sec) for 1.0 and 2.0m waves but none for 1.0m waves at a pretension of 2224.1 N (500 lbs.). Increasing the pre-tension to 4448.2 N (1000 lbs.) results in a noticeable
increase in initial mooring force for 1.0m waves, with a peak occurring at 0.1 Hz (10 sec wave). A peak
occurs for 2.0 and 3.0m waves at the same frequency, at a smaller magnitude.
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Figure 79: Single frequency mooring force RAO (= mean peak force/wave height) for the barrier
sideways, broadside to the waves.

10.4 RANDOM SEA MOORING FORCE

The random sea mooring loads were characterized in the same manner as the single frequency mooring
loads, basic statistics as well as random sea mooring force RAOs calculated with equation 29. The statistics
were calculated for all three orientations and can be seen in Table 17. These statistics and RAOs again
allow for point-to-point and whole-to-whole comparison between these random sea mooring forces as well
as the previously calculated single frequency mooring forces.
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Table 17: Statistics of full-scale random sea mooring forces for all three orientations and all three wave
heights and a peak period of 7.8 seconds. Statistics are for both mooring system pre-tensions.
Orientation
In-Line w/floats

In-Line w/o floats

Sideways

Orientation
In-Line w/floats

In-Line w/o floats

Sideways

Pre-Tension = 2224.1 N (500 lbs.), Period = 7.83 s
Sig. Wave H (m) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.31
7.91
6.46
0.56
2.25
7.33
6.62
0.52
3.44
8.57
7.02
0.66
1.12
7.21
6.49
0.38
2.49
8.38
6.95
0.59
3.42
12.01
8.17
1.01
1.20
8.67
7.80
0.74
2.22
9.88
8.39
0.98
3.18
11.42
9.42
1.10
Pre-Tension = 4448.2 N (1000 lbs.), Period = 7.83 s
Sig. Wave H (m) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.18
7.42
6.52
0.62
2.53
11.02
8.93
1.07
3.44
13.33
9.95
1.47
1.24
13.35
10.23
1.59
2.51
21.20
16.34
3.07
3.50
27.50
21.42
3.98
1.19
10.67
9.55
1.04
2.21
10.48
8.65
1.08
3.10
10.92
8.36
0.87

The force RAO for the barrier oriented in line with mooring floats can be seen in Figure 80. At a
pre-tension of 2224.1 N all three RAOs follow the same trend, decreasing at the lowest frequencies and
increasing at the highest with no change in response in between. The 2.25m random sea waves excite the
largest response at low frequencies while the 1.3m random sea waves have the largest response at all
frequencies above 0.1 Hz (10 sec).
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Figure 80: Random sea mooring force RAO (= [Mooring Force Spectrum/ Wave Spectrum]1/2)
for the barrier oriented in line with mooring floats.
Doubling the pre-tension appears to nearly double the mooring force RAO magnitude for all wave
heights except for a significant wave height of 2.53m. The RAOs follow the same trend as they did in the
first pre-tension.
The force RAO for the barrier oriented in line with its mooring floats removed can be seen in Figure
81. At a pre-tension of 2224.1 N the RAOs follow the same trend as the barrier did when it was in line with
mooring floats. The 1.2m random sea produces the largest force RAO at low and high frequencies,
followed by the 3.6 and 2.2m random sea RAOs, respectively. Between 0.11 Hz (9 sec) and 0.24 Hz (4.2
sec) the mooring force RAOs are approximately the same.
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Figure 81: Random sea mooring force RAO (= [Mooring Force Spectrum/ Wave Spectrum]1/2)
for the barrier oriented in line without mooring floats.
Doubling the pre-tension to 4448.2 N produces a large increase in magnitude of the 3.6m wave
environment force RAO at the lowest frequency. The two smaller wave environment force RAOs are less
than half the magnitude of the 3.6m wave environment at the lowest frequency. The RAOs then come
together to the same minimum point at 0.105 Hz (9.5 sec). The RAOs then all follow the same trend,
increasing in magnitude with an increase in frequency to a peak at 0.23 Hz (4.3 sec), before declining at the
highest frequencies.
The mooring force RAO for the barrier oriented sideways can be seen in Figure 82. At the first pretension of 2224.1 N the smallest significant wave height of 1.20m produces the largest force RAO at the
lowest frequency. At the lowest frequency the significant wave heights of 2.2 and 3.6m produce force
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RAOs less than half that of the 1.2m significant wave height. Increasing in frequency the three RAOs come
together at 0.08 Hz (12.5 sec), then follow the same trend with roughly the same magnitude.

Figure 82: Random sea mooring force RAO (= [Mooring Force Spectrum/ Wave Spectrum]1/2)
for the barrier oriented sideways.
Doubling the mooring pre-tension to 4448.2 N has little impact on the force RAOs below 0.1 Hz
(10 sec). All three force RAOs follow the same trend, increasing in magnitude with an increase in
frequency. The force RAO from the 1.2m significant wave height has the largest magnitude over all
frequencies, and peaks at 0.25 Hz (4 sec). The 2.2m significant wave height force RAO also increases in
magnitude with an increase in frequency with a slight peak at 0.27 Hz (3.7 sec), though much smaller in
magnitude. The mooring force RAO produced by the 3.6m wave does not change appreciably from 0.08
Hz to the highest frequency.
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Comparing the single frequency wave force RAOs with the random sea wave force RAOs shows
both similarities, and differences. The random sea mooring force RAOs are calculated using the spectral
energy density of the mooring force response, and the spectral density of the random sea waves which cover
a wide frequency band. The single frequency wave mooring force RAOs is calculated from the averages of
peak mooring forces, and normalized by wave heights that were created at each frequency. This results in
larger single frequency wave force RAOs.
With the barrier oriented in line with mooring floats the single frequency and a mooring pre-tension
of 2224.1 N the random sea and single frequency wave mooring force RAOs are very similar at frequencies
below 0.10 Hz (10 sec). The RAOs are of comparable magnitudes, and follow the same trends. Increasing
in frequency the RAOs begin to diverge, with the single frequency mooring force RAO increasing steadily
to 0.18 Hz (5.6 sec) whereas the mooring force RAO for random sea waves remains largely unchanged
within that bandwidth.
Increasing the mooring pre-tension to 4448.2 N again shows similar results at frequencies below
0.10 Hz (10 sec). At all frequencies higher than 0.10 Hz, the single frequency waves mooring force RAO
increases considerably while the random sea wave force RAO remains unchanged and at a much smaller
magnitude for all significant wave heights.
Keeping the barrier oriented in line and removing the mooring floats at a pre-tension of 2224.1 N
has similar force RAO results below 0.12 Hz (8.3 sec). The random sea wave force RAO is of smaller
magnitude, yet follows the same trend as the single frequency wave force RAO. As the single frequency
wave force RAO increases substantially with an increase in frequency, the random sea force RAO increases
only slightly and is greater than half the magnitude of the single frequency’s RAO.
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Increasing the mooring pre-tension to 4448.2 N provides the closest comparison of force RAOs.
The magnitude of the force RAOs at the lowest frequencies is comparable, and both decline to a minimum
at 0.11 Hz (9 sec). At frequencies higher than this, both force RAOs peak at 0.15 Hz (6.67 sec)
and slightly after 0.22 Hz. At the highest frequency both force RAOs approach 5 kN/m for 1.2m wave
forcing.
With the barrier oriented sideways there is a very weak correlation between the single frequency
wave mooring force RAOs and the random sea waves force RAO. At a pre-tension of 2224.1 N the RAOs
follow roughly the same trend with the random sea RAO’s magnitude being nearly half that of the single
frequency wave force RAO. Doubling the pre-tension produces no similarities between the two force
RAOs.
The random sea wave force RAOs did not peak at the peak forcing frequency of 0.128 Hz (7.8 sec),
where most of the energy of the random sea wave was centered. Peaks in the random sea force RAO
occurred at frequencies much higher than the peak forcing frequency, if they occurred at all.

10.5 FREE-RELEASE RESULTS

The averaged displacement of the target attached to the top of unit 1 observed in the free-release
tests can be seen in Figure 83. The data for the release tests were obtained by analyzing the GoPro’s footage
with Kinovea motion tracking software. The time between zero crossings gives the natural period.
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Figure 83: Averaged model scale displacement of the target fixed to the top of unit 1 with respect
to time for unit 1 pitch, and entire barrier hobby-horse heave and roll.
The natural period in unit 1 pitch, roll and hobby-horse heave are shown in Table 18. The
measured scaled barrier values are seen in the first column while the scaled up full scale values are seen in
the second column. The natural periods for pitch, roll, and heave are all relatively low keeping the
magnification of the system’s response limited to very high frequency waves and away from the expected
range of wave forcing periods.
Table 18: Model scale natural period (Tm) and full scale natural period (Tfs) for the barrier in unit 1 pitch,
roll and hobby-horse heave.
Tm (sec) Tfs (sec)
Unit 1 Pitch
Roll
Hobby-Horse Heave

121

0.387
0.524
0.344

1.731
2.343
1.538

11. CONCLUSIONS

The Triton barrier and mooring system were analyzed extensively in this project. The full scale
Triton prototype was deployed at the UNH offshore research site where its motion and position were
measured, video was recorded, and inspections were made. Instrumentations measuring the wave
environment was deployed near the barrier to operate in conjunctions with existing instrumentation located
in the surrounding area which collected additional environmental data. The Triton prototype was recovered,
and final inspections were made. Data analysis was conducted for the barrier’s motion and position, and the
ocean environment it was tested in.
During the deployment the barrier’s motion was tracked in real time, and a record of its motion
created. Data recovered from the Triton system’s IMU allowed for the calculation of significant heave and
heave RAO, characterizing the barrier’s vertical response to wave forcing. Video was captured and
recovered from onboard the barrier providing an axial view of the entire barrier. The wave environment the
barrier was deployed in was measured on-site with a RBR duet wave logger deployed by UNH, allowing
on-site wave measurements to be made.
Environmental conditions were further identified with data collected from NOAA’s National Data
Buoy Center (NDBC) and video from the Shoals Marine Lab (SML). Additional wave height and wave
direction data was gathered from the NDBC Jeffrey’s Ledge wave rider buoy located 25 miles from the
research site. Wind data was gathered from the White Island Meteorology Station located 1.5 miles from
the research site. Additional video was recorded by the nearby Little Seavey Island webcam, located 2
miles from the research site and operated by (SML), allowing for remote monitoring of the barrier.
Deployment of the Triton barrier from January to May 2018 provided a thorough test of the
barrier’s function in high seas, and winter storm events. Several design alternatives and attachments were
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tested, and their performance evaluated to select the best option. The fully welded unit endured several
structural failures as the design proved too rigid to comply to wave forcing, ruling out the design’s future
use. End connections, used to connect the barrier to the mooring system, were subjected to repeated loads
well below the ultimate stress of the main HDPE longitudinals resulting in fatigue failures. The foam that
filled the main HDPE longitudinals allowed the barrier to remain buoyant and functional, even with a crack
in its main longitudinal. Further design consideration of the interface between the rigid end flanges and the
main longitudinals should be employed for future use. The hinges, used to connect the units to together,
performed as expected and allowed the inter-connected system to comply with the wave environment
without sacrificing functionality.
A Froude scaled physical model of the Triton barrier and mooring system was designed,
constructed, and subjected to single frequency waves, random sea waves and free release tests at the Chase
Ocean Engineering Laboratory. The barrier’s dynamic and mooring response were measured and visual
observations made. The results of the physical model testing were analyzed and compared.
The barrier’s single frequency wave heave RAOs showed the barrier’s vertical response amplitude,
while oriented in the same direction the waves traveled, nearly matched the wave forcing amplitude at low
frequencies. This response was increasingly damped with non-resonant behavior as the frequency was
increased. Orienting the barrier sideways, broadside to the waves, produced a heave response amplitude
that approached unity at low frequencies, and again at higher frequencies depending on the wave height and
mooring pre-tension.
The single frequency wave pitch RAO shows little rotational response about the transverse axis,
with a maximum pitch amplitude of 0.077 rad (4.4 degrees) in 3.6m waves with a period of 7.8 seconds.
The barrier’s rotational response about the longitudinal axis, roll, was greater than the pitch response. Roll
response tended to increase in magnitude with an increase in frequency. A maximum roll amplitude of 0.91
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rad (5.2 degrees) was found in 3.6m waves with a period of 7.8 seconds. These small responses show the
considerable dynamic stability of the barrier.
Random sea heave RAOs for waves with a peak period of 7.8 seconds showed the barrier
responding close to unity at the lowest frequency components of random sea waves. The higher frequency
components of random seas showed limited response, unless the barrier was oriented sideways where its
response climbed to unity with the wave forcing once again. Random sea barrier heave RAOs and the
heave RAOs calculated from the barrier’s IMU followed the same trends, with the model barrier’s heave
RAO at a larger magnitude in roughly the same wave environments. Although the wave forcing
environments were close in magnitude and period, the full scale barrier was in considerably different
condition than the model barrier leading to the discrepancy in heave RAO magnitude.
In both single frequency, and random sea wave testing, heave RAO peak values were less than or
equal to one suggesting a lack of resonance at all frequencies tested. The results from the free release tests
show the natural frequencies capable of driving resonant motion to be much greater than the observed range
wave forcing frequencies.
A maximum mooring force of 27.6 kN was observed in single frequency wave testing with a period
of 4.5 seconds and a wave height of 1.3 m. A maximum mooring force of 27.5 kN was observed in random
sea wave testing with a peak period of 7.83 seconds and a wave height of 3.5 m. Both maximum mooring
loads occurred while the barrier was oriented in line without mooring floats, which suggests this is the worst
case orientation for mooring force loading. It should be noted that the full scale barrier was moored without
mooring floats for most of its deployment. From these maximum mooring force values observed in barrier
tank testing, it would be expected that the mooring system, as designed, could handle these loads as single
events. The wave tank data collected will allow for numerical model validation in future work.
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Concluding the Triton barrier system’s testing in an open ocean environment finds the barrier to be
a dynamically stable, and compliant system capable of functioning in an open water environment.
Objectives of the project were met both off-shore, and in UNH’s wave tank, and produced valuable insight
into the barrier system and how it functions in an open ocean environment. Through the results of the
testing, the HDPE construction of the barrier proved to be suitable for deployment in environments
subjected to severe storm conditions. Careful consideration into the design of connections to reduce fatigue,
and prevent loosening of threaded connections should be employed for future use.
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13. APPENDIX

Single Frequency H1 , Pre-Tension = 2224.1 N
Orientation

Wave H (m) period (s) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.5
3.4
10.33
6.80
1.18
1.3
4.5
6.37
5.14
1.34
1.2
5.6
8.61
4.62
1.66
1.1
6.7
4.58
3.98
0.61
In Line With
1.2
7.8
5.96
4.41
0.97
Mooring Floats
1.4
8.9
4.83
3.79
0.79
1.2
10.1
4.64
3.42
0.57
0.6
11.2
4.39
3.61
1.05
1.5
3.4
8.22
6.37
0.93
1.3
4.5
11.73
11.04
0.98
1.2
5.6
9.03
6.54
0.92
1.1
6.7
10.46
8.68
1.26
In Line With Out
Mooring Floats
1.2
7.8
5.96
5.16
1.00
1.4
8.9
7.45
4.40
0.96
1.2
10.1
6.86
4.45
1.97
0.6
11.2
6.90
4.68
1.45
1.5
3.4
10.30
8.07
1.18
1.3
4.5
6.69
5.72
0.62
1.2
5.6
9.68
7.35
1.51
1.1
6.7
7.96
6.10
0.92
Sideways
1.2
7.8
8.20
6.75
0.70
1.4
8.9
9.26
7.66
1.71
1.2
10.1
10.07
7.24
2.86
0.6
11.2
6.61
5.43
1.01
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Single Frequency H1 , Pre-Tension = 4448.2 N
Orientation

Wave H (m) period (s) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.5
3.4
11.13
10.80
1.02
1.3
4.5
15.27
11.24
3.79
1.2
5.6
12.69
12.08
0.75
1.1
6.7
9.04
8.82
0.72
In Line With
1.2
7.8
9.18
8.43
0.65
Mooring Floats
1.4
8.9
7.55
6.87
0.81
1.2
10.1
5.84
5.39
0.53
0.6
11.2
5.70
5.05
0.68
1.5
3.4
10.34
8.25
0.96
1.3
4.5
20.40
18.36
1.74
1.2
5.6
8.82
7.32
0.83
1.1
6.7
14.17
13.43
0.71
In Line With Out
Mooring Floats
1.2
7.8
8.45
7.09
1.07
1.4
8.9
7.32
6.28
0.68
1.2
10.1
8.62
7.93
0.85
0.6
11.2
8.72
6.75
0.55
1.5
3.4
14.18
11.39
0.90
1.3
4.5
11.55
10.71
0.76
1.2
5.6
13.60
10.35
1.06
1.1
6.7
12.80
9.92
1.16
Sideways
1.2
7.8
11.15
8.89
0.86
1.4
8.9
14.76
11.75
2.29
1.2
10.1
16.93
13.83
2.43
0.6
11.2
8.46
6.80
1.44
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Single Frequency H2 , Pre-Tension = 2224.1 N
Orientation Wave H (m) period (s) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.3
4.5
21.22
13.63
1.77
1.2
5.6
14.48
6.15
3.41
In Line With
1.1
6.7
10.65
6.70
1.60
Mooring
1.2
7.8
8.70
5.94
0.95
Floats
1.4
8.9
5.82
4.29
1.12
1.2
10.1
5.50
3.49
1.01
0.6
11.2
4.94
3.54
1.46
1.3
4.5
8.22
6.37
0.93
1.2
5.6
11.73
11.07
0.93
In Line With
1.1
6.7
9.03
6.48
1.00
Out Mooring
1.2
7.8
10.46
8.82
0.81
Floats
1.4
8.9
5.96
5.16
1.00
1.2
10.1
7.45
4.40
0.96
0.6
11.2
6.86
5.35
1.58
1.3
4.5
20.45
19.56
2.04
1.2
5.6
12.84
9.16
3.21
1.1
6.7
11.70
7.21
2.44
Sideways
1.2
7.8
8.16
5.60
1.98
1.4
8.9
13.55
10.91
1.61
1.2
10.1
15.93
12.82
2.82
0.6
11.2
7.47
6.57
0.95
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Single Frequency H2 , Pre-Tension = 4448.2 N
Orientation Wave H (m) period (s) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.3
4.5
19.88
19.26
2.48
1.2
5.6
17.09
15.27
1.91
In Line With
1.1
6.7
13.41
12.04
1.21
Mooring
1.2
7.8
14.41
12.89
0.90
Floats
1.4
8.9
10.78
7.35
2.31
1.2
10.1
6.88
6.09
0.79
0.6
11.2
6.88
5.07
0.82
1.3
4.5
27.60
27.06
0.96
1.2
5.6
15.20
14.34
1.03
In Line With
1.1
6.7
24.39
21.77
1.66
Out Mooring
1.2
7.8
10.09
9.44
0.94
Floats
1.4
8.9
8.28
6.95
1.11
1.2
10.1
11.57
11.26
0.94
0.6
11.2
9.28
9.48
1.18
1.3
4.5
21.58
20.56
2.07
1.2
5.6
18.74
14.39
3.29
1.1
6.7
18.35
12.27
1.78
Sideways
1.2
7.8
10.36
9.04
0.65
1.4
8.9
17.38
15.73
0.88
1.2
10.1
19.14
16.26
2.63
0.6
11.2
8.26
7.68
0.86
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Single Frequency H3 , Pre-Tension = 2224.1 N
Orientation Wave H (m) period (s) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.2
5.6
23.85
15.76
6.73
1.1
6.7
15.47
12.71
2.15
In Line With
1.2
7.8
14.38
11.37
0.33
Mooring
1.4
8.9
10.73
8.90
2.17
Floats
1.2
10.1
10.28
5.81
1.41
0.6
11.2
8.28
4.52
2.11
1.2
5.6
18.03
17.05
2.83
1.1
6.7
18.15
17.21
0.79
In Line With
1.2
7.8
11.40
8.51
0.92
Out Mooring
1.4
8.9
6.29
4.95
0.66
Floats
1.2
10.1
10.75
8.65
1.78
0.6
11.2
14.07
10.68
4.13
1.2
5.6
19.97
19.25
0.65
1.1
6.7
18.69
16.90
1.45
1.2
7.8
10.95
7.94
2.57
Sideways
1.4
8.9
20.66
16.84
2.75
1.2
10.1
22.62
18.52
4.71
0.6
11.2
8.35
6.15
1.91
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Single Frequency H3 , Pre-Tension = 4448.2 N
Orientation Wave H (m) period (s) Max Force (kN) Mean Peak Force (kN) Standard Deviation
1.2
5.6
22.32
16.55
4.94
1.1
6.7
23.12
17.43
2.55
In Line With
1.2
7.8
21.49
20.29
0.90
Mooring
1.4
8.9
18.21
16.12
2.09
Floats
1.2
10.1
10.95
9.86
2.01
0.6
11.2
9.21
6.43
1.91
1.2
5.6
25.83
23.09
2.70
1.1
6.7
27.00
25.33
3.70
In Line With
1.2
7.8
13.65
11.72
1.26
Out Mooring
1.4
8.9
9.63
8.10
0.97
Floats
1.2
10.1
15.21
13.36
3.34
0.6
11.2
15.64
13.11
1.69
1.2
5.6
21.16
20.36
0.57
1.1
6.7
21.26
16.31
2.01
1.2
7.8
13.95
10.60
1.21
Sideways
1.4
8.9
24.35
19.68
1.70
1.2
10.1
25.50
22.98
2.44
0.6
11.2
9.10
6.76
2.47
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