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FOREWORD 

In February 1981 the US Army Corps of Engineers initiated a prototype test 

program to provide guidance for floating breakwater applications in semipro

tected coastal waters, lakes, and reservoirs. The test was designed not only 

to obtain field information on construction methods and materials, connector 

systems, and maintenance problems but also to measure wave transmission char-

acteristics, anchor loads, and structural response. 

neering, and design work were completed in September 

data collection ended in January 1984. 

Program planning, engi-

1981. Monitoring and 

The Office, Chief of Engineers (OCE), US Army Corps of Engineers, had over

all responsibility for program management. Technical guidance was provided 

throughout the program by the Prototype Test Working Group. The membership 

of the group changed over the 4-year span of the program; however, all mem

bers contributed to its successful completion. The following individuals com

prised the Prototype Test Working Group: Messrs. Bruce L. McCartney, Jesse A. 

Pfeiffer, Jr., Fred A. Anderson, and Ivar R. Paavola, OCE; Messrs. Robert M. 

Sorenson, Richard L. Weggel, Rudolph P. Savage, and D. Donald Davidson, 

Coastal Engineering Research Center (CERC) of the US Army Engineer Waterways 

Experiment Station (WES); Mr. Paul F. Mlakar, Structures Laboratory, WES; 

Ms. Laurie L. Broderick, formerly at CERC / WES; Mr. John G. Oliver, US Army 

Engineer Division, North Pacific; and Messrs. A. David Schuldt and Eric E. 

Nelson, US Army Engineer District, Seattle. 

Additional guidance was provided by the faculty and staff of the University 

of Washington, including Professors Eugene P. Richey, Billy J. Hartz, and 

Ronald E. Nece and Mr. Derald R. Christensen. Guidance was also provided by 

Dr. Volker W. Harms, University of California, Berkeley. Observations and 

photographs of the marine flora and fauna that inhabited the breakwaters 

were provided by two Seattle Aquarium biologists, Mr. Richard Hocking and 

Ms. Kristine Nelson. 
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PREFACE 

The study herein was conducted between 5 February 1981 and 31 January 1985, 

during which time personnel of the US Army Engineer District, Seattle (NPS), 

had primary responsibility for carrying out the design, construction, and 

testing phases. Analysis of the collected data was done by the Coastal Engi

neering Research Center (CERC) of the US Army Engineer Waterways Experiment 

Station (WES). The study was authorized by the Office, Chief of Engineers 

(OCE), US Army Corps of Engineers, with overall program management responsi

bilities being shared by Messrs. Bruce L. McCartney, Directorate of Civil 

Works, OCE, and Jesse A. Pfeiffer, Jr., Directorate of Research and Develop

ment, OCE. 

The initial report, prepared for NPS, was written by Mr. Eric E. Nelson, NPS, 

and Ms. Laurie L. Broderick, US Army Engineer District, Portland (formerly 

with CERC). Commanders of NPS during the 4-year study were Colonels Leon K. 

Moraski, Norman C. Hintz, and Roger F. Yankoupe. 

The final report was prepared for publication utilizing funds from Work 

Unit 31679, "Design of Floating Breakwaters," by Mr. Peter J. Grace, Wave 

Research Branch, CERC. The report was written under general supervision of 

Dr. James R. Houston, Chief, CERC; Messrs. Charles C. Calhoun, Jr., Assistant 

Chief, CERC; C. Eugene Chatham, Chief, Wave Dynamics Division; and D. Donald 

Davidson, Chief, Wave Research Branch. This report was edited by 

Ms. Shirley A. J. Hanshaw, Publications and Graphic Arts Division, WES. 

Director of WES during publication of this report was COL Allen F. Grum, USA. 

Technical Director was Dr. Robert W. Whalin. 
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CONVERSION FACTORS, SI TO NON-SI (METRIC) 
UNITS OF MEASUREMENT 

Non-SI units of measurement used in this report can be converted to SI 

(metric) units as follows: 

Multiply 

cubic feet 

Fahrenheit degrees 

feet 

foot-pounds ( force) 

inches 

kips (force) 

knots ( international ) 

miles (US statute) 

ounces (US fluid) 

pounds (force) 

pounds (mass) 

pounds (force) per foot 

pounds (force) per square foot 

pounds (force) per square inch 

slugs (mass) per cubic foot 

square feet 

tons (2,000 pounds, mass) 

By 

0.02831685 

5/ 9 
0.3048 

1. 355818 

2.54 

4.448222 

0 .5144444 

1.609347 

0.02957353 

4.448222 

0.4535924 

14.5939 
47.88026 

6.894757 

515.3788 

0.09290304 

907. 1847 

* To obtain Celsius (C) temperature readings from 
use the following formula: C = (5 / 9) (F - 32) . 
ings, use: K = (5 / 9) (F - 32) + 273.15 . 
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To Obtain 

cubic metres 

Celsius degrees or Kelvins* 

metres 

metre- newtons or joules 

centimetres 

kilonewtons 

metres per second 

kilometres 

cubic decimetres 

newtons 

kilograms 

newtons per metre 

pascals 

kilopascals 

kilograms per cubic metre 

square metres 

kilograms 

Fahrenheit (F) readings, 
To obtain Kelvin (K) read-



SUMMARY 

The US Army Corps of Engineers (Corps) initiated the Floating Breakwater Pro

totype Test Program with the following objectives: determining the most 

efficient breakwater for a particular wave climate, predicting the forces that 

act upon structures and anchoring systems, determining the optimum construc

tions materials, and providing a low cost means of connecting or rendering the 

individual concrete breakwater modules. This breakwater study involved the 

testing of two types of breakwaters--a concrete box and a pipe-tire structure. 

After they had been constructed and moored at an exposed site in Puget Sound, 

the breakwaters were monitored for 18 months to collect data on performance 

and structural response. 

Results of the program indicate that the breakwaters provided wave protection 

which was similar to that predicted by model tests. However, anchor forces 

and internal concrete strains were lower than predicted. None of the flexible 

connector designs for the concrete breakwater survived undamaged, but both 

fendering and rigidly connecting the individual breakwater modules proved 

successful. The pipe-tire breakwater proved to be durable; however, several 

of the longitudinal pipes broke as a result of faulty welds, and the break

water had to be removed from the test site 6 months ahead of schedule. The 

concrete breakwater was undamaged by the testing and was reused in a nearby 

Corps marina project. 
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FLOATING BREAKWATER PROTOTYPE TEST 

PROGRAM: SEATTLE, WASHINGTON 

1.0 Introduction. This report documents a 4-year program in which two pro

totype floating breakwater designs were extensively field tested. The break

water test site was in Puget Sound off West Point at Seattle, Washington (fig

ure 1). This site was chosen to ensure that, within the period available for 

testing, wave conditions would approximate design waves normally associated 

with sites considered suitable for floating breakwaters. Water depth at the 

site varied between 30 and 50ft* at mean lower low water (MLLW), and bottom 

materials consisted of gravel and sand. The diurnal tide range at the site 

was 11.3 ft, and the extreme range was 19.4 ft. 

The prototype structures that were built and monitored were 

concrete box (figure 2) and a pipe-tire design (figure 3). 

of two types: a 

The 150-ft-long 

concrete breakwater was composed of two 75-ft-long units, each 16 ft wide and 

5 ft deep (draft of 3.5 ft). The pipe-tire breakwater was composed of nine 

16-in.-diam steel pipes and 1,650 truck tires fastened together with conveyor 

belting to form a structure that was 45 ft wide and 100 ft long. 

2.0 Design and Construction . The concrete structure design was based on 

field and design experience from numerous floating structures now in use, 

available model test data, and detailed structural analysis of similar struc

tures (references 1 through 4). The pipe-tire breakwater construction was 

based on a Sea Grant funded design by Harms (reference 5) and modified based 

on local site conditions and personal discussion with him. Other types of 

floating breakwaters, such as log bundles, twin pontoons, and A-frames, were 

considered; but either high construction costs, lack of broad applicability, 

or overall test program budget limited testing to the concrete box float and 

the scrap tire structures. Also, because Coastal Engineering Research Center 

(CERC) field studies (references 6 and 7) revealed that these two types of 

breakwaters were commonly used, the Prototype Test Working Group felt that 

* A table of factors for converting non-S! to SI (metric) units of measure
ments is presented on page 4. 
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the concrete box and pipe-tire designs would be most promising for use in the 

future. Based on available design information, the breakwaters were sized to 

provide acceptable wave attenuation under conditions typical of sites where 

the future use of floating breakwaters is anticipated (i.e., significant wave 

height, Hs = 2 to 4ft , wave period, T = 2 to 4 sec). However, the struc

tures and anchor systems were designed to withstand the maximum wave predicted 

for the West Point site (Hs =6ft , T = 5 sec). 

2.01 Concrete Breakwater Construction. The two 75-ft-long concrete break

water units were cast in Bellingham, Washington, 90 miles from the test site. 

Work on these units began with the erection of exterior plate steel forms. 

Welded wire fabric (3/8 in. diam) were then placed on the sides, ends, and 

bottom of the forms, with the top left open to allow placement of styrofoam 

blocks during the concrete placement process. All small pieces of reinforc

ing steel were epoxy coated, and the welded wire parts were galvanized for 

corrosion protection. Prior to casting of the breakwater units, 16 rebar 

strain gages were fastened into the deck, sides, bottom, and corners of the 

west float as part of the monitoring system. The concrete placement began 

with pouring of the 4-3/4-in.-thick bottom. The styrofoam blocks that served 

as the interior forms were then dropped into place (photograph 1). Two-by

fours and PVC pipe were used as spacers to keep the reinforcing steel located 

properly between the styrofoam blocks and the outer steel plate forms. Steel 

beams were placed across the deck, and then wedges were hammered between these 

beams and the foam to keep the foam from floating up as the sides of the float 

were placed. After the sides of the floats had been placed to within 1 ft of 

the deck surface, the spacers and steel hold-down beams were removed. The 

deck reinforcing steel was laid, and the final stage of the concrete placement 

was begun (photograph 2). Placing and finishing of the deck completed the 

casting process (photograph 3). Test samples of concrete were taken through

out the placement. The concrete weight varied between 131 and 134 pcf, with 

an average 7-day strength of 4,000 to 5,000 psi and a 28-day strength of 5,000 

to 6,000 psi. After the concrete had cured for 1 days, the ten 1/2-in.-diam 

strands in each of the six posttensioning tendons were tensioned to 25,000 lb 

(photograph 4). 

On 28 May 1982, the 140-ton units were lifted from the casting area and 
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lowered into the waterway (photograph 5) . The longitud i nal stra i n gages 1n 

the lower center edges of the west float were monitored during the launch

lng. A maximum strain of 1,700 microstrains was recorded, indicating that 

loads were about two- thirds of the yield strength of the reinforc i ng steel. 

After both units were launched, they were joined, end-to- end , with two 

flexible connectors (photogr aph 6) and towed approximately 90 miles south to 

the West Point test site. A det ailed descript ion of the concrete breakwater 

construction is given in Appendix A. 

2 . 02 Pipe- Tire Breakwater Construction. The pipe-tire breakwater was as

sembled, one bay at a time, on a construct ion platform located adjacent to 

a waterway . As each 12- by 45- ft bay was completed, it was moved into the 

waterway (photograph 7). Construction of the breakwater followed closely the 

sequence described by Harms (reference 5) . The prefoamed tires were brought 

to the assembly platform (photograph 8) where they were arranged as shown i n 

figure 4 but without those tires labeled "free ti res " (i.e ., ti r es not con

nected to a conveyor belt) . The matrix of 1,650 truck tires was bound by 

loops of 5-1/2- in .-wide , 3-ply conveyor belting. A special tool fabricated 

from a car jack was used to tighten the belting (photograph 9) before the 

loop ends were joined with five 1/2- in. -d iam by 2-in.-long nylon bolts. The 

ends of the bolt thr eads were melted with a welding torch to prevent the nuts 
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from working off the bolts. After 12 rows of 11 tires had been fastened to

gether, additional tires were forced into the open spaces (free tire spaces) 

in the 45-ft-long beamwise row of tires. 

The breakwater was then ready to have a 16-in.-diam styrofoam filled pipe in

serted into the beamwise row. Because the tires were not perfectly aligned, 

a nose cone was placed on the end of the pipe. The pipe was moved into place 

with a large overhead crane and was shoved through the row of tires with a 

forklift (photograph 10). A tight structure was produced by compressing one 

additional tire onto each end of the pipe before the keeper pipes were in

stalled (photograph 11). This procedure brought the total number of tires on 

each pipe to 66. The completed bay was dragged into the adjacent waterway by 

using the overhead crane and a small tugboat (photograph 12). This process 

was repeated for each of the eight bays (nine pipes). After construction pro

cedures had been perfected, assembly time for each bay was approximately 8 hr 

for two men. Adding the free tires, inserting the pipe, and moving the com

pleted bay off the assembly platform required an additional two men and took 

approximately 4 hr. Construction time was reduced by the use of heavy equip

ment and the special tools fabricated by the contractor. A detailed descrip

tion of the pipe-tire breakwater construction is given in Appendix B. 

2.03 Anchoring. The concrete breakwater was anchored in place by ten 

30-ft-long steel H-piles (HP 14 by 102) embedded their full length (photo

graph 13). The pilings were driven using a Vulcan 010 hammer with a 

10,000-lb ram weight and an 8,000-lb mandrel (photograph 14). A special 

fitting was attached to the mandrel to hold the piling in proper alinement 

while it was being driven. 

vanized bridge rope with 15 

Anchor lines consisted of 1-3/ 8-in.-diam gal

to 25 ft of 1-1/4-in. stud link chain at each 

end. Anchor line lengths were sized to provide a scope no steeper than 

1 vertical to 4.5 horizontal, and initial anchor line tensions were 5,000 

+ 1,000 lb. A 2,000-lb concrete clump weight was attached 44ft from the 

upper end of each anchor line. The purpose of this design was to produce 

a more even anchor line tension over the full range of tides and thereby 

to reduce the horizontal excursions of the breakwater, particularly at lower 

tide elevations. Four months prior to the termination of the field test, 

the clump weights were removed. During this 4-month period, the effects of 
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th i s clump weight removal on float motions, anchor forces, and wave attenua

tion were monitored. 

The pipe-t i re breakwater was anchored about 30 ft from the end of the concrete 

breakwater with ten 20-ft- long steel H- piles (HP 12 by 53) (photograph 15). 

Anchor lines consisting of 1- 1/ 4-in. - diam three-strand nylon rope, with 10 ft 

of 3/ 4-in. stud link chain at each end, were attached to both ends of each 

pipe. The scope for these anchor lines was not steeper than 1 vertical to 

4 horizontal. The center and end H-piles had one anchor line each, while the 

remaining four anchor piles were attached to three anchor lines apiece. The 

four end pilings were offset at an outward angle to counteract the opposing 

l ongitudinal component of force from the adjacent anchor lines . Anchoring 

de tails are given in Appendix C. 

3.0 Observations of Performance and Durability . The prototype breakwater 

test site at West Point was selected because of its exposure to wind waves. 

This choice proved to be more than adequate for providing the desired wave 

conditions. During the 18-month test period, more than 20 storms moved 

through Puget Sound. One storm brought winds in excess of 60 knots and 

generated waves over 4 ft high. Most often, storm winds were in the 20-

to 40-knot range with wave heights between 2 and 3.5 ft (photograph 16). 

Access to the breakwater was difficult when winds exceeded 10 knots ; 

15-knot winds made working conditions potentially hazardous. 

Visual comparisons of incident and transmitted wave heights indicated that, 

under all observed wave conditions, the pipe-tire and the concrete breakwaters 

provided an adequate and very similar degree of wave protection for both wind 

waves and boat wakes (photograph 17) . Moreover, the concrete breakwater re 

flected the wave energy, but the pipe- tire breakwater dissipated it through 

viscous damping. As a result of wave reflection, the windward side of the 

concrete breakwater was always noticeably rougher than the windward side of 

the pipe-tire breakwater (photograph 18). 

Overtopping of the concrete breakwater by ship wakes and wind waves was quite 

pronounced (photograph 19). Sheet flow 6 in. deep was common. As a result, 

a lush crop of algae thrived on the deck of the structure, making the surface 

12 



treacherously slippery. The actual freeboard of the concrete breakwaters was 

about 13 in., 4 to 5 in. less than anticipated in the original design. The 

reduced freeboard undoubtedly contributed to the amount of overtopping. 

The relatively high initial tension in the anchor lines of the concrete break

water (5,000 lb with the 2,000-lb clump weights attached and 1,500 lb without 

the clump weights) appeared to minimize the lateral travel of the floats even 

during low tides and fast tidal current flows (2 knots). Lateral displace

ments were estimated to be less than 2 ft, even when the clump weights were 

removed. 

Lateral displacement of the pipe-tire breakwater did not appear excessive 

(about 15ft), but tidal currents running at a 45-deg angle to the anchor 

lines tended to carry the pipe-tire breakwater in a longitudinal direction 

to the near end of the concrete breakwater, a distance of about 30 ft. 

Water leakage into the hollow end compartments of the concrete breakwater was 

a serious problem early in the test. Primary leak points were at the access 

hatches and the 2-in.-diam posttensioning bolt holes that were used when mak

ing the rigid connections between the two floats. Because calculations indi

cated that the breakwater could sink if the end compartments filled, emergency 

purnp1ng operations were carried out on several occasions. Eventually, rework

ing the hatch covers and filling the bolt holes with sealant reduced the leak

age rate to manageable levels. 

One of the major goals of the test program was to investigate various methods 

of connecting (or fendering) the two 140-ton floats. Four different connec

tion methods were tested: flexible connectors (two types), complete discon

nection (with fendering), and rigid bolting of the units. Both the fendering 

(photograph 20) and the rigid connection were successful. None of the flex 

ible connector designs survived their test period undamaged, although consid

erable progress was made toward a viable flexible connection design. Details 

of the connector testing are given in Appendix D. 

Advantage was taken of calm periods to make repairs and to conduct additional 

tests. Four boat wake tests and an anchor line stiffness (pull) test were 

13 



conducted at various times in the program. For two of the boat wake tests, 

41-ft Coast Guard cutters were used to generate waves (photograph 21). The 

other two tests used large (75- and 110- ft) tugboats. Boat generated waves 

were in the 2- to 3-ft range (see Appendix E for details). For the anchor 

stiffness test, a 4,000- horsepower tugboat was used to pull on the breakwater 

with varying loads, while surveying instruments measured displacements, and 

load cells in the anchor lines monitored anchor forces (photograph 22) . This 

test was conducted to obtain simultaneous measurements of breakwater lateral 

displacement and the resisting anchor force, which are properties of the an

chor system that affect overall float motions and internal loads . 

Upon completion of the field test, diver inspections of the anchor lines 

and the concrete floats were made. No significant damage , wear , or cracking 

was found on the floats. The galvanized steel anchor lines were visibly cor

roded, and the shackles used to attach the clump weights to the anchor lines 

were worn; otherwise, the anchor line hardware, including the chain, was found 

to be in excellent condition . 

For nearly a year, the pipe- tire breakwater proved to be remarkably durable. 

Except for minor repairs to the keeper pipes, it withstood the winter storms 

of 1982 without any maintenance (photograph 23). But in June 1983, almost a 

year to the day after the pipe- tire breakwater was installed, the first prob

lem of any consequence developed. After a minor storm, rout ine inspection 

revealed that one of the longitudinal pipes had broken (photograph 24). A 

closer inspection revealed that the 45-ft p1pe had been fabricated from a 

40-ft section and a 5- ft section. A poor weld between the two sections had 

finally failed because of a combination of corrosion and fatigue, allowing the 

two pipe sections to pull out of the tires . One month later , when a second 

pipe failed in exactly the same manner, a decision was made to terminate test 

ing of the pipe-tire breakwater. During the removal process, the ancho r lines 

were inspected, and no major problems were found in the nylon anchor lines or 

connecting hardware . After the breakwater was removed, it was surplused and 

eventually reinstalled at a private marina in southern Puget Sound . Monitor

ing of the long-term durability of this unit is planned. 

While the Prototype Test Program was under way, two projects us1ng floating 
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breakwaters were designed and constructed by the US Army Engineer District, 

Seattle. In 1983, a 600-ft-long breakwater was constructed for the 800-boat 

East Bay Marina at Olympia, Washington (photograph 25). A year later, another 

floating breakwater, 1,600 ft long, was anchored at Friday Harbor, Washington 

(photograph 26). As originally planned, the prototype test breakwater was 

refurbished and incorporated into the Friday Harbor Project. Throughout the 

test program, information obtained from the construction and operation of 

the prototype breakwater was used to refine the East Bay and Friday Harbor 

designs. Preliminary prototype test data were used to confirm float sizing. 

Construction specifications were broadened to allow the use of either light

weight or standard weight concrete, with appropriate adjustments in float 

draft. Details of the East Bay connector system were changed to reduce maln

tenance, and the Friday Harbor fender system is a direct spinoff of the one 

developed during the prototype testing. 

4.0 Data Collection. The monitoring program for the prototype test was con

ducted by the Civil Engineering Department of the University of Washington 

under contract with the US Army Corps of Engineers (Corps). The purpose of 

the monitoring program was to collect data that would serve as a basis for 

establishing and evaluating the fundamental behavior of the two breakwater 

types under study. The University designed a system to measure and record 

pertinent environmental and structural variables that are involved in the 

design and mathematical modeling of the test breakwaters and similar struc

tures. The parameters that were measured included incident and transmitted 

waves, wind speed and direction, anchor line forces, stresses in the concrete 

units, relative float motion, rotational and linear accelerations, pressure 

distribution on the concrete breakwater, water and air temperatures, and tidal 

current data. 

Off- the-shelf transducers for measuring many of the parameters were not avail

able. A major effort was required to design and fabricate anchor force load 

cells (photograph 27), wave measuring spar buoys, a relative motion sensor 

(photograph 28), pressure sensor housings, and embedment strain gages. By the 

end of the monitoring program, approximately 60 transducers had been installed 

in and around the breakwater. Over 3 miles of underwater electrical cable 

was required to feed signals to the onboard data acquisition system that was 
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housed on the concrete breakwater (photograph 29). Using large lead-acid 

batteries for power, the system was completely self-contained . In addition to 

the input transducers, the system included a microprocessor controlled data 

logger and special purpose signal conditioning electronics which were designed 

and built by the University of Washington (photograph 30). The data acquisi

tion system was programmed to sample selected transducers for 1 min on an 

hourly basis (because of power and storage requirements, the system was later 

programmed to take 1-min data every 2 hr). When either wind speed, current 

speed, anchor force, or significant wave height exceeded a preset threshold 

value, an 8-min record of all transducers was made at a sampling rate of 4 Hz . 

The microprocessor was capable of a limited amount of data processing, includ

ing calculations of maximum, minimum, mean, and standard deviation of selected 

parameters. After each data tape was retrieved from the breakwater, it was 

processed at the University. Selected statistics and data plots were analyzed 

to determine whether all critical components of the data acquisit i on system 

were operating properly. When problems were detected, repairs were made as 

soon as the breakwater was safely accessible. Keeping this complicated and 

extensive system operational in such a hostile environment proved to be a 

challenging enterprise. Salt water flooded instrumentation, waves and tidal 

currents broke transducers and tore out electrical leads, and logs, fish nets, 

and other debris caused damage continuously . Despite these difficulties in 

the 18 months of data collection, 121 data tapes were recorded, representing 

approximately one-quarter billion measurements. After initial processing at 

the University, the data were transferred to the Coastal Engineering Research 

Center for detailed analysis . Details of the monitoring program are given in 

Appendix F. 

5.0 Data Analysis. Detailed analysis of the data was initiated in June 1984, 

with the major effort being directed toward the transmission and anchor force 

characteristics of the breakwaters . These two parameters had the highest pri

ority because they were considered to be key factors in the effort to optimize 

the cost effectiveness of floating breakwater design. Other parameters such 

as the internal concrete strains and wave pressures were checked to ensure the 

reliability of the data, but detailed analysis was deferred. 

Figures 5 and 6 present the wave transmission characteristics and anchor line 
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forces for the concrete breakwater. Results for the three configurations of 

the concrete breakwater (rigidly connected with clump weights, rigidly con

nected without clump weights, and flexibly connected without clump weights), 

are represented by different symbols. For all three configurations the wave 

transmission coefficients (transmitted height/incident height) plotted in 

figure 5 are centered on a value of 0.40. This value was near the expected 

level of performance, and it indicates that this size breakwater would pro

vide adequate protection for waves up to approximately 3 ft high. The peak 

forces measured in the concrete breakwater's anchor lines are shown in fig

ure 6. The anchor line forces increased only slightly with increasing wave 

height and averaged approximately 40 lb/ft of breakwater (in addition to the 

initial tension) . The various configurations of the concrete breakwater 

seemed to have little effect on the peak anchor force . Figures 7 and 8 pre

sent the wave transmission characteristics and the anchor line forces for the 

pipe-tire breakwater. The average wave transmission coefficient of 0.42 1s 

close to the expected value for the wave heights tested (figure 7). The peak 

anchor loads for the tire breakwater shown in figure 8 average approximately 

75 lb/ft. Again, as for the concrete breakwater, the peak anchor load does 

not vary significantly over the range of wave heights measured during the 

test. 

The variation of transmission coefficient with wave period, typical of most 

laboratory tests, does not appear in the prototype measurements. At the West 

Point test site the generation of large wave heights and periods was limited 

by the relatively short fetches, and the breakwaters were not subjected to 

wave conditions that would produce high transmission coefficients . At the 

lower end of the scale, waves and boat wakes up to 1 ft high occurred fre

quently, even on the leeward side of the breakwater . This background no1se 

resulted in relatively high transmission coefficients for smaller wave 

heights regardless of how well the breakwater was attenuating the incident 

waves. These site-specific characteristics resulted in a concentration of 

wave attenuation measurements around 0.40. Selection of the concrete break

water size was based on two- dimensional model tests which indicated a trans

mission coefficient of 0.40 could be expected for a range of wave periods 

for 2.0 to 3.5 sec. Prototype performance appears to closely follow the 

model test results, at least for this relatively narrow range of wave periods. 
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While the test site per iods were limited, they do represent the most important 

range for floating breakwater applications in semiprotected waters. 

The measured wave loads on the concrete breakwater anchor lines were about 

one-half of the predicted loads, but the predicted loads on the pipe-tire 

breakwater were similar to measured values for wave heights less than 2 ft. 

The anchor line forces, plotted in figures 6 and 8, do not show the antici

pated increase with increasing wave height. This lack of sensitivity to 

wave height changes may result from a combination of factors. Anchor force 

predictions for the concrete breakwater did not account for viscous losses . 

These losses increase when larger waves break over the breakwater and when 

the breakwater motion becomes more extreme. The anchor system for the pipe

ti r e breakwater was much more compliant than those used in a previous proto

type test or 1n model tests , and wave impact loads probably were absorbed 

more readily by the prototype-test anchor lines than by those used previ

ously. Finally, the random nature of the wind waves at the test site com

plicates the correlation of the prototype test results with monochromatic 

model test data. The data analyses and results are discussed in more detail 

in Appendix G. 

6.0 Conclusions and Recommendations. The following conclusions and recom

mendations are based on test results reported herein and on field experience 

gained during the test and concurrent construction of two Corps floating 

breakwater projects in Puget Sound. 

a. Wind generated wave heights measured at the test site compared 

favorably with the predicted values (table 1). 

b. Measured values of wave transmission for both the concrete and the 

pipe-tire breakwater were similar to the predicted values (tables 2 and 3). 
Both breakwaters provide satisfactory protection (transmitted wave of 1 ft 

or less) for waves up to 3 ft high. 

c. For the concrete breakwater, measured values of anchor forces were 

about 50 percent of the predicted loads if the long-period sway component of 

the predicted value is ignored (table 2). The prototype test anchor force 
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records do not show the long-period component that was present in previous 

anchor line force measurements. The lack of this long-period force may be 

due to the relatively high initial tension and rapidly increasing anchor 

stiffness that was characteristic of the prototype test anchor system. 

d. For the pipe-tire breakwater, the measured values of anchor forces 

were similar to the predicted loads for incident wave heights less than 2 ft. 

Comparisons of existing model test anchor forces and the prototype data set 

are difficult because of differences between the model test anchor system 

and the prototype anchor system. 

e. Measurements from the strain gages embedded in the concrete break

water indicated that bending moments were less than 50 percent of the pre

dicted values (table 2). The highest strain was measured during the launch

ing process. Loads encountered during launching and towing may govern struc

tural requirements. 

f. Most of the urethane foam flotation in the crowns of the tires of 

the pipe-tire breakwater remained securely intact and in place throughout the 

test. The durability of the foam was enhanced by the physical protection pro

vided by the very stiff sidewalls of the truck tires. If more flexible auto

mobile tires were used, the foam probably would be more vulnerable to damage. 

In one year, the average foam weight increased 250 percent because of the 

absorption of water. This absorption, combined with underfilling of tires 

during the original construction, could have led eventually to buoyancy prob

lems. The long-term water absorption rate of foam flotation remains a concern 

and should be taken into account when flotation requirements are being calcu

lated. The pipe-tire breakwater original design flotation requirement of 

75-lb positive buoyancy for tires, other than those on the beamwise pipes, 

probably is not overly conservative for long-term use. 

g. The keeper pipes on the pipe-tire breakwater should be redesigned. 

If a single 4-in.-diam by 40-in.-long keeper pipe were welded in place, the 

expensive 4-way cross coupler and 2-in. ID pipes which were vulnerable to 

corrosion and loosening could be eliminated. Also, designers should consider 

the potential for corrosion of all small metal parts such as cotter keys. 
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h. Although a number of the bolted connections had one or two broken 

bolts, none of the connections failed. Binding the tires of the pipe- tire 

breakwater with loops of conveyor belting and fastening the loops together 

with nylon bolts appeared to produce a strong durable structure, providing the 

bolt ends are melted and flattened to prevent the nuts from backing off . 

i. The 16-in. -diam pipe for the pipe-tire breakwater should be used in 

standard lengths to avoid welding. If welding is required, all welds should 

be carefully inspected . 

j. Construction cost of the prototype 150-ft-long concrete breakwater 

was approximately $2,600 per linear foot (1981). In 1983, construction of a 

1,600- ft - long breakwater of similar design (anchored in a similar depth) cost 

$1,200 per linear foot indicating a considerable cost reduction. 

k . Construction cost of the prototype test 100- by 45- ft pipe- tire 

breakwater was $1,600 per linear foot (1981) including anchors . Uncertain

ties in availability of used truck tires and in construction methods resulted 

in this relatively high cost. 
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TABLE 1 

COMPARISON OF PREDICTED AND MEASURED WAVES 

Significant Wave Height , Hs Wave Period , T 
1/ (ft) (sec) Wind Speed -

(mph) Predicted Measured Predicted Measured 

15 1.3 1 . 5 2.5 
15 1.3 1.8 2 . 5 
16 1.4 2. 1 2 . 6 
* 2/ 4 .0 

1/ Measurements of unlimited duration. 
2 / No wind speed measurements obtained due to equipment malfunction . 

Significant 

TABLE 2 

COMPARISON OF FIELD MEASUREMENT WITH PREDICTED 
VALUE FOR CONCRETE BREAKWATER 

Wave Attenuation Peak Anchor Force Moment 

2 .8 
3 .0 
3 . 3 
4.3 

Wave Height Coefficient, ct (lb/ ft) (ft- kips) H s Pre- Mea- Pre- Mea- Pre- Mea-
(ft) dieted sured dieted 1/ sured 2/ dieted 31 sur ed 

1.5 0 . 4 0 . 4 105 50 125 47 
1.8 0 . 4 0 . 5 130 70 178 97 
2 . 1 0 . 4 0 . 5 145 75 256 79 
4 . 0 0 . 8 0.7 500 97 745 *4/ -

11 Calculated using Miche-Rundgren method, neglecting sway load with 
wave load acting on a portion of the structure equal to the wave length , L , 
= 5 . 12T2 ; i . e . , spatial correlation factor (SCF) = 1 ; also assumes 50 per
cent loss due to viscous effects. (Neither the predicted nor the measured 
anchor forces 1nclude either the anchor line pretension or long period loads 
such as cur rent drag . ) 

2 / Peak load calculated statistically assuming wave loads follow Rayleigh 
distribution; F peak defined as equal to the average of the 1 percent high
est loads; F peak= F1% = 1. 67 F significant . 

31 Heave moments calculated using FLOATX . 
4/ No strain data available for Hs = 4.0 ft . 
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Significant 
Wave Height 

H s 
( ft) 

1.5 
1.8 
2. 1 
3.2 

TABLE 3 

COMPARISON OF FIELD MEASUREMENT WITH PREDICTED 
VALUE FOR PIPE-TIRE BREAKWATER 1/ 

Wave Attenuation 
Coefficient Peak Anchor Force 

ct (lb/ft) 
Predicted Measured Predicted 2/ Measured 

0.2 0.5 60 77 
0.2 0.4 75 63 
0.4 0.7 100 75 
0.5 * 4/ 250 134 

31 

1/ Neither the predicted nor the measured anchor forces include long 
period loads such as current drag. Anchor line pretension was negligible for 
the pipe-tire breakwater. 

~/ From reference 5, figure 46. 
Jl Peak load calculated statistically assuming wave loads follow Rayleigh 

distribution; F peak defined as equal to the average of the 1 percent high
est loads; F peak= f1% = 1.67 F significant . 

4/ No transmitted wave height data available for Hs = 3.2 ft . 

25 



Photo 1. Starting concrete breakwater 
placement; internal foam blocks being 
positioned. 

Photo 3. Placing and leveling deck. 

Photo 5. Launching of concrete 
breakwater. 
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Photo 2. Placing concrete 1n 
sides and internal walls. 

~ . . .... , . .. .. 
Photo 4. Posttensioning of 
concrete units. 

---

Photo 6. Joining units with 
flexible connectors. 



Photo 7. Assembling pipe-tire break
water (Four modules are complete). 

iit 

,_._... 
• ~, , 

• 

~ 

Photo 9. Tensioning of belting using 
a modified car jack. 

Photo 11. Keeper pipes being secured 
(welding of keepers required to 
prevent loosening). 
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Photo 8. Assembling a module. 
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Photo 10. Shoving steel pipe 
through tires (tires around pipes 
not foamed) . 

Photo 12. Launching of pipe-tire 
breakwater. 



Photo 13. Photo showing H-pile with 
chain and steel rope attached (anchor 
force cell in chain). 

Photo 15 . Final anchoring of break
waters at test site. 

Photo 17 . Example of both break
waters providing good protection 
from storm waves. 
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Photo 14. Anchor piles being 
driven at test site. 

Photo 16. Waves reflecting from the 
concrete breakwater sending spray 
20 ft into the air . 

Photo 18 . Waves reflecting from 
windward side of concrete float . 



Photo 19. 1.5-ft waves overtopping 
the concrete breakwaters. 

Photo 21. 41-ft Coast Guard cutter 
passing the breakwaters during a boat 
wake test. 

- --

Photo 23. Pipe-tire breakwater after 
having weathered numerous storms. 
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Photo 20. Concrete units in discon
nected and rendered configuration. 

Photo 22. 4,000 hp tugboat 
pulling on concrete breakwater to 
determine anchor line stiffness. 

Photo 24. A broken longitudinal 
pipe pulling out of the tires. 



Photo 25. Photo showing the 16-ft
wide by 600-ft-long piling moored 
breakwater at East Bay, Washington. 

Photo 27. Underwater photo depicting 
upper load cell in anchor line. 

Photo 29. Photo showing the deckhouse 
that protected equipment from the 
elements (wave buoy in foreground). 
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Photo 26. Test units after being 
connected to the floating break
water at Friday Harbor, Washington. 

Photo 28. Relative motion sensor 
being used during test of flexi
ble connector . 

.. 
• :! . . 

: . : 

• 
. . . : 

Photo 30. Photo showing two her
metically sealed cases that housed 
the on- board computer. 



1.0 Design. 

APPENDIX A 

CONCRETE BREAKWATER: DESIGN, CONSTRUCTION, 
OPERATION, AND MAINTENANCE 

1.01 Wave Analysis. Prior to the designing of the prototype test structures, 

wave heights at the West Point test site were estimated using methods outlined 

in the Shore Protection Manual (SPM) (reference A-1). The test site location, 

effective fetch lengths, hydrographic data, and wind data are shown in fig

ures A-1 through A-6. Wave estimates are listed in table A-1. The design 

wave with a height, Hs , of 6 ft and a period of 5 sec, was estimated to be 

equal to the significant wave calculated for the maximum storm condition on 

record (24 years). During the 18-month test period, storm conditions, with 

winds over 20 mph, occurred on more than 40 days. A maximum wind speed of 

70 mph and a maximum wave height of 4 ft (4-sec period) were recorded. On 

one occasion, the wind speed continuously exceeded 35 mph for 24 hr. 

1.02 Tides. Tides at West Point are typical of the Pacific coast of North 

America. Tides are of the mixed type, with two unequal highs and lows each 

day. The diurnal tide range at the site was 11.3 ft, and the extreme range 

was 19.4 ft. Tidal datums for the West Point vicinity, as published by the 

National Ocean Service, are shown in figure A-3. 

1.03 Tidal Currents. In the vicinity of West Point, tidal currents flow in 

a southwesterly direction on the floodtide and in a northwesterly direction 

on the ebb, with flood and ebb surface velocities about equal. Maximum cur

rent speed predicted by the National Oceanic and Atmospheric Administration 

(NOAA) is 1.3 knots (2.2 fps), with average daily maximum speeds of 0.7 knots 

(1.2 fps). A site-specific field study was performed by U. S. Army Engineer 

District, Seattle, on 20 April 1981. During this study, current speeds of 

approximately 1.5 fps were measured during both ebbtide and floodtide. NOAA

predicted currents for the time of the study, in the general vicinity of West 

Point, were 0.9 fps on both the floodtide and ebbtide. Based on this infor

mation, the maximum tidal current speed at the test site was estimated to 

be 3.7 fps, and the average daily maximum speed was estimated to be 2 fps. 

A-1 



) 

"' --
' ' 

, 
I 

••AI >__:-! ' 
---- ~ v 

UA'V LE 

PORT ANGELES 

SCALE Ml LES 
10 0 10 20 

BRITISH COLUMBIA 
CANADA 

UNIT£0 STATES 
----

WASHINGTON 

BELL INGHAM 

EVERETT 

TEST SITE 

TLE N 

TACOMA 

OLYMPIA 

FIGURE A-1. Test Site Location 

A-2 



BA INBRIDGE 
ISLAND 

+ 

NORTH 

6' 
•If 

~/ 

W+-....!::3:...:.· ~3 ....!M!!.,!I_~ 

sw 

+ 

VASHON 
ISLAND 

0) 
• 
(X) 

s: 

SOUTH 

SCALE 

2 

i iiiiiiiiiiiiiiil
1 =~0iiiiiiiiiiiiiiiiiiiiiiiiiiii~2 M I 

N 

TIDE GAGE 

FIGURE A-2. Effective Fetch Lengths 

A-3 



.. 

. 

N 

.., 
' 

\ -I\) 

0 

I I 

~ ( ( 
" ~.- 1 I 

\.\ 
r 
cP 

,._ \ 

1\ 

~ I 

r 
' J 

,. 
, .. 0 

• . .. /I /A. 
) 

-~ 'c. .., 

. ( ~ 
..... '":' _,.~._ - --

t j 

• I "" -- ~ 
r ~ 

~----------~~ c;::------~L 0 0 
~ 

.. 

~ ·, 
0 , 

0 -
TIDE DATA 

SEATTLE 

HIGHEST TIDE. I 4.80 

~EAN HIGHER 
HIGH WATER. I 1.32 

MEAN HIGH WATER. I 0.47 

MEAN (HALF) 6.65 .T IDE LEVEL 

MEAN SEA LEVEL 6.25 

.MEAN LOW WATER. 2.82 

.MEAN LOWER o.oo 

.I NJJ WATER. 

.LOWEST TIDE. -4.60 

FEET 

~ t 

I 
~ 
0 

~ 
0 

\ 
too 

FIGURE A-3. 

"' ... .. " . 
C7 0 

0 

20G 
I 

·..-

-

0 
I H 

I 
N 
0 

~t~N~ .. ~ 

~ 
-- ·..p 

\ 
I 

' 

SCALE 

• •• 

\ 
\ 

I 
I 

.. 

200 
I 

tr, 
'o 

I>' · ... 

... 

c 

' 

.. 
::> 

... • 
~ .. 

' • 

I 

400FT 

' 
Hydrographic Survey Map 

A-4 

..> 

o. -

. .... .. 
... ... 

.,. 
0 

-----!#
~ 

~ .. 

' 

·-- - ~ - "' 

c 

" ... 

.r 

p 

·.,. 

• I 
I 

\ 

-. 

.., 

• 

• -

• , . 
.$ 

' ' 

-
· ~ ' \ 

' 3 \ 
.t., \·\ 0 \ 

• 
::: .. -

..... 

• 

• 

0 

0 

' 

... 
• 



80~-------------------------------------------------. 

70 

,., 

601\ 

NOTE: THESE CURVES REPRE
SENTATIVE OF PUGET SOUND 
COASTAL REGIONS WHERE 
NO SIGNIFICANT SHELTERING 
IS PROVIDED. 

THESE CURVES DEVELOPED FROM 
24 YEAR RECORD AT SEA-TAC 
AIRPORT AND SELECTED STORM 
RECORDS AT WESTPOINT SEWERAGE 
TREATMENT PLANT. ,, ~' ,, ~' ,, ~,', 

~ \\\ '~,' ............ 
50 \\\ ' ' ............ 

Gj \\\\\ ,,,, --------------------s ·-
~ \ \ ,~, 
(/) \\ ' ....... ~"' - ,, ' ~.:::::--
L..J \ ' ...... --z 40 \ ----~ ---- ' ' --- ------sw -
:> ' ' ---- ........ ~ ,, ...... ---' ...... --' "- ............. -... . . N __ ' ............. -----...... ......_ .._ ------

~........ .............. ------------ . 
...... __ --- N&NW ---- ---- ------ ------- E&SE ... ---------·NE --

30 

2 b0L----------------------------~2~----------~3~-------~4---------~5------------~6 
DURATION IN HOURS 

FIGURE A-4. Wind Velocity Duration Curves 
from Seattle-Tacoma Airport 

A-5 



LEGEND 
VELOCITY RANGE in MPH 

OVER 3 TO 12 
OVER 12 TO 24 
OVER ?4 

--8 ., c 
0 ----0 
> 

---12 ~---., .Q ___ _, 

0 
---- 16 0 ___ _, 

---- -~----
u .. 

20 .. -----' 
~ 

PERCENT CALM 

(0to3mph) 

--

- 16.3% 

FIGURE A-5. Wind Rose from Seattle-Tacoma Airport (1948-1969) 

A-6 



MAXlMUM STORM CONDIT10NS 

88 • 4.3 
T6 • 4.4 

MAXI~.,JM STOit"i CONDITIONS 

H
6 

• 4.0 
T6 • 4.2 

I I I 
MAXIMUM STORM CO~DITIONS 

MAXIMUM STORM CONDITIONS 

PERCENT CALM: 16.3 

WAVE ESTIMATES ARE BASED ON 
SHORE PROTECTION MANUAL. 
WIND DATA ARE FROM SEA-TAC 
WIND ROSE AND WIND DURATION 
CURVES FOR UNSHELTERED 
COASTAL REGIONS OF PUGET SOtr.-;D. 

\PE~CE~ 0\CU\RE\CE 
4 6 8 10 12 

8 6 • 4.9 
T8 • 4.6 MAXIMUM STORM CONDITIONS 

H6 • 6.0 
T6 • 5.0 

LEGEND 
CHARACTERISTIC WAVE 

Ba (FI') 
T8 (SEC) 

UP TO H
8 

• 1.0, T6 • 2.0 

H8 • 1.0, T8 • 2.0 TO H5 • 2.5, T8 • 3.5 

OVER H9 • 2.5, T• • 3.5 

FIGURE A-6. Wave Rose for West Point, Washington 

A-7 



During the field test, current speeds were measured us1ng a drogue and were 

found to be 1 to 2 fps . 

1.04 Wind- Generated Currents. Since wind-generated and t i dal currents can 

combine their effects in producing drag forces on the breakwaters, the maxi 

mum wind- generated current at the test site was estimated using the results 

of a recent NOAA study (reference A2). This study found that wind-generated 

surface currents were approximately equal to 3 percent of the wind speed. 

Drag forces were estimated for the simultaneous occurr ence of t he design wind 

(47 mph) and the average daily maximum tidal current of 2 fps. The wind 

generated current under these conditions is (0.03)(47 mph) = 1. 4 mph 

= 2 fps , yielding a total tidal and wind-generated current speed of 4 fps . 

1.05 Pressure Drag Loading . Pressure drag on the concrete breakwater due to 

the wind, wind-generated surface currents, and tidal currents is as fol l ows : 

a. Design wind speed, U , - 47 mph 

b . Wind- generated current speed - (0 . 03)(U) - 1.4 mph- 2 . 0 fps 

c. Tidal current speed - 2.0 fps 

d. Total current speed, u , - 2.0 fps + 2 .0 fps - 4.0 fps 

e. Wind pressure drag - negligible 

f . Pressure drag coefficient, c0 , - 2.0 (reference A- 3) 

g. Breakwater draft - 3.5 ft 

h . 

l . 

Density of seawater, 
p ' 

- 2 slugs/ft3 

Hydraulic pressure drag 
2 

- C pu 
D 2 (Draft) (reference A-3) 

- 112 lb/ft of breakwater length 
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1.06 Estimated Wave and Anchor Loads. Loads on the concrete breakwater 

were calculated 1n such a manner that they retained the same features ob

served in previous field measurements (figure A-7). These forces are a 

combination of short period wave forces superimposed on a long period sway 

force. Wave forces were calculated using the Miche-Rundgren method for non

breaking waves on a vertical wall with a design wave height of 6.0 ft and a 

period of 5.0 sec. 

For this design wave, the wave attenuation capabilities of the breakwater 

would be decreased considerably because of the relatively long wave period. 

The predicted wave attenuation coefficient, Ct , = H transmitted / H incident 

= 0.9 would result in a 5.4-ft-high transmitted wave. Since wave energy is 

proportional to the square of the wave height, approximately 80 percent of 

the energy of the design wave would pass the breakwater. 

Assuming 80 percent of the wave energy is transmitted past the breakwater 

and 20 percent is reflected, and assuming no viscous losses, the maximum wave 

loading was calculated to be 1,750 lb/ft of breakwater length (figure A-8). 

The maximum sway force was calculated as being equal to 5 percent of the 

structure displacement (180 lb/ft). This value was based on forces measured 

on the breakwater at Tenakee, Alaska. When wave and sway forces combine, they 

produce a total estimated load on the structure of about 1,930 lb/ft of break

water length for a 16-ft-wide structure with a draft of 3.5 ft (figure A-9). 

Available information from model tests and from prototype observations (refer

ence A-4) suggested that only a portion of the wave force, calculated by the 

Miche-Rundgren method, is ultimately transmitted to the anchor lines. For 

this reason, the load at the breakwater anchor line connection was set equal 

to 50 percent of the wave induced force plus 100 percent of the sway force. 

When the adjusted wave force was combined with the sway force, the total esti

mated load was 1,055 lb/ft of breakwater, or about 40,000 lb on each anchor, 

assuming an anchor line spacing of 37.5 ft. Tidal and wind-driven currents 

contributed an additional pressure drag force of 112 lb / ft of breakwater 

length for a maximum force on each anchor line of 44,000 lb. 
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FIGURE A-7. Typical Anchor Force Record from Friday Harbor Floating Breakwater- 1976 



WAVE DATA BREA"'--'1-lATSR DATA 
Height - 6. 0 ft Width - 16 ft 

PericxJ - 5. 0 sec Freetoard - 1. 5 ft 

Length - 128 ft Draft = 3 . 5 ft 

Water Depth - 55 ft Transmission coeffic ient - 0 . 9 

LANDWARD SEAWARD LANDWARD SEAWARD NET WAVE SWAY 
ELEVATION, Z PRESSURE, PL PRESSURE, P5 FORCE, FL FORCE, F5 FORCE,FN ET FORCE, FSWAY 

(FT) (LB/ FT2) (LB/ FT2) ( LB/ FT) ( LB/ FT) (LB/ FT) (LB/ FT) 

+1 .5 210 180 
0 306 

-3.5 488 78 1,777 31 1,750 

Ht = 5.4' Hi= 6.0' 

Z + L •~F---_;;s_=_:1...:6_' ------1~l' ...._ 

L r •1 _ , z = + 1.5 ' 

SWL ~ \ '. Z = O < 

-------....;;:lo,-c-...... :: \'''--.., / 

LANDWARD 
SIDE 

Ps:l -PL 

/ - \ Z = -3.5 ' 
~----~--------------~~ -------

.... 

SECTION VIEW 

~~ 

SEAWARD 
SIDE 

FIGURE A-8. Estimated Wave Pressures and Forces on Concrete Breakwater 
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WAVE FORCE 

SWAY FORCE= 5% DISPLACEMENT 
(1750 LB! FT TYPICAL, 
MAXIMUM CREST LENGTH 
128FT TYPICAL) 

-

-

(180 LB/ FT TYPICAL) 

I 
I ' (0 

FL OATING BREAKWAT ER I -
I 

~ 15' 

PLAN VIEW, APPLIED WAVE AND SWAY FORC E 

ON CONCRE TE FLOATING BREAKWAT ER 

NOT TO SCALE 

DESIGN WAVE : Hs = 6 . 0 FT 
T = 5.0 SEC 

NOTE: FORCES SHOWN ARE FOR 75' BY 5' BY 16' FLOAT 
WITH A DRAFT OF 3.5' . 

FIGURE A- 9. Estimated Wave and Sway Force 
on Concrete Floating Breakwater 
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1.07 Predicted Wave Attenuat i on. The basic design of the concrete break

water was adapted from the structure planned for a Corps of Engineers project 

at Friday Harbor, Washington, but with modifications to accommodate the more 

severe wave climate at the West Point test site. The test breakwater con

sisted of two rectangular units, each unit being 75 ft long and 16 ft wide, 

with a draft of 3.5 ft and a freeboard of 1.5 ft. The float dimensions were 

selected to provide a wave transmission coefficient (Ct = Ht/ Hi) of 0.4 under 

design storm conditions for Friday Harbor (Hs = 2.1 ft , T = 2.6 sec). Wave 

transmission characteristics of the floats were based on 1:10 scale model 

tests conducted at the U. S. Army Engineer Waterways Experiment Station (WES) 

(reference 2, main report). 

2.0 Construction. 

2.01 Construction Sequence. The two 75-ft-long concrete breakwater units 

were cast in Bellingham, Washington, and towed approximately 90 miles south 

to the West Point test site. Construction drawings for the concrete break

water are shown in figures A-10 through A-17. Work on these units began in 

May 1982 with the erection of the exterior plate steel forms on a special con

crete pad. Three-eights-in.-diam welded wire fabric (WWF 12 x 4 - W12 x W12 ) 

was placed on the sides, ends, and bottom of the breakwater, with the top left 

open to allow placement of styrofoam blocks during the casting process. The 

extensive steelwork in the anchor hawser hole areas and around the post

tensioning anchors required many man-hours of tedious wire tying. For cor

rosion protection, all small pieces of reinforcing steel were epoxy coated, 

and the larger pieces of welded wire fabric were galvanized. The concrete 

placement for each unit began at 5:00a.m., and by sunrise the 4-3/4-in.

thick bottom had been completed. The styrofoam blocks which served as the 

interior forms were then dropped into place. Wood two-by-fours and PVC pipe 

were used as spacers to keep the mesh located properly between the styrofoam 

blocks and the outer steel plate forms. Steel beams were placed across the 

deck, and wedges were hammered in between the beams and the foam to keep the 

foam from floating up as the sides of the float were placed. Some difficulty 

was encountered in obtaining a satisfactory amount of concrete cover over the 

steel while keeping wall thickness within tolerances. This problem was par

ticularly pronounced in the transverse bulkheads. Placing of the sides of 

A-13 
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the float was done in three lifts of about 1 ft each. Handheld electric 

vibrators were used to reduce the possibility of voids. After the sides of 

the floats had been poured to within 1 ft of the deck, the spacers and steel 

holddown beams were removed. The reinforcing mesh was laid on the deck, and 

the final stage of the placement was begun. Final placing and finishing of 

the deck were completed by midafternoon. 

Test samples of the lightweight concrete were taken throughout the place

ment. Concrete weight varied between 131 and 134 pcf, with an average 7-day 

strength of 4,000 to 5,000 psi and a 28-day strength of 5,000 to 6,000 psi. 

To obtain the required lightweight and high strength concrete, a good quality 

lightweight aggregate was imported from Coalville, Utah (Utelite Corporation). 

In addition, a wetting agent was used to increase workability while keeping 

water-cement ratio down to 0.35. After the concrete had been cured for 

7 days, the ten 1/2-in.-diam strands in each of the six posttensioning tendons 

were tensioned to 25,000 lb (photos A- 1 through A-12). 

Next, hardware and fittings were added, including the battery box for the 

onboard monitoring system, conduit for mounting the pressure sensors, lift

ing eyes for launching the floats, and neoprene gaskets and cover plates to 

seal the bolt holes that were used in rigidly connecting the floats . Several 

truckloads of styrofoam were removed from the end compartments of each float. 

These compartments were needed to provide a place for the data acquisition 

system and to allow access for bolting the floats together . Entry to the 

compartments was through watertight, flush-mounted hatches. On 28 May 1982, 

the 600-ton derrick Haakon lifted the floats from the casting pads . 

During the lifting process, 11 - ft - long steel bar s were stowed and sealed in

side the precast holes for use in rigidly connecting the floats later in the 

test program . Then the floats were lowered in t o the adjacent waterway . The 

longitudinal strain gages in the lower center edges of the B- float were moni 

tored during the launching, and a maximum strain of 1, 700 microstrains was re

cor ded, indicating that the loads were about two- thi rds of the yield strength 

of the steel reinforcing. After both units were launched, they were joined , 

end- to- end, with two flexible connectors and towed to the West Point test site 

with a 60- ft, 500- hp tug (photos A- 13 through A- 18). 
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The two concrete breakwater units arrived at the test site on 1 July 1982. 

Some difficulties were encountered in locating the buoys for the anchor lines, 

and divers were required to retrieve several of the lines. Ten days was re

quired to attach the 2,000-lb clump weights to the anchor lines and then con

nect the 10 anchor lines (five on each side) to the breakwater. Final ten

sioning of the anchor lines took place on 16 July when each of the lines was 

tightened to 5,000 lb (+1,000 lb). 

2.02 Concrete Mixture Proportioning. Early design work on the test break

water anticipated the use of standard weight concrete. During the job adver

tisement, last minute calculations showed that additional reinforcing, re

quired because of the severe test environment, had increased the weight of the 

floats substantially. Either the f l oat draft had to be increased, or the 

float weight had to be reduced. Weight reduction by us1ng lightweight con

crete was chosen as the most expedient means of correcting the problem. 

Test samples 

both floats. 

of the concrete were taken throughout the casting process for 

Testing was done according to the following American Society 

Testing and Materials (ASTM) standards: 

c 39- 80 Standard Test Method for Compressive Strength 
of Cylindrical Concrete Specimens 

c 136- 76 Sieve or Screen Analysis of Fine and Coarse 
Aggregates 

c 94-80 Ready Mix Concrete 

c 138- 77 Unit Weight, Yield, and Air Content 
(Gravimetric) of Concrete 

c 173-78 Air Content of Freshly Mixed Concrete by the 
Volumetric Method 

c 567-80 Unit Weight of Structural Lightweight Concrete 

for 

Results of these tests as well as other pertinent information are shown below: 

Mix 

Cement 

Aggregate 

Slump 

8 sack, 130 pcf 

Type II , l ow alkali 

Sand , pea gravel, and Utel i te (see 
aggregate test report, figure A-18) 

6 to 8 in. 

(Continued) 
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MATERIAL 
BUILDERS BUILDERS UTE LITE 

%PASSING I .# 8 PEA SAND 

U.S. SLEVE NO. GRAVEL 
2-1/2 IN. 

2 IN. 

1-1/2 IN. 

1-1/4 IN. 

1 IN. 

3/4 IN. 100 

1/2 IN. 100 90 

3/8 IN. 83 55 

1/4 IN. 

NO.4 14 100 8 

NO.8 2 87 1 

NO. 16 0 63 

NO. 30 43 

NO. 50 18 

NO. 100 4 

NO. 200 

F.M. 2.85 

S E OR C V 

SPECIFIC GRAVITY 2.68 2.67 

% ABSORPTION 

LA R LOSS 500 REV 

SOUNDNESS- 5 CYCLES 

MORTAR TEST 

C.A. ROOD ED UNITWE IGHT 

SCREEN OPENING IN INCHES 

100 

90 

80 

~ 10 
(I) 
(I) 

<( 60 
a.. 
t-
~ 50 
(.) 
a: 
~ 40 

30 

20 

10 

0 
200 100 80 

0.0117 0 232 0 0469 0.0937 0 25 0.50 1.0 2.0 3 0 

BUI~DERS 

SAND 

50 40 30 20 16 

FIGURE A- 18. 

# BPEA 
GRAVEL 

UTE LITE 

100 

90 

80 

10 

~ 

6C z 
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<( 

50 a.. 
t

~ z 
40 ~ 

a: 
w 

30 a.. 

20 

10 

~ 
10.8 

0 
4 1/4" 3/8" 1/2" 1/4" 1" 1-1/2" 2" 3" 

SCREEN NUMBER 

Aggregate Test Repor t 
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Air Content 

Water Cement Ratio 

Admix 

Unit Weight 

Weather and 
Temperature 

Concrete Temperature 

7-Day Strength 

28-Day Strength 

Post-Tension Grout 

6.1% - 7.3%; 6.6% avg. 

0 .35 

Zeecon- H, 7.0 oz/100; 
MBAE -10, 4.5 oz/cu yd 

131.0- 134.5 pcf; 132.6 pcf avg. 

Clear, 55° - 75° F 

62° - 68° F 

4,060 4,930 psi; 4,605 psi, avg. 

4,846 6,540 psi; 5,722 psi, avg. 

2,500 psi at 7 days 

2.03 Costs. Costs for the prototype test's concrete breakwater are presented 

below. Also presented are costs for a longer breakwater (at Friday Harbor) of 

very similar design. 

Prototype Breakwater 1/ -

Concrete Breakwater 

Anchor System 
(50-ft-Depth) 

Total 

1/ 150 ft long . 
2/ 1,600 ft long. 

Per Foot 
( $) 

1 '913 

687 

2,600 

3.0 Operation and Maintenance. 

1981 
Cost Total Cost 

($) 

287,000 

103,000 

390,000 

Friday Harbor Breakwater 2/ 
1983 

Per Foot Cost Total Cost 
($) ($) 

1 '0 11 1,618,000 

215 344,000 

1 '226 1,962,000 

3.01 Freeboard and Overtopping. The initial freeboard of the floats varied 

from 15 to 18 in. No additional ballast was required to trim the breakwater. 

After the anchor lines had been secured, the additional vertical anchor line 

load lowered the freeboard to 13 in., 5 in. lower than originally desired. 

The increased draft (and reduced freeboard) may have improved the wave atten

uation capabilities slightly, but the reduced freeboard undoubtedly caused 

an increase in the amount of wave overtopping. Incident waves estimated to 
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be 2ft high caused 6-in.-deep water to flow across the deck (photo A-19). 

This wade moving about on the rolling, slippery deck an extremely precarious 

proposition (photo A-20) . On more than one occasion , tools and equipment 

were swept overboard, and life vests were a standard dress item. In addi 

tion, care had to be exercised in mooring the work boat to avoid swamping it 

with the water which ran off the leeward side of the breakwater (photo A-21). 

3 . 02 Float Motion and Accessibility. The relative motion between the break

water and workboats which were tied up alongside resulted in some minor damage 

to the workboats. A 13- ft fiberglass skiff was carried up onto the center of 

the breakwater by a tugboat wake. Tugboat wakes also swamped a 17- ft aluminum 

workboat and knocked a 30-ft steel workboat against the breakwater, damaging 

the boat's wheelhouse . When work was being done on the breakwater in rough 

water conditions, the workboats had to be watched continuously to avoid damage 

or swamping (photo A-21). Access to the moving deck of the breakwater from 

the workboats required careful timing to prevent a person's falling into the 

water or being caught between the boat and the breakwater. Measurements of 

relative float motion (with the two breakwater units in the fendered, un

connected configuration) were made during the first of the boat wake tests . 

The maximum relative displacement was +9 in . vertically and +12 in . horizon

tally. The wake was about 2 ft high with a 2.5- sec period (see Appendix F 

for details). 

3 . 03 Leakage . Aside from damage done to the various connectors (discussed 

in Appendix D), the concrete structure survived the test period undamaged; 

however, water leaking into the end compartment provided a few anxious mo

ments . The leaks occurred at the entrance hatches and at the through- hull 

Dywidag bolt holes. The hatches were designed to be flush with the deck to 

facilitate the future use of the floats in the Friday Harbor Marina project . 

Unfortunately the hatches were the low point of the deck, and faulty seals 

turned the hatches into drains for overtopping waves . Quick calculations 

indicated that the floats might be negatively buoyant if the end compart

ments were filled with water, and on two occasions emergency pumping oper

ations were carried out to avoid field verification of the buoyancy calcu

lations (photos A22 and A- 23) . Leaks also developed where the neoprene 

gaskets sealed the twenty 1- 3/4-in .-diam bolt holes cast into the end of 
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each float. Eventually the hatch seals were reworked and made watertight, 

and the bolt holes were sealed with injected urethane foam and plumbing 
corks. 

3.04 Debris Effects. On several occasions, storms, accompanied by extreme 

high tides, produced large amounts of floating debris. Logs as large as small 

automobiles were found on the breakwater deck one day and were gone the next. 

While the logs took their toll of monitoring instrumentation, no damage to the 

floats themselves was attributed to debris (photo A-24). 

3.05 Structure Durability. A visual inspection of the concrete breakwater, 

including a diver inspection of the sides and bottom, revealed only minor 

cracks and chips in the concrete. There were some very small 1-in.-diam chips 

in the vicinity of hawse pipes on the bottom of the floats, probably a result 

of the unanchoring and reanchoring exercises carried out at various times in 

the field test. The wood fenders and bull rails showed considerable wear and 

tear by the end of the test period and had to be replaced when the breakwater 

was salvaged for reuse at the Friday Harbor Marina. 

3.06. Environmental Effects. When the prototype test program was initiated, 

no adverse impacts to fish and wildlife were anticipated. The breakwater 

was expected to have an artificial reef effect and attract various types of 

marine life. The breakwater did prove to be a popular habitat for many spe

cies of marine plants and animals which attached to the bottom and sides of 

the floats. The cover and food supply provided by the breakwater attracted 

numerous perch and rock fish. Sea birds, such as gulls, auklets, western 

grebe, and sandpipers, also took up residence on or around the breakwater. 

In October 1982, 4 months after the breakwater was first anchored at the 

test site, a brief biological assessment was made by marine biologists from 

the Seattle Aquarium. Mussels (Mytilus edulis) were found to cover 20 per

cent of the bottom and 98 percent of the sides of the floats. Barnacles 

(Balanus sp.) covered 80 percent of the float bottom but were nearly nonex

istent on the sides. Tunicates (Corella willermeriana) were numerous (ap

proximately 5/sq ft) as were hydroids (Obelia longissima) and amphipods 

(Caprella equilibria). Many nudibranchs (Dorid sp.) also were found. As 

described earlier, the West Point site is subject to swift currents and 
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heavy wave action, and the breakwater developed a mar1ne life community rep

resentative of many other exposed rocky areas in Puget Sound . 

Some additional information on the design, construction, and use of concrete 

breakwaters is provided in references A-5 and A- 6 . 
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TABLE A-1 

WAVE ESTIMATES FOR WEST POINT TEST SITE 

Effective Wind Wind 
Wave Wave 

Fetch, Feff Duration, td Height, H Period, T 
Speed, u s 

Direction (mi) 1/ (hr) 2/ (mph) 2/ ( ft) 3/ (sec) 3/ 

North 9.0 1.7 36 4 . 3 4.4 
35 4 . 1 4 . 4 
30 3 . 5 4 . 0 
25 2.8 3 . 6 
20 2.2 3 . 2 
12 1.2 2 .4 

South 6.8 1.2 52 6.0 5. 0 
50 5 .8 4.9 
40 4.2 4 . 3 
30 3. 1 3 . 7 
25 2 . 5 3.4 
20 1.9 3.0 
12 1.1 2 . 2 

Southwest 4.9 0.9 50 4 . 9 4 . 6 
40 3 . 8 4 . 1 
30 2 . 8 3 . 5 
25 2 . 2 3 . 1 
20 1.7 2 . 7 
13 1.1 2 . 2 

West 3.3 1.1 50 4 . 1 4. 1 
40 3.3 3.7 
30 2 . 3 3 . 2 
25 1.9 2 . 9 
20 1.5 2 . 6 
15 1.1 2 . 2 

Northwest 6.3 1.3 38 4 . 0 4 . 2 
35 3 . 7 4 . 0 
30 3.0 3 .7 
25 2 . 5 3 . 3 
20 1.9 2 . 9 
12 1.1 2 . 2 

11 Effective fetch calculated with an arc width of +45 deg. 
2/ The wind speed duration curves used were developed from Seattle- Tacoma 

Airport records . 
31 The wave theory used was the Sverdrup- Munk- Bretschneider (SMB) method 

(reference A- 1). 
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Photo A-1. Forms being erected for 
casting a 75- by 16- by 5-ft float. 

Photo A-3. Reinforcing steel being 
installed around hawse pipes and chain 
locker. 

I . 

Photo A-5. Styrofoam being lowered 
after bottom of float was placed. 
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Photo A-2. Reinforcing steel being 
placed in the forms. 

Photo A-4. Blocks of styrofoam 
being checked for proper fit. 

Photo A-6. Steel angles, 2 by 4's, 
and PVC pipe being used to keep 
styrofoam located properly. 



Photo A-7. 3/8-in. welded wire fabric 
being laid on the deck. 

Photo A- 9. Placing and finishing the 
deck. 

Photo A-11. Taking concrete samples 
(done throughout the placement). 
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Photo A-8. Fabric being placed 
carefully in corner areas (crossed 
rebar strain gages near center of 
photo). 

Photo A-10. Using a broom to 
create a nonskid surface . 

• 
• • • 

• • 

Photo A- 12 . Preparing for post
tensioning . 



Photo A-13. Photo depicting original 
battery box and access hatch to 
equipment compartment. 

Photo A-15. Photo showing 600 cu ft 
of styrofoam that was "mined" from the 
end compartments of each float. 

. 
• , .. • 

• "' -, .. • 
:- • 

Photo A-17. 11-ft-long bolts being 
stowed inside one of the floats for 
later use. 
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Photo A-14. Pressure transducer 
mounting locations being verified. 

Photo A-16. A large derrick lift
ing one of the 140-ton floats. 

• I ~:-A -~ 
- .~-c-

I I 
-= .... 

~ .. 

Photo A-18. Rubber patches being 
glued over the bolt holes (later 
covered by steel angles). 



Photo A-19. Waves overtopping the low 
deck (13-in.) freeboard allowing con
siderable wave overtopping. 

-- , :;:; ............ ---. a g 

Photo A-21. Overtopping waves swamping 
a work skiff. 

Photo A-23. Pumping out another end 
compartment (the deck is nearly 
awash). 
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Photo A-20. Work continuing 
cautiously on the slippery, 
rolling deck. 

Photo A-22. About 3,000 gallons 
being pumped from an end com
partment after a storm. 

Photo A-24. Photo showing type 
of debris which washed across 
the deck. 



APPENDIX B 

PIPE-TIRE BREAKWATER: DESIGN, CONSTRUCTION, 
OPERATION, AND MAINTENANCE 

1.0 Design. 

1.01 Waves and Tidal Currents. For design calculations, wave, tide, and wind 

conditions were assumed to be identical for both the pipe-tire and concrete 

breakwaters. (See Appendix A, paragraphs 1.01 through 1.04 for a discussion 

of anticipated design conditions.) 

1.02 Pressure Drag Loading. Pressure drag on the pipe-tire breakwater due to 

the wind, wind-generated surface currents, and tidal currents was calculated 

as follows: 

a. Design wind speed, U , = 47 mph 

b. Wind-generated current speed- (0.03)(U) - 1.4 mph= 2.0 fps 

c. Tidal current speed - 2.0 fps 

d. Total current speed, u , - 2.0 fps + 2.0 fps - 4.0 fps 

e. Wind pressure drag - negligible 

f. Pressure drag coefficient, c0 , = 0.65 (reference B-1) 

g. Breakwater draft- 3.3 ft (40 in.) 

h. 

1 • 

Density of seawater, p ' - 2 slugs/ft3 

Hydraulic pressure drag 
2 

pU 
- CD 2 (Draft) 

- 35 lb/ft of breakwater length 
(reference B-2) 
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1.03 Estimated Wave and Anchor Loads. Mooring loads for the pipe-tire 

breakwater were calculated for the 6-ft, 5-sec design wave using an empirical 

equation based on prototype data taken at the US Army Corps of Engineers 

Coastal Engineering Research Center (CERC) (reference 5, main report). As 

recommended by the originator of the pipe-tire design, the calculated anchor 

force was increased by 70 lb/ft as an added safety factor for design purposes. 

The resulting mooring load, due to waves, was estimated to be about 500 lb/ft 

of breakwater length (figure B-1). Current drag was estimated to be 35 lb/ft, 

producing a total of 535 lb/ft of breakwater, or a maximum design load of 

about 6,000 lb on each of the nine (12ft on center) anchor lines. 

1.04 Buoyancy Calculations. During the design process the buoyancy of the 

pipe-tire breakwater was calculated from the difference between the total 

buoyant force and the weight of the breakwater with its mooring system at

tached plus the vertical component of the load on each anchor line. The 

styrofoam filled 16-in.-diam pipes contributed approximately 40 lb of buoyant 

force per linear foot of pipe. The other major source of buoyancy was the 

urethane foam in the crowns of the tires, anticipated to be 75 lb per tire for 

880 tires. The weights used for buoyancy calculations were (1) 15 lb per tire 

for 1,650 tires (submerged weight), (2) 11 lb per tire for sediment and bio

fouling, (3) 1,540 lb for submerged anchor lines, and (4) 13,000 lb for total 

vertical component of anchor load with design wave loading and wind/tidal cur

rent force applied. The buoyant force and weights combined to produce a cal

culated net positive buoyancy of about 16,000 lb. 

2.0 Construction. 

2.01 Construction Sequence. Construction of the pipe-tire breakwater began 

in late March 1982 (see figure B-2 for construction drawing). The 1,650 truck 

tires required for the job were brought to the contractor's workyard where 

they were arranged into rows and held in a vertical orientation by two 4 by 

4's running parallel to the rows. A hole was drilled in each tire to allow 

the water to drain, after which a two-part urethane foam was sprayed into the 

crown of 880 tires (see figure B-2 for foam specifications). The tires were 

assembled into bays on a construction platform located adjacent to a waterway. 

As each bay was completed, the breakwater was moved (one bay at a time) into 
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FIGURE B-2. Pipe-Tire Breakwater Plan and Details 



the waterway. Construction of the breakwater closely followed the sequence 

described by Harms (reference 5, main report). A forklift brought the tires 

to the assembly platform where they were bound by loops of 5-1/2-in.-wide, 

3-ply conveyor belting. A special tool fabricated from a car jack was used 

to tighten the belting. Holes were cut in the belting with another special 

tool, and the belting was fastened with five 1/ 2-in.-diam by 2-in.-long nylon 

bolts. The ends of the bolt thread were melted with a welding torch to pre

vent the nuts from working off the bolts. After 12 rows of 11 tires each 

had been fastened together, additional tires were forced into the open spaces 

(free tire spaces) in the 45-ft-long beamwise row of tires using a device nor

mally used for driving sheetpiling. The breakwater was then ready to have a 

16-in.-diam by 45-ft-long, schedule 40, pipe inserted into the beamwise row. 

This pipe was chosen because the 16-in.-diam was the largest standard size 

that would readily fit inside the 20-in.-diam rim of the truck tires. How

ever, the maximum standard length of this size pipe is 40 ft. The specified 

length of 45 ft resulted in structural failures which are discussed in para

graph 3.01. Because the tires were not perfectly aligned, a nose cone was 

placed on the end of the pipe which was moved into place using a large over

head crane and then shoved through the row of tires with the forklift. To 

produce as tight a structure as possible, one additional tire was compressed 

onto each end of the pipe before the keeper pipes were installed. (This 

brought the total number of tires on each pipe to 66.) The completed bay 

was dragged into the adjacent waterway using the overhead crane and a small 

tugboat. This process was repeated for each of the eight bays, with launch

ing of the completed breakwater taking place on 29 April 1982 (photos B-1 to 

B-21}. After construction procedures had been perfected, assembly time for 

each bay was approximately 8 hr for two men. Adding the free tires, insert

ing the pipe, and moving the completed bay off the assembly platform required 

an additional two men and took approximately 4 hr. Construction time was con

siderably reduced by the use of heavy equipment and the special tools fabri

cated by the contractor. The pipe-tire breakwater was the first of the test 

structures to be moored at the test site. Hookup of the anchor lines was 

relatively simple and was completed on 21 June 1982 (photo B-22}. 

2.02 Costs. Costs for the prototype test's pipe-tire breakwater are pre

sented below: 
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Pipe-Tire Breakwater (100ft) 
Anchor System 

Total 1/ 

Cost per 
Linear Foot 

($) 

930 
640 

1,570 

1/ Cost per square foot was $35.00. 

3.0 Operation and Maintenance. 

Total 
Cost 

($) 

93,000 
64,000 

157,000 

3.01 Field Observations. After only 3 days at the test site, five of the 

tire retaining keeper pipe assemblies on the end of the 45-ft-long pipes had 

worked loose. A close examination revealed that wave action was causing the 

tires on the steel pipe to roll back and forth around the axis of the pipe. 

The end tires rubbed against the keeper pipes and eventually unscrewed the 

pipes from the cross couplers. By the time repairs were made, over 20 indi

vidual keeper pipes were missing, but because the tires were held together by 

the conveyor belting and since each pipe had an anchor line which prevented 

the tires from escaping, the structure was not in danger of failing (o r losing 

tires) in the relatively light summer winds. The solution to the problem was 

to lift the ends of the 16-in. pipes out of the water, to replace the 2-in. 

keeper pipes and cross couplers, and then to weld the keeper pipes in place. 

Throughout the winter of 1982 the performance and durability of the pipe-tire 

breakwater were observed closely. Wave attenuation appeared to be similar to 

that of the concrete breakwater (photos B-23 and B-24). Wave action tended to 

compress the tires on the pipes, somewhat reducing the effective width of the 

breakwater (photo B-25), and diffraction around the ends of the breakwater was 

obvious, particularly in aerial photographs of the test site. The low profile 

of the tires made visibility of the breakwater very difficult from a distance . 

Often the large amount of debris that collected on top of the tires was the 

most visible part of the structure (photo B-26). While the visual aesthetics 

of the tire breakwater were debated, marine life in the area did not seem to 

object to its presence . Harbor seals and sea birds readily appropriated the 

above water portion of the breakwater as a convenient refuge, while the tires 

provided a habitat for mussels, barnacles, and numerous species of fish under

water. A dense growth of kelp (Nereocystis luetkeana) attached to the nylon 
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anchor lines. The upper portion of the anchor lines became heavily covered 

with diatoms, hydroids, mussels (Mylitis edulis), and the red alga 

(Neoagardhiella). Pile perch (Rhacochilus vacca) and striped surfperch 

(Embiotoca lateralis) resided near the surface by the tire reef. There were 

both adult and young of the year of these species present. The undersides of 

many tires were heavily covered with barnacles (Balanus glandula), but the 

mussels seemed to be mainly on the tire beads (the 1nner rims). Inside the 

casings, some barnacles grew along with the jingle shell (Pododesmus cepio) 

and a translucent tunicate (Corella wilmeriana) (photos B-27, B-28, 

and B-29). 

Even though the breakwater had hundreds of bolted connections that were being 

flexed continuously, the only maintenance performed during the winter storm 

period was to one keeper pipe assembly. This repair lasted through the win

ter, but by April 1983 the keeper pipe was completely gone; and the tires 

began falling off the end of the pipe and sliding down the anchor line. A 

switch in wind direction caused most of the tires to work their way back onto 

the pipe, and a makeshift repair was made (photo B-30). 

Up to this point, all of the damage was relatively minor and could be re

paired onsite. The first serious damage occurred during a storm on 9-10 June 

1983. This storm caused one of the 16-in.-diam pipes to break at a point ap

proximately 5 ft from one end (photo B-31). The short 5-ft section sank, but 

the long 40-ft section was recovered. Both sections remained attached to 

their respective anchor lines. An inspection of the break revealed an edge 

that had been prepared for welding but which had been only partially welded. 

The weld failed, and the pipe sections parted. On 12 July 1983, a second pipe 

broke, lost its styrofoam flotation, and sank before it could be recovered. 

On 19 July 1983, the tire keeper pipes on the north side of the center pipe 

failed, and the pipe was protruding approximately 20 ft to the south 

(photo B-32). The 45-ft-long pipe was still intact, and both anchor lines 

were holding. 

The two 45-ft-long pipes which broke were located adjacent to each other on 

the west end of the tire breakwater. This situation permitted a considerable 

amount of wave transmission through the gap between the concrete float and the 
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tire breakwater; consequently, any wave attenuation data collection while the 

breakwater was in this condition was suspect. Also, since only the center 

pipe anchor lines were instrumented with anchor load cells, failure of the 

retaining pipe on the north side of the center pipe complicated interpretation 

of anchor force readings. The high probability that no meaningful data were 

being collected prompted a decision to remove the breakwater to prevent fur

ther deterioration. 

On 5 August 1983, after 414 days of testing, the pipe-tire breakwater was re 

moved from the West Point test site. Four Corps personnel disconnected the 

breakwater in approximately 3 hr. The breakwater was towed 3 miles from the 

test site to the Lake Washington Ship Canal by a Corps workboat (31 ft, 

300 hp). The tow required 6 hr, even though tidal currents were relatively 

minor (photo B-33). 

3.02 Posttest Inspection. On 12 August 1983 an inspection of the tire break

water was conducted. 

The short 5-ft sections of the two broken 16-in.-diam pipes were recovered. 

Both showed evidence of a complete, but poor, ring weld (photo B-34). The 

45-ft pipe was found to have been constructed from two pieces of pipe (40 and 

5 ft). Corrosion and continual flexing led to eventual failure. While the 

breakwater was being removed from the test site, the application of minor lat

eral loads inadvertently broke three more 16-in.-diam pipes. All the breaks 

occurred at exactly the same welded joint, 5 ft from the end of the pipe. 

Ten conveyor belt connections were inspected. Eight of the connections, 

which use five 1/2- by 2-in. nylon bolts, had one or more broken bolts. Only 

those connections on the perimeter of the breakwater were accessible for in

spection. Two bolt patterns were used in fastening the belting together, 

but no conclusions regarding their relative performance could be drawn 

(photos B-14 and B-15). 

One conveyor belt section showed evidence of heavy wear, with approximately 

25 percent of the material worn away. Otherwise the conveyor belting was in 

excellent condition (photo B-35). 
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The beads of many of the tires that encircled the pipes had worn down to the 

wire reinforcing. The loose wire was found wrapped tightly around the 16-in. 

pipes. The wear on the beads did not appear to weaken the tires signifi

cantly. The surface of the 16-in. pipe was pitted, but corrosion was not 

severe enough to compromise the structural integrity. The reinforced portion 

of the pipe where the anchor line connection was made showed very little wear. 

None of the cotter keys that secured the anchor line clevises were made of 

stainless steel. All were corroded and could often be broken off by hand. 

Some pitting of the clevises was noted. 

Of the 14 keeper pipes on the seven remaining 16-in. pipes, four had partly 

failed, and two had failed completely. Several of the 2-in.-diam keeper pipes 

were badly corroded, particularly in the vicinity of the threads at the cross 

coupler. 

The urethane foam flotation was removed from four tires. The samples were 

weighed immediately and then dried for several months and reweighed 

(photo B-36). The displaced volume of each sample was then measured to allow 

a calculation of foam density. Foam flotation data are presented in the table 

below. 

Dry Wet Saltwater Density 
Volume (lb/ft3) Sample Weight Weight Displacement 
(ft3) Number (lb) (lb) (lb) Dry Wet 

1 1.1 3.4 28.5 0.42 2.7 8.2 
2 0.8 1.8 20.5 0.31 2.6 5.9 
3 0.8 2.4 18.6 0.28 2.9 8.5 
4 1.9 4.3 21.8 0.33 5.7 13. 1 

Average 1.2 3.0 22.4 0.34 3.5 8.9 

Based on this information the actual flotation provided by each foamed tire 

was far lower than the desired 75 lb. The fact that the breakwater did not 

appear to have flotation problems can be accounted for by a lack of any silta

tion (original estimate was 11.0 lb/tire for sediment and biofouling) and much 

lower than anticipated anchor line forces. (The actual vertical component of 

the anchor line load was approximately 20 percent of the original design 
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estimate.) With these two corrections to the buoyancy calculations, there

serve buoyancy of the breakwater was 5,000 to 10,000 lb even if each of the 

880 foamed tires provided only an average of 22.4 lb of flotation. 

Additional information on the design, construction, and use of floating tire 

breakwaters is available from references B- 3 through B-6. 
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Photo B1. Truck tires (1,650) being 
prepared for assembly of the pipe
tire breakwater. 

Photo B-3. Photo depicting urethane 
foam that was sprayed into the tires. 

• .. 

Photo B-5. Placing the first row of 
11 tires (note belting around center 
3 tires). 

B-12 

Photo B-2. Closeup showing hole 
for draining water from tires. 

•• . .. 

'j - .... --... ............... 
~ 

Photo B-4. A fork lift moving 
tires to the assembly platform. 

T • 

Photo B-6. Belting being placed 
around the first row of tires. 
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Photo B-7. Center tires of two 
adjacent rows being joined with 
belting. 

Photo B-9. A device, fashioned from 
an auto jack, being used to tighten 
belting. 

Photo B-11. Marking the hole pattern 
on the belting. 
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Photo B-8. Belting being shoved 
through the tire row on a wood 
plank. 

Photo B-10. Close-up of device 
for tightening belting. 

Photo B-12. Holes being drilled 
in belting (locking pliers 
holding belting in place). 



Photo 8-13. Closeup showing a punch
shaped bit used to make holes in the 
tires and belting. 

Photo 8-15. Photo depicting 3-2 bolt 
pattern used for the majority of 
connections. 

Photo 8- 17. 
tires after 
platform . 

Photo showing two bays of 
being assembled on the 
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Photo 8-14. Melting the ends of 
the 1/2-in.-diam nylon bolts 
(note 2-1-2 bolt pattern). 

Photo 8-16. Closeup showing bolt 
which fastened the belting to the 
tires (all such bolts broke, with 
no adverse consequences). 

Photo 8-18. Free tires being 
shoved into the beamwise row prior 
to insertion of the pipe . 



Photo B-19. 
being shoved 
of tires. 

Styrofoam-filled pipe 
through a beamwise row 

Photo B-21. Launching of completed 
pipe-tire breakwater. 

Photo B-23. 1.5-ft-high waves washing 
onto the pipe-tire wave breakwater. 

B-15 

Photo B-20 
pipes. 

Securing the keeper 

Photo B-22. Pipe-tire breakwater 
in position at the West Point test 
site. 

Photo 8-24. Photo showing the 
wave attenuation capabilities 
of the breakwaters to be equal . 



-
• 

--

Photo B-25. Wave action compressing 
the tires on the pipes. 

Photo B-27. Harbor seal resting on 
the tires (note kelp attached to 
anchor lines). 

Photo B-29. Underwater photo showing 
how the inside of the tires provided 
an excellent habitat for mussels. 
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Photo B-26. Photo illustrating 
low visibility of the pipe-tire 
breakwater during bad weather. 

Photo B-28. Birds resting on the 
pipe-tire breakwater. 

Photo B-30. Photo showing keeper 
pipe repair which prevented addi
tional tires from falling off. 



Photo B-31. A 45-ft pipe pulling out 
after breaking at a welded joint. 

Photo B-33. The tire breakwater 
being removed from the test site 
on 5 August 1983. 

Photo B-35. Photo depicting a loop 
of worn belting (approximately 
20 percent). 
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Photo B-32. The center pipe pro
truding from the breakwater after 
failure of keeper pipes. 

Photo B-34. Photo showing a 
clearly broken 5-ft section of 
pipe indicating an incomplete 
weld. 

Photo B-36. Urethane foam flota
tion after being removed from 
a tire. 



APPENDIX C 

ANCHOR SYSTEM: DESIGN, CONSTRUCTION, 
OPERATION, AND MAINTENANCE 

1.0 Anchor System Design. 

1.01 Original Design Assumptions. Design anchor line loads for both the 

concrete breakwater and the pipe-tire breakwater were calculated for the 

design wave condition of Hs = 6 ft , T = 5 sec combined with tidal and 

wind driven current of 4 fps. The total estimated maximum anchor loads 

were 44,000 lb per anchor for the concrete breakwater and 6,000 lb per 

anchor for the pipe-tire breakwater. 

1.02 Description of Concrete Breakwater Anchor System. The concrete 

breakwater was anchored in place by ten 30-ft-long steel H-piles (HP 14 

by 102) embedded their full length (photo C-1). Anchor lines consisted 

of 1-3/ 8-in.-diam galvanized bridge rope with 15 to 30 ft of 1-1 / 4-in. stud 

link chain at each end (photos C-2 and C-3). Details of the concrete break

water anchor system are shown on the construction drawings in figure A-11. 

The bridge rope anchor line was chosen because, when combined with an 

anodic corrosion protection system, it appeared to be a cost-effective de

sign if maintenance over a 50-yr life is taken into account. The prototype 

test breakwater anchor lines did not have anodes attached because of the 

short test duration. For the design conditions, the steel H-piles were 

considered the most suitable type of anchor for this project because the 

cost of steel pile anchors was considerably less than alternatives such as 

gravity (concrete block) or ship-type (stockless) anchors, and the conse

quences of dragging a gravity or ship-type anchor over either a sewer out

fall lying to the north or a cable area to the south were potentially very 

serious. 

Anchor line lengths were sized to provide a scope no steeper than 1 vertical 

to 4.5 horizontal. Actual catinary measurements of the concrete breakwater's 

anchor line No. 7 were made by divers during the test program. Results of 

these measurements are shown in figure C-1. Positioning of the four corner 
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H-pile anchors at a 5-deg inward angle was designed to provide resistance to 

longitudinal displacement of the breakwater. 

A 2,000-lb (submerged weight) concrete clump weight was attached 44 ft from 

the upper end of each anchor line. The purpose of this design was to produce 

a more even anchor line tension over the full range of tides and thereby to 

reduce the horizontal excursions of the breakwater, particularly at lower tide 

elevations. Initial anchor line tensions were 5,000 + 1,000 lb . In September 

1983, the clump weights were removed for the last 4 months of testing to de

termine how their absence would affect float motions, anchor forces, and wave 

attenuation. Initial (i.e., ambient) anchor line tensions dropped from 

5,000 lb to approximately 1,500 lb after removal of the clump weights. 

1.03 Description of Pipe-Tire Breakwater Anchor System. The pipe-tire break

water was anchored alongside the concrete breakwater with ten 20-ft-long steel 

H-piles (HP 12 by 53). Anchor lines consisting of 1-1/4-in.-diam, three

strand nylon rope with 10 ft of 3/ 4-in. stud link chain at each end were at

tached to both ends of each 16-in.-diarn pipe (photo C-4). The scope for these 

anchor lines was no steeper than about 1 vertical to 4 horizontal . The center 

and end H-piles had one anchor line each, while the remaining four anchor 

piles were attached to three anchor lines apiece. The four end pilings were 

offset at an outward angle to counteract the opposing longitudinal component 

of force from the adjacent anchor lines. Details of the pipe-tire breakwater 

anchor system are shown on the construction drawing in figure A-11. 

1.04 Laboratory Tests of Anchor Lines. Prior to the installation of the 

breakwaters at the West Point test site, the specified breaking strength of 

the anchor lines was verified in laboratory tests conducted at the University 

of Washington's 2.4-million-pound Baldwin testing machine (photo C-5). The 

1-3/8-in.-diarn steel rope failed in the center of the test specimen (at a load 

of 204,000 lb), 29,400 lb above its rated strength of 175,000 lb. Elongation 

of the 10-ft-long test specimen, when the break occurred, was 1.8 percent. 

The socket that was attached to each end of the test rope was the same type 

used on the concrete breakwater's anchor lines. 

The 1-1/4-in.-diam nylon rope was available in two stiffnesses: soft lay and 
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hard lay. Ten-foot-long test specimens of each stiffness were tested both 

dry and wet (1-month soak in fresh water). The table below shows the breaking 

strength and elongation at failure. Only the hard lay test specimen had a 

breaking strength greater than the required 37,500 lb (photo C- 6). The hard 

lay breaking strength was nearly 25 percent greater than that for the soft lay 

for the dry test specimens. Soaking the test specimens in water reduced the 

breaking strength by 14 percent for the hard lay and 10 percent for the soft 

lay. In June 1984 an 11-ft-long section of one nylon anchor line was recov

ered from the test site to determine the effects of wear and aging. This rope 

was tested by the U. S. Army Engineer Waterways Experiment Station, Structures 

Laboratory. Two of the three strands broke 3 ft from one end at a load of 

27,000 lb, with an elongation of 65 percent at maximum load. The original 

stiffness of this test specimen (hard or soft) could not be determined. 

Depending on its original stiffness, the breaking strength of the used anchor 

line was reduced by either 19 percent (soft lay) or 32 percent (hard lay). 

Test Maximum Load Elongation 
Specimen (lb) (%) 

Hard Lay, Dry 45,900 44 
Hard Lay, Dry 46,600 46 
Hard Lay, Wet 39,750 44 
Soft Lay, Dry 37,450 40 
Soft Lay, Dry 36,800 45 
Soft Lay, Wet 33,400 33 

2.0 Anchor System Installation. 

2.01 Foundation Conditions. Prior to final selection of West Point as the 

prototype test site, an investigation of the foundation conditions at the site 

was made. In April 1981, a drill barge was used to take bore samples at five 

locations near the proposed anchor pile positions (photo C-7). The investiga

tion found that the anchor locations were on a relatively steep (approximately 

1 vertical on 6 horizontal) marine slope characterized by a thick mantle of 

medium dense sand and gravelly sand with the gravel content usually increasing 

with depth. These materials are probably underlain by very dense glacial de

posits at depths greater than 35 ft. Foundation exploration at the anchor 
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pile extremities was conducted at the locations shown in figure C- 2, and bor

ing logs are shown in figure C-3. The borings indicated that stake pile an

chors could be driven to depths of 25 to 35 ft. 

2.02 Pile Driving . The pilings were driven using a Vulcan 010 hammer with a 

10,000- lb ram weight and an 8,000-lb mandrel (photo C- 8) . A special fitting 
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was attached to the mandrel to hold the piling in proper alignment while it 

was being driven (photo C-9). Two 1/ 2-in.-diam bolts held the piling and fit

ting together until the piling was lowered to the bottom. The first blow of 

the pile driver hammer sheared the bolts, allowing the mandrel to be brought 

back to the surface after the piling had been driven approximately 3 ft below 

the mudline (photo C-10). Typical pile driving records for the 30-ft and for 

the 20-ft-long piling are shown in figures C-4 and C-5. 

The pilings were driven with the anchor lines attached. Piling No. 7, a 

30-ft-long piling on the north side of the concrete breakwater, was inadver

tently driven on top of the steel anchor cable, and an attempt was made to re

move the piling by pulling on the anchor line. A horizontal load of 20 tons 

and a vertical load of 50 tons were applied with no effect. The problem was 

solved by us1ng divers to excavate the top of the piling and to cut the cable. 

After the cable was resocketed, an extra length of chain was attached to the 

anchor, and the steel cable was reattached. 

2.03 Anchor Line Tensioning. After the pilings had been driven and the con

crete breakwater brought in position, the clump weights were attached near 

the upper end of the anchor line (photo C-11). The anchor lines then were 

pulled up through the hawse pipes with hawsers put in place during the 

launching process. After an appropriate number of links of the upper chain 

had been pulled through the hawse pipe, a slotted keeper plate was placed 

around one of the chain links, and the anchor line was secured by lowering 

the chain until the keeper plate was jammed against the bottom of the chain 

locker (photo C-12). The amount of tension applied to each anchor line was 

monitored with a dynamometer (photo C-13). Initial anchor line tensions 

were approximately 5,000 lb. (After removal of the 2,000-lb clump weights 

in September 1983, the ambient anchor line tensions dropped to approximately 

1,500 lb). 

Since the anchor lines crossed under the breakwater (a typical design to pro

vide keel clearance for vessel tie-up), the hawse pipes were angled in oppo

site directions to produce about a 1-ft horizontal clearance at the crossing 

point. Anchor lines (Nos. 1 and 6) were pulled up in the wrong sequence, 

and they rubbed against each other. By the time an underwater inspection 
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PILE PLACEMENT LOG 

Floating Breakwater Prototype Test Program 
West Point, Seattle,Washington 
Contract No. OACW67-81-C-0208 

Date f1ey 31 198 '-- sheetJ±of 21 

American Construction Co., Inc. 
411-13th Street 

Pi1 e: Type H P 14 :\ \oz. 
Length 30 · 

Penetration calculation: 

Before pile is driven and with pile 
tip resting on the bQttom: 

594'i'Jdlyt0, 7 z_ 
Water line reading ~ 

on mandrel 

+ pi1 e 1 ength 
= tip to water line 
- tide reading 
= bottom elevation 

After pile is driven: 

Water line reading 
on mandrel 

- Tide reading 
= Top of pile elev. 

.; 
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Driving Time ---------
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Calculated: N 2..4-0...1 2) 3 .00 

E~~~~~~=-~=---
1 , ~ o ..... e \ 2. 
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''£ ,, 

FIGURE C-5. Pile Placement Log II 

discovered the problem 3 months later, several tenths-of-an-inch of the steel 

anchor chain had been worn away (photo C-14). 

with the aid of commercial hard-hat divers and 

(Corps) equipment and personnel (photo C-15). 

Anchor line No. 6 was replaced 

US Army Corps of Engineers 

Emergency operations such as this, which required the use of commercial 
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divers, a large Corps floating plant, and s1x to eight deck personnel (in 

addition to a four-man dive team) cost approximately $3,000 per day of work. 

The exposed location of the test site added the complication of uncertain 

weather. On several occasions, scheduled repair work had to be canceled be

cause of high winds. Cancellations of this sort cost between $500 and $1,000 

each. 

2.04 Anchor Line Stiffness Test (Pull Test). On 18 August 1983, a mar1ne 

tugboat was used to pull on the concrete breakwater with varying loads while 

surveying instruments measured horizontal displacements of the breakwater, and 

load cells monitored anchor line forces and tow line loads (photos C-16 and 

C-17). This test was conducted to obtain simultaneous measurements of break

water lateral displacement and the resisting anchor force. Results of the 

test are shown on the plot of anchor line force versus horizontal displacement 

(figure C-6). The anchor stiffness (slope of this line at any point) varied 

5 

4 

(/) 
0.. -
~ 

-<:t 

0 
2 3 
w 
2 -
_J 

a: 
0 
I 
(.) 
2 2 ct 
2 -
0 
ct 
0 
_J 

1 

0 
0 1 2 3 4 5 6 

HORIZONTAL DISPLACEMENT, FT 

FIGURE C- 6 . Concrete Breakwater Anchor Line Pull Test : 
Anchor Line Load versus Horizontal Displacement 
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from 300 lb/ft, when the load in the anchor line was 2,000 lb above ambient, 

to 1,700 lb/ft at a load of 5,000 lb above ambient. The rapidly increasing 

anchor stiffness measured in this test explains why visual observations of the 

concrete breakwater did not detect a measurable lateral displacement even in 

fast currents or high waves (photo C-18). 

At the time of the pull test, the two concrete floats were rigidly bolted to

gether, and the clump weights were still attached to the anchor lines. The 

ends of a Y-shaped pulling line were attached to the breakwater at the lifting 

eyes located 15 ft in from each end of the floats. The pulling hawser from 

the tug was attached to a snatch block which was allowed to move freely on the 

cable running between the two lifting eyes. This arrangement was used to as

sure that the same pulling load was applied to each end of the breakwater. 

Load cells were placed in both ends of the pulling line near each lifting eye. 

The tugboat had considerable difficulty pulling exactly at a right angle to 

the breakwater. Since the anchor system was fairly compliant along the longi

tudinal axis, large excursions were measured when the tug pulled to one side 

or the other. Longitudinal movements of up to 34 ft were measured; so care 

was taken during the analysis of the pull test data to select only those mea

surements that were made when the tug was pulling perpendicular to the break

water (i.e., minimal excursions in the longitudinal east and west directions). 

3.0 Operation and Maintenance. 

3.01 Wear and Corrosion. Except for the installation difficulties discussed 

previously in this appendix, no problems at all were experienced with the 

anchor systems of the test breakwaters. On the concrete breakwater anchor 

line, very little wear was observed on the keeper plates, chain, shackles, 

and sockets in the anchor line itself (photo C-19). The only significant 

wear point appeared at the shackle that attached the clump weights to the 

anchor lines (photo C- 20). The shackles that attached the clump weights to 

the anchor lines of the south side of the breakwater were worn considerably 

more than those on the north side. The predominant wave approach was from 

the south, but exactly why this should cause a marked difference in the wear 

of the clump weight shackles can only be surmised. Corrosion of the concrete 
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breakwater anchor line hardware did not appear to be significant; however, 

the galvanizing was completely gone from the steel bridge rope, and all the 

individual strands of the bridge rope that were examined were noticeably 

rusted (photo C-21). Several strands in the vicinity of the clump weight 

attachment clamp had broken. Some algae attached to the upper chains of the 

concrete breakwater anchor lines. Virtually no marine growth took hold on 

the galvanized anchor lines, but mussels, tunicates, and anemones had begun 

to attach to the clump weights by the time these weights were removed in 

October 1983 (photo C-22). 

The pipe-tire breakwater anchor line showed only minor wear at the attachment 

points. The eye splices, shackles, and chain were in excellent condition 

after 1 yr of hard use. However, the cotter keys that secured the shackle 

nuts were obviously not made of corrosion resistant material and were nearly 

destroyed by the time testing of the pipe-tire breakwater was complete 

(photo C-23). (All cotter keys on the concrete breakwater were stainless 

steel and were not corroded.) The pipe-tire breakwater anchor lines proved 

to be an excellent substrate for marine growth (photo C-24). Because the 

anchor lines descended at a shallow angle, kelp attached to them and grew 

to the water surface in an area 50 ft to either side of the breakwater. The 

kelp was an additional attraction for the artificial reef community that was 

establishing itself in, on, and around the breakwater. 

3.02 Anchoring and Unanchoring Procedures. After the initial anchoring of 

the test breakwaters, the concrete breakwater was removed three times and re

anchored twice. The pipe-tire breakwater was not removed until the end of its 

test period. 

The first time the concrete breakwater was unanchored, the Corps' debris boat, 

Puget, was used to lower each anchor line to the bottom with a 70-ft-long, 

1/2-in.-diam steel rope (photo C-25). The reanchoring plan called for re

trieving the anchor lines without using divers; consequently, surface floats 

and 100-ft-long lengths of 3/4-in.-diarn polypropylene rope were fastened to 

each of the 1/2-in. steel ropes. When the breakwater was brought back to the 

test site by the Puget for the first reanchoring, divers were hired to stand 

by in case the original plan failed. Soon after the Puget arrived at the 
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site, the complexity of the situation became evident. 

that all the retrieving lines were severely tangled. 

The divers reported 

Several hours of work by 

hard-hat divers were required to straighten the retrieving lines and reanchor 

the breakwater (photos C-26 and C-27). 

Another method of unanchoring and reanchoring was tried when the breakwater 

was removed for the second time. Large polypropylene hawsers were attached 

to the clump weight shackle on the four corner anchors by divers. Then the 

anchor lines were lowered to the bottom with a double length of 3/ 4-in. poly 

line which was retrieved after the anchor line was resting on the bottom 

(photos C-28 and C-29). Care had to be exercised in choosing the dropping 

order to avoid applying a twisting torque to the breakwater. Upon returning 

to the test site, the divers temporarily moored the breakwater to the four 

corner hawsers which had been left floating free during the breakwater's 

absence. A diver then attached a lifting rope to each of the anchor lines 

which were laid out on the bottom in perfect order (photo C-30). This time, 

the reanchoring process went very smoothly and was completed in less than 

1 hr of diving time (photos C-31 and C-32). 

The final unanchoring was the easiest of all. After the breakwater had 

been secured to the four large hawsers (still attached to the clump weight 

shackles), the Puget's crane raised the anchor chains in the hawse pipe; and 

the keeper plate was removed. A Peck and Hall quick-release hook was used to 

connect the lifting line to the anchor chain. After the keeper plate had been 

removed, the release hook was tripped, and the anchor line was dropped to the 

bottom (photos C-33 through C-36). 

Unanchoring the pipe-tire breakwater was less dramatic. 

lines were fished to the surface with a grappling hook, 

The nylon anchor 

the shackle holding 

the upper chain to the rope was unfastened, and the rope was released. 

work was done by hand from small skiffs. 

All 

Additional information on anchor system design is available in references C-1 

through C-5. 
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Photo C-1. Photo depicting steel 
H-piles. 

Photo C-3. Photo showing attachment 
of lower chain to steel bridge rope. 

Photo C-5. Determining anchor line 
breaking strengths. 
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Photo C-2. Photo showing attach
ment of lower chain to H-pile . 
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' 

Photo C-4. Photo showing eye of 
splice and thimble in pipe-tire 
breakwater anchor line. 

Photo C-6. Photo depicting nylon 
rope after failure. 



Photo C-7. Drill barge taking bore 
samples at the test site. 

Photo C- 9 . Photo showing special fit
ting used to hold H- piles in proper 
alignment for driving. 

Photo C- 11. Attaching clump weights to 
the concrete breakwater's anchor lines . 
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Photo C-8. Piling being driven . 

Photo C- 10. Close- up of fitting 
used to drive H-piles . 

Photo C- 12. Upper chain being 
placed in slotted keeper plate 
on concrete breakwater . 



Photo C-13. Monitoring anchor line 
tension. 

Photo C-15. A new anchor chain being 
readied for installation. 

Photo C-17. The concrete breakwater 
tipping in response to the tug's 
pull. 
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Photo C-14. Underwater photo of 
anchor lines rubbing against each 
other. 

~ -

Photo C-16. Tugboat pulling to 
determine anchor line stiffness. 

Photo C-18. Vertical photo of 
fast currents running past the 
breakwaters (note current gen
erated waves). 



I 

-

f 

l/ 
Photo C-19. Photo depicting good 
condition of anchor line hardware at 
test completion. 

Photo C-21. Photo depicting clump 
weight attachment hardware (note cor
roded steel bridge rope anchor line). 

Photo C- 23. Photo depicting corrosion 
of the mild steel cotter key 1n a 
shackle bolt. 
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Photo C-20. Photo depicting 
shackles that attached clump 
weights to worn anchor lines. 

Photo C-22. Removing clump weights 
(note numerous marine organisms 
attached to the weights). 

Photo C-24. Photo of marine 
growth covering the nylon 
anchor line. 



Photo C-25. Photo depicting the de
bris boat, Puget, which was used ex
tensively throughout the test program. 

Photo C-27. Resuming data collec
tion after reanchoring of the con
crete breakwater. 

Photo C-29. Anchor line tension being 
measured during the unanchoring 
procedure. 
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Photo C-26. Encountering some 
difficulties during the first 
reanchoring operation. 

Photo C-28. Unanchoring the 
concrete breakwater for the 
second time (keeper plate on 
deck). 

Photo C-30. Utilizing divers to 
simplify the second reanchoring. 



Photo C-31. Raising of an anchor 
line after it was connected to a 
lifting cable by divers. 

Photo C-33. A quick-release hook 
being used for the third and final 
unanchoring. 

Photo C-35. Anchor line falling 
away after tripping release hook. 
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Photo C-32. Resuming monitoring 
of the second reanchoring. 

Photo C-34. Removing the keeper 
plate prior to dropping the anchor 
line. 

Photo C-36. Towing the break
water from the test site for 
the final time. 



APPENDIX D 

CONNECTOR TESTING 

1.0 Introduction. One of the major goals of the test program was to investi

gate various methods of connecting (or fendering) the two 140-ton concrete 

floats. Four different connection methods were tested. The first two methods 

involved two types of flexible connections. The third method involved com

plete disconnection (with rendering), and the fourth involved rigidly bolting 

the units together. The rigid connection and the rendering (with one modifi

cation) were successful, but neither of the flexible connector designs sur

vived their test period undamaged. 

2.0 Vertical Fender Connector. Both types of flexible connectors using com

mercially available butyl rubber marine fenders were of the same basic design, 

except that the fenders were oriented vertically in the original connector and 

horizontally in the second. Each of the vertical connectors was composed of 

two 4-ft, 11-in.-high fenders bolted nose-to-nose with 1-in.-diam bolts (pho

to D-1). The fenders were secured to 5-ft-long steel angles by 10-3/4-in.

diam by 1-ft 6-in.-long bolts (see construction drawings, figures A-12 and 

A-15). After the connectors were assembled, the angles were fastened to the 

ends of the east float by six 1-in.-diam threaded anchors which were embedded 

in the concrete (photo D-2). After both floats were launched, the connector 

was bolted to the west float, and the connection process was completed. 

Within 5 days after the breakwater arrived at West Point, wave action had 

loosened the nuts from the 1-in. bolts which held the butyl rubber fenders 

together (photo D-3). With considerable difficulty, the nuts were reln

stalled. The bolts were then double nutted, and an attempt was made to de

form the exposed threads. This repair transferred the problem to the 3/4-in. 

bolts which fastened the fenders onto each float. A number of these bolts 

sheared, and eventually all were replaced with 3/4-in., high-strength steel 

pins. The nuts continued to slip off the 1-in. bolts, and eventually only 

four bolts were holding the two units together. A means of holding the fen

ders together was required, but the diffLcult working conditions and a reluc

tance to expose the floats to possible damage by removing the fenders at the 
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test site limited the options available. Connecting each pair of fenders with 

a U-shaped bracket was the eventual choice. The bracket was fabricated from 

5-ft-long by 4-in .-diam extra strong pipes welded to a 24- by 12-in. plate of 

3/4-in. - thick steel (photo D- 4). It was installed by lowering the bracket 

below the fenders and rais ing the pipes through the large vertical opening 

in each fender . A second plate was then placed over the pipes and pinned in 

pl ace (photo D-5 ) . This connection method lasted for 1 weeks, from late 

August to mid-October. 

had deformed the pipes 

By mid-October 1982, wave action caused by two storms 

and broken one of the 3/ 4-in. steel plates (photo D-6). 

To prevent further damage, the fenders were disconnected from each other, and 

testing of the fendering alternative was begun. 

3.0 Fendering. The rendered float configuration that evolved as a result of 

emergency field modifications to keep the floats from colliding was not antic

ipated in the original test plan. For this reason, the large rubber fenders 

were removed from the east float, and wood fenders were attached to the steel 

angles which had held the rubber fenders in place. (The angles could not be 

removed because they sealed the twenty 1-3/4-in. -d iam bolt holes which were 

to be used when rigidly connecting the floats.) Large lag bolts were used to 

fasten bumper plates to the angles, and 3- by 12-in. timbers were bolted 

horizontally between the two bumper plates (photos D-7 and D-8). The rubber 

fenders were left in place on the west float . 

At the beginning of the test program, the center anchor lines (Nos. 3 and 8) 

were attached only to the west float. The connector was intended to transfer 

loads from the east float to the anchor lines through the west float. When 

the floats were disconnected from each other to test the fender system, lat

eral support for the end of the east float was provided by adding a 25-ft 

length of 1-1 /4 - in. chain between the upper end of each center anchor line 

and the east float. This Y-shaped anchor connection prevented excessive rel

ative displacements between the floats while avoiding the problems associated 

with using the connector to restrain the motions of the 140- ton structures 

(see figure A-11 and photo D-9). 

The two horizontal timbers were torn off during the next storm, leaving only 

the wood bumper plates. Signs of wear on both the bumper plates and the 
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rubber fenders began to appear. Within 2 months the bumper plates had been 

worn enough to expose the lag bolts. The next storm dislodged it completely 

(photos D-10 and D-11). Just before the arrival of yet another storm system, 

emergency repairs were carried out to fasten new rubber fenders and new bumper 

plates made of iron bark (photo D-12). This combination survived the next 

month (4 storms) with no sign of wear, and 1 months of modification and 

testing had finally yielded a viable connection method. On 8 February 1983, 

the concrete breakwater was unanchored and towed 3 miles to the protected 

waters of the Seattle District (NPS) work yard at the Hiram M. Chittenden 

Locks to make the rigid connection between the two floats. 

4.0 Rigid Connection. To allow work on the connection to be done in a dry 

environment, NPS personnel designed and constructed a wood cofferdam. The 

dam was placed under the end of each float and pumped dry. Next the rubber 

fenders, wood bumper plates, and angles were removed. After the embedded 

bolts were cut off, the concrete surface was ground smooth. A 15/64-in.-thick 

high density rubber pad was placed between the two floats to accommodate any 

unevenness in the surfaces, and the twenty 1-1/2-in.-diam by 11-ft-long high

strength bolts, which had been stored in the float ends for the first 1 months 

of the test, were shoved through from one float to the other (photos D-13 

through D-18). The cofferdam was flooded and the floats were drawn together. 

Each of the 20 bolts was tensioned to 135,000 lb, and on 1 February 1983, the 

breakwater was towed back to the test site to continue the test (photos D-19 

through D-24). Sixteen working days (approximately 450 man-hours) were re

quired to make the rigid connection which did not require any maintenance or 

modification during the next 9 months of testing. 

5.0 Horizontal Fender Connector. In July 1983, the test program was extended 

by 1 year to allow additional testing of flexible connectors. The new connec

tor again used large rubber fenders, but this time they were fastened to the 

floats in a horizontal orientation. On 1 November 1983, the concrete break

water was removed from the test site again to make this last modification. 

The cofferdam was pulled into place at the connection, and the 20 connection 

bolts were detensioned using a hydraulic jack. The floats were parted about 

18 in. with wedges and a small hydraulic jack. After the cofferdam was pumped 

dry, the connecting bolts were cut in half and removed. A careful inspection 
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of the surfaces of the two floats was made, and no spalling or cracking was 

found. The rubber pad had 4-in.-square tears around several bolts in the two 

l ower corners and in the upper center. Otherwise the materials used in rig

idl y connecting the floats showed no evidence of damage or wear. 

Additional bolt holes were drilled in the concrete for fastening the new con

nector brackets to the floats, and sixteen 1-in.-diam bolts were cemented into 

pl ace with epoxy grout . Each bracket was bolted in place with sixteen 

3/ 4-in. -diam bolts (in addition to eight grouted bolts). Finally, the rubber 

fenders were lowered into place and fastened to the brackets with 2-in.-diam 

by 2-ft-long bolts (figure D-1). The cofferdam was flooded and removed, and 

on 1 December 1983 the breakwater was reanchored at the test site (photos D-25 

through D-35). The concrete clump weights were not reattached to the anchor 

lines for the test of the horizontal fender connector. 

This connector proved to be much more durable than the first (vertical fender) 

configuration. Until a posttest inspection, the connector appeared to be un

damaged after 2 months (December and January), but a close inspection found 

that three of the vertical bolts had been pulled through the rubber fender on 

the north side of the breakwater (photo D-36). This damage appeared to be 

progressive, and continued testing probably would have resulted in additional 

damage. 
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Photo D-1. Vertical fender connector 
before being attached to the breakwater. 

Photo D-3. Vertical fender con
nector separating after 3 days 
at the test site. 

Photo D-5. Photo depicting U- shaped 
bracket in place. 
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Photo D-2. Vertical fender con
nectors being attached to one 
float. 

Photo D- 4. A U- shaped bracket 
being fabricated to connect 
the rubber fenders . 
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Photo D- 6. Photo depicting fail 
ure of U- shaped brackets after 
1 weeks. 



Photo D-7. Wood bumper plate being 
fastened in place of a rubber fender. 

Photo D-9. Underwater photo of 
Y-connection joining both floats 
to a common anchor line. 
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Photo D-11. Ship fenders being hung 
between the floats after dislodging 
of damaged plate. 
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Photo D-8. Two 3- by 12-in. 
timbers being bolted between 
the bumper plates. 

Photo D-10. Photo depicting worn 
condition of soft fir bumper 
plates after 2 months. 

Photo D-12. Photo depicting the 
new ironwood bumper plate which 
proved to be more durable. 



Photo D-13. A wood cofferdam being 
placed to allow work to be done in 
a dry environment . 

.-

Photo D- 15. The cofferdam being 
dewatered after being secured. 

Photo D-17. Photo showing the end 
of the float after being cleaned 
and ground smooth. 
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Photo D-14. Cofferdam being 
lowered between the floats. 

Photo D-16. Fender system hard
ware being removed. 

Photo D-18. Photo depicting 
Dywidag 1- 1/4-in.-diam. steel 
bars and 1/4- in. - thick 
Fabrieka rubber pad in place. 



Photo D-19. Photo depicting inside 
of float with four tensioned bars 
near center line. 

Photo D- 21. Photo depicting joint 
between rigidly connected floats. 

Photo D-23. Returning to the 
test site. 
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Photo D-20. Photo depicting in
side of float with six tensioned 
bars near sidewall. 

Photo D- 22. New deckhouse being 
lowered into place. 

Photo D-24. Resuming monitoring 
of rigidly connected breakwater. 



Photo D-25. Floats being parted 
after rigid connection bars have 
been detensioned. 
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Photo D-27. Additional bolt holes 
being drilled in floats. 
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Photo D-29. Anchoring plates being 
bolted in place (water activated 
sealant oozes from bolt holes). 
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Photo D-26. Connection bars being 
cut after cofferdam is in place 
and dewatered. 

Photo D-28. Lowering connector 
anchoring plates into position. 

Photo D-30. Horizontal connector 
being lowered between the floats. 



• 
I 

Photo D-31. New flexible connectors 
being "coaxed" into position. 

Photo D-33. Horizontal flexible con
nector being inspected. 

Photo D- 35. Waves washing over new 
flexible connection. 
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Photo D-32. Flexible connectors 
being bolted to the anchoring 
plates with 2.5-ft-long, 2-in.
diam bolts. 

Photo D-34. Photo depicting com
pleted flexible connection (note 
relative motion sensor between 
floats). 

Photo D-36. Photo depicting the 
area where the 2-in.-diarn bolts 
tore out of the three outermost 
holes of the north connector. 



APPENDIX E 

BOAT WAKE TESTING 

1.0 Introduction. Because most floating breakwater applications are in 

semiprotected coastal waters, lakes, and reservoirs where wind wave energy 

is limited, boat wakes can be as large as the design wind waves. The size 

of the boat wakes, therefore, becomes another design consideration. To obtain 

additional design data on boat wake attenuation characteristics of floating 

breakwaters, four boat wake tests were conducted at various times during the 

prototype test program. The first two tests, conducted on 31 January 1983 

and 22 April 1983, used a 41-ft Coast Guard cutter to generate waves. The 

third test, conducted 18 August 1983, used a 110-ft marine tug. The last 

test, conducted 29 October 1983, used a 73-ft harbor tug. Details of the 

boat wake tests are discussed in references E-1 and E-2. 

2.0 Test Description. The first boat wake test was conducted 31 January 

1983 using a 41-ft Coast Guard cutter (photo E-1). The two concrete break

water units were in a disconnected but fendered configuration, with the 

2,000-lb clump weights in place on the anchor lines. The pipe-tire break

water was located approximately 30 ft due east of the concrete breakwater. 

After the test had been completed, the data acquisition system was found to 

have been malfunctioning, and no transmission data were obtained. However, 

an 8mm movie camera mounted on the west float was used to film a target 

on the east float (photo E-2). An analysis of the movies indicated that 

the maximum excursion of one float relative to the other was approximately 

+1 ft horizontally and +9 in. vertically. The wakes were estimated to be 

about 2.5 ft high with a period of 2.5 sec. 

The second boat wake test, conducted 22 April 1983, used the same Coast Guard 

cutter. The sailing lines alternated from parallel to the breakwater to an 

angle of 45 deg with respect to the breakwater (photos E-3 and E-4). The 

distance from the sailing line to the breakwater varied from 50 to 250 ft. 

Vertical aerial photographs documented details such as the distance from the 

sailing line to the breakwater, wave approach angle, wave lengths, and dif

fraction of waves around the breakwaters (photos E-5 and E-6). The concrete 
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breakwater connection had been modified to the rigid configuration that joined 

the two floats into a continuous 150-ft-long unit. No changes had been made 

to the concrete breakwater anchor system (i.e., the clump weights were still 

attached), and the pipe-tire breakwater was still in position. This time the 

data acquisition system did record data on incident and transmitted waves as 

well as anchor forces for both breakwaters and internal strains and wave pres

sures on the concrete breakwater. 

The third boat wake test was conducted 18 August 1983 using a 110- ft-long 

marine tug (photo E-7). The size of this vessel was determined by require

ment of the anchor line pull test which was conducted on the same day (see 

Appendix C). By the time this test was conducted, the pipe-tire breakwater 

had been removed. The concrete breakwater was still in the rigidly connected 

configuration, and the clump weights remained attached to the anchor lines. 

To make attenuation measurements, an attempt was made to orient the tug's 

sailing line so that the wake crests would be parallel with the length of the 

breakwater (photos E-8 and E-9). In addition, several wakes were generated 

so that their crests were perpendicular to the long axis of the breakwater 

(photos E-10 and E-11). This was done in an attempt to induce large bending 

moments in the structure. 

The fourth and final boat wake test was conducted 29 October 1983 with a 73-ft 

harbor tug being used to generate wakes (photo E-12). The clump weights had 

been removed from the anchor lines of the concrete breakwater, but the floats 

remained rigidly connected . An eight- buoy wave array was anchored where the 

pipe-tire breakwater had been located. Shortly after the test started, the 

gage that measured transmitted waves was found to be malfunctioning. For this 

reason, no wave attenuation data were recorded, but some information on wave 

pressures, internal concrete strains, and float motions was obtained. In ad

dition, 8mm motion pictures were taken from the fixed wave gage piling at the 

east end of the test site. A rough estimate of transmitted wave heights was 

made from these films. 

3 . 0 Test Results . Analysis of the boat wake test data indicated that neither 

breakwater attenuated boat wakes as well as it did wind waves of comparable 

periods . Transmission coefficients, Ct = H transmitted/H incident , varied 
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between 0.3 and 0.7 for the pipe-tire breakwater with an average of 0.5. For 

the concrete breakwater, which performed slightly better, Ct varied between 

0.2 and 0.6, with an overall average of 0.45. The maximum anchor loads mea

sured were 72 lb/ft for the concrete breakwater and 134 lb/ft for the pipe

tire breakwater. Visual observations of the incident and transmitted wakes 

estimated incident heights at 2 to 3 ft and transmitted heights between 6 in. 

and 1 ft. The individual waves in each boat wake were far from uniform, and 

the breakwater response was difficult to correlate with any particular height. 

In addition, wave diffraction around the relatively short structures, back

ground noise created by passing boats, and varying approach angles of the 

incident waves were all complicating factors when the boat wake data were 

analyzed. 
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Photo E-1. 41-ft Coast Guard cutter 
being used in boat wake tests Nos. 1 
and 2. 

--r-:·· , -==-

-*. 
Photo E-3. The cutter traveling on a 
line parallel to the breakwater. 

Photo E-5. Aerial photo depicting 
cutter on parallel sailing line. 

E-5 

Photo E-2. A movie camera and 
target being used to record 
relative heave and sway motions. 

Photo E-4. The cutter traveling 
on a line at a 45-deg angle with 
respect to the breakwater. 

Photo E-6. Aerial photo depicting 
cutter on 45-deg sailing line 
(other boat wakes complicated data 
analysis). 



Photo E-7. The 110-ft tug being used 
for boat wake test No. 3. 

Photo E-9. 
parallel to 
diffraction 

Wake crests approaching 
breakwater (note 
around end). 

Photo E-11. Perpendicular wake 
traveling down breakwater. 

E-6 

Photo E-8. Tug generating wake 
with crest nearly parallel to 
breakwater. 

Photo E-10. Tug generating 
with crest perpendicular to 
breakwater. 

-

Photo E-12. 73-ft tug gen
erating wake for test No. 4. 

wake 



APPENDIX F 

MONITORING PROGRAM 

1.0 System Description. The monitoring program for the prototype test was 

conducted by the Civil Engineering Department of the University of Washington 

under contract with the US Army Corps of Engineers (Corps). The purpose of 

the monitoring program was to collect data that would serve as a basis for 

establishing and evaluating the fundamental behavior of the two breakwater 

types under study. The University designed a system to measure and record 

pertinent environmental and structural variables that were involved in the 

design and mathematical modeling of the test breakwaters and similar struc

tures. The parameters that were measured included incident and transmitted 

waves, wind speed and direction, anchor line and connector forces, stresses 

in the concrete units, relative float motion, rotational and linear accelera

tions, pressure distribution on the concrete breakwater, water and air temper

atures, and tidal current data. The table below lists the parameters, the 

channel on which the data were recorded, and the transducer range. 

Parameters 

Anchor Forces - Concrete 
Anchor Forces - Tire 
Wave and Tide Gage 
Wave Buoys 
Dynamic Pressures 

Concrete Strains 
Accelerometers 
Relative Motions 
Wind Speed 
Wind Direction 

Current Velocity 
Unused 
Voltages 
Temperatures 
Wave Array 

Wave Array 
Rubber Connector Forces 
Rigid Connector Forces 

Channel 
Number 

1-8 
10-12 
16 
17-21 
22-44 

45-60 
61-66 
67-72 
73-74 
75-76 

76-77 
79-82 
83-88 
89-92 

9-12 

17 , 19 , 21 t 22 
23, 28, 29, 43 
71, 72 

F-1 

Transducer 
Range 

0-50 kips 
0-10 kips 
0-25 ft 
0-8 ft 
0-5 psi 

0-3,000 lJS 

0-1 g 
0-8 in. 

0-100 mph 
0-360 deg 

0-5 knots 

As required 
0-100° c 
0-8 ft 

0-8 ft 
0-50 kips 
0-100 kips 



In addition to the transducers for measur1ng these parameters, the monitoring 

system included an onboard data logger and equipment for processing the re

(See figures F-1 and F- 2 for an instrumentation layout trieved data tapes . 

and system diagram . ) Detailed information on the monitoring system hardware 

and software is provided in the University's final report on the monitoring 

program (refer ence F-1). 

Design cr iteria for the monitoring system placed the following requirements on 

the recording instrumentation: 

a. Automatic recording of data from 74 input channels. 

b. Low-power consumption to allow battery oper at i on. 

c . Retrievable data storage medium. 

d. Automatic hourl y observations of selected parameters . 

e. System activation if a preset threshold valve of selected parameters 
was exceeded. 

f. Packaging to allow mounting recorder inside an end compartment of the 
concrete breakwater (i.e., fit through 23- in.-diam hatch) . 

As a resul t of these constraints, combined with a modest budget and a lack of 

suitable off-the-shelf instrumentation, the University designed and fabricated 

much of the monitoring equipment in- house. 

Work on the monitoring system began in October 1981. Special purpose elec

tronics, such as signal conditioning cards, were built specifically for 

this project. Throughout the winter, work progressed on the manufacture of 

16 embedded strain gages, 8 wave measuring spar buoys, 14 anchor force cells, 

23 pressure sensor housings, and a relative motion sensor. The pressure sen

sors, anemometer, current meter, and accelerometers were the only instruments 

for which su itable transducers were commercially available. 
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INPUT TRANSDUCERS AT THE BREAKWATER 

4WIND 
TEMP 4 WAVE BUOYS FORCES DYNAMIC INTERNAL ACCELERATION RELATIVE 

1 WATER 1 WAVE STAFF 12 ANCHOR PRESSURES CONCRETE 4 LINEAR FLOAT 
2 AIR & TIDE GAGE 4 BOLTS 22 STRAINS 2 ROTATIONAL MOTIONS 
2 CURRENT 16 6 

I STRAIN GAGE SIGNAL CONDITIONING I 

80 INPUT SIGNALS REAL-TIME 
CLOCK 

REMOTE TRIGGER DATA ACOU ISITION 
SYSTEM (DAS) 

DIGITAL CARTRIDGE AUTO ANSWER 
RECORDER 1200 BAUD MODEM 

LOCATED AT THE BREAKWATER -------------------

r-- ---- --- ----- - ----- --
I 
I 
I 
I 
I 
I 
I 
I 
I PHONE LINE 

i'\, 
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1. DATA TRANSMISSION AND RETRIEVAL 
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SIGNALS AND DAS 
5. COMMUNICATION WITH REMOTE TERMINAL 

REMOTE TERMINAL (ANY PHONE LOCATION) 

1. REAL- TIME MONITORING OF BREAKWATER 

2. RETRIEVAL OF DATA SUMMARIES AND 
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FIGURE F-2. Monitor ing System Diagram 



2.0 Equipment Description. 

2.01 Data Acquisition System. The onboard data acquisition system developed 

by the University was a microprocessor controlled data logger capable of sam

pling each of 80 channels at a rate of up to 8Hz (photo F-1). An RCA micro

board system was used with a Quantex 4-track cartridge tape drive. A signal 

conditioning board was designed to accommodate signals from the various input 

transducers, and 45 of these boards (two channels per board) were assembled 

and mounted in a separate watertight case (photo F-2). The entire system was 

powered by four lead acid truck batteries. The system required 10 man-months 

to design and assemble at a cost of approximately $50,000. 

2.02 Load Cell. Forces in the anchor lines were measured close to the break

waters and close to the anchor piles, as shown in figure F-1. Since the inci

dent waves would approach the test site from both the north and the south and 

because leeward anchor forces were of interest, gages had to be placed in the 

anchor lines on opposing sides of the breakwater. 

The design for the anchor force gage is shown in figures F-3 and F-4. It is a 

University of Washington design, using a stainless steel 0-ring sealed strain 

gage load cell similar in construction to the standard laboratory load cell. 

The gages were calibrated using laboratory test equipment. Four 10-kip load 

cells with an ultimate strength of 25 kips were placed on the pipe-tire break

water, and eight 50-kip cells with an ultimate strength of 125 kips were 

placed on the concrete breakwater (photo F-3 and figure A-17). Waterproof 

connectors, capable of being plugged and unplugged underwater, were used on 

each anchor force gage (figure F-5). 

Each load cell signal conditioning circuit consists of a load cell bridge 

power supply and balancing circuit, a high gain precision instrumentation 

amplifier, and a low pass analog filter. 

The strain sensing element of the load cell is a strain gage bridge circuit 

having four active legs with two strain gages per leg. 

gages in the load cell is illustrated 1n photo F-4 and 

Mounting of the strain 

figure F-6. The stress 

concentration at the edge of the hole is assumed to be a factor of three over 
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the average stress in the corresponding direction. This is only a rough ap

proximation, which is nearly true if the hole diameter is very small compared 

with the tube diameter. However, this condition is not quite the case here; 

so the approximation serves only to give the order of magnitude values for the 

output voltage from the bridge circuit for design purposes. Because of this 

unknown factor, it was necessary to calibrate the load cells, i.e., measure 

the output under known applied loads to obtain the actual relationship between 

load force and output voltage. Each load cell cost approximately $3,000. 

2.03 Wave Gages. The five wave gages were arranged as shown in figure F-1. 

Gages 18 through 21 were spar buoys as shown in figure F-7. Gage 16, mounted 

on the stationary piling, served as a tide gage as well. The spar buoys con

sisted of a 15-ft-long, 6-in.-diam polyvinyl chloride (PVC) pipe with a 

2-1 /2-ft-diam damper plate, on which is mounted a 12-ft section of 3-1 /2- in . 

PVC pipe with a spirally wound wire to form a resistance gage (photo F-5). 

The necessary electronics were installed in the top of the upper section. 

Gage 16 was a 25-ft-long 3/ 4-in. - diam PVC pipe attached to a steel cage that 

was bolted to the piling. This gage served as both a wave gage and a tide 

gage, and, therefore, extended from -5 ft mean lower low water (MLLW) to 

+20ft MLLW (figure F-8). 

Between mid-October 1983 and late January 1984 when the breakwater was re

moved, the eight-gage linear wave buoy array was anchored where the rubber 

tire breakwater was originally located . These gages were at a 5- ft spacing 

and located 67 ft due west of the tide gage. The longitudinal alignment of 

the array was parallel with the breakwater (figure F-9). 

2.04 Wave Staff Design. A block diagram of the wave staff and associated 

electronic circuits is shown below: 

SQUARE Bl LATERAL 
PRECISION 

WAVE CURRENT 
WAVE 

BUFFER 
AC DETECTOR 

STAFF AND VARIABLE OSCILLATOR SOURCE 
GAIN AMPLIFIER 

The wave staff itself consists of a length of PVC tubing that 1s spirally 

wound with a resistance wire such that when it is immersed in seawater, the 
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electrical resistance varies 1n direct proportion to the length of the exposed 

staff . 

The electronic circuits driving the wave staff consist of a fixed frequency 

square wave oscillator (having a precisely controlled output amplitude) driv

ing a precision bilateral current source with an output current directly pro

portional to the input voltage. Thus, the wave staff is driven by a current 

source of constant magnitude, but it changes direction with each half cycle 

of the square wave oscillator. The output of the wave staff then is a square 

wave voltage with a magnitude (peak-to-peak) that is directly proportional to 

the length of exposed wave staff. This output is fed to a high input imped

ance voltage follower circuit, which serves as a buffer between the wave staff 

and the AC detector circuit. The precision AC detector circuit uses two oper

ational amplifiers in conjunction with two diodes to form a precision full 

wave rectifier circuit that is capable of operating at very low input volt

ages. A gain control has been incorporated in the detector circuit so that 

full scale output can be set at any positive value up to +10 V with a wave 

staff resistance of 300 ohms up to 3,000 ohms. (See figure F-10 for the wave 

staff electronic circuit diagram.) Alternating current is used to drive the 

wave staff to avoid both the corrosion effects that would occur if direc t cur

rent were used and the DC offset that would occur as a result of the use of 

dissimilar metals 1n a conducting solution. The latter is eliminated by use 

of AC coupling in the output from the wave staff. 

Bench tests of the wave staff electronic circuits were made using a 

1,000-ohm variable precision resistor in place of the wave staff . The cir

cuit was adjusted to produce an output range of 0 to 10 V with the resistance 

varied from 0 to 1,000 ohms. Linearity was determined to be 0.1 percent of 

full scale over this range. Overall accuracy, including end points, is about 

3 percent. If the range of operation is reduced so as not to use the last 

1 ft on each end of the wave staff, the accuracy is improved to about 1 per

cent. The natural periods for the buoys in heave and roll are approximately 

18 and 14 sec, respectively, which are well out of the range of wave periods 

expected at the breakwater site (between 3 and 5 sec) . Visual observations of 

the buoy 1n waves in excess of 1-1/2 ft indicated little heave or roll motion, 

but some yaw about the anchor line was caused by the current and wind. See 
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paragraphs 3.0 and 4.02 of this appendix for a further description of instal

lation and maintenance of the wave gages. Cost of the spar buoy wave gages 

was approximately $3,000 each. 

2.05 Pressure Sensors. Sixteen pressure sensors were mounted on the sides of 

the concrete pontoons, and seven were mounted on the bottom of the west pon

toon only (figure F-11 and photo F-6). All of the side-mounted units were 

damaged early in the project and were not replaced until late summer 1983. 

The mounting details for the improved method for attaching the side-mounted 

gages are shown in figure F-12. 

The pressure sensors used were a Kulite Model IPT-750, 0 to 5-psi range. They 

are semiconductor strain gage devices with a flush stainless steel 

diaphragm. The basic specifications are as follows: 

a. 0 to 5-psi range. 

b. 0.85 percent overall accuracy. 

c. Infinite resolution. 

d. 75-mv output full scale. 

e. -40° to 250° F temperature range. 

The original pressure transducers cost approximately $450 each. 

2.06 Accelerometers. Linear accelerometers measuring normal (to the deck, or 

heave) and transverse (or sway) acceleration and an angular accelerometer mea

suring rotation about the longitudinal axis (or roll) were employed on each 

float. See figures F-13 and F-14 for mounting details. Although some change 

of equipment and repair took place during the life of the project, all accel

erometers employed were of the highly accurate servo type. The design lncor

porates a feedback mechanism whereby motion of the displacement pickoff pro

duces a countering force (or moment) that accelerates the seismic mass so that 

it undergoes only a minute displacement from the applied input motion. This 
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feature, combined with a flexural suspension system, provided for accurate ac

celeration measurement with minimal nonlinearities and negligible hysteresis. 

Internal filtering mechanisms provided very clean data; therefore, no addi

tional filtering or detrending was required. Some results of the motion mea

surements are presented in reference F-2. The accelerometers cost approxi
mately $1,200 each. 

2.07 Relative Motions. The relative displacement between the two concrete 

pontoons while they were connected, using the later rubber connector design, 

was monitored with the use of a specially designed articulated mechanical 

transducer. The unit was constructed of anodized aluminum with a U-joint 

fixture at each end and a rotating extendable tubular section between them. 

The device measured the rotation about the perpendicular axes, in the plane of 

the end sections of the floats, and the relative distance and rotation between 

the two floats. (See figures F-15 and F-16 for more details.) From this con

figuration, all six degrees of freedom associated with the relative motion of 

the two pontoons were computed. 

The five rotational motions were sensed using Vernitech Model 106 Sine-Cosine 

potentiometers with an overall accuracy of 0.3 percent. The single linear 

measurement used a Model-111 linear potentiometer with a full range of 8 in. 

and an overall accuracy of 0.015 percent. Cost of this instrument was esti

mated to be $5,500. 

2.08 Wind Speed and Direction. A cup anemometer (photo F-7) was mounted on a 

pole atop the piling where wave gage No. 5 was attached. The anemometer was 

set at a height of approximately 30 ft above MLLW and was used to measure 

speed and direction. Duration was deduced from the anemometer records. The 

anemometer was operated continuously and was used to turn on the complete mon

itoring system when the wind speed reached a preselected speed duration level. 

The cost of the anemometers was $450 each. 

2.09 Concrete Strain. Measurements of internal concrete strains were made at 

12 locations on the west module using rebar strain gages (figures F-17 through 

F-25). The gages, which were built at the University, were constructed using 
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a 3-ft piece of No. 5 rebar machi ned to 1/ 2-in. diam over a 6-in. section at 

t he center. Four strain gages were attached and wired into a complete bridge 

circui t . The gages were then sealed, using standard strain gage sealants; 

then a sel f-adhesive heat shrink tube was placed over the finished unit for 

both mechanical protection and as a final sealant (photo F-8). Two sets of 

gages and l ead wires were attached to each unit. Each gage was checked (cal

ibrated) and the gages and electrical leads were attached to the breakwater 

reinforcing steel using standard wire ties. The lead wires were routed along 

the rebar to the instrument compartment. Cost of the internal concrete strain 

gages is estimated to be $450 each. 

2.10 Temperature. The temperature sensors used were manufactured by Analog 

Devices (Model AC2626). They are laser-calibrated two-terminal transducers. 

The electrical output 1s a current linearly proportional to absolute tempera

ture. Because of the unit's high impedence current output, it is insensitive 

to voltage drops over long lines, thus enabling remote monitoring with no need 

for costly transmitters or special wire . The unit is also insensitive to sup

ply voltage changes above 3 V, thus allowing for battery operation . The units 

used were housed in a stainless steel tube 3/ 16 in. by 3 in. Measurements 

were made of surface water, air, and internal data recorder temperatures. The 

overall accuracy of each was +0.8° C. The cost of each temperature sensor was 

$20. 

2.11 Current Speed and Direction. An off- the-shelf Series 500 Marsh McBirney 

electromagnetic water current meter was used in an attempt to measure the x 

and y components of water velocity. The Model 512 unit with a 1- 1/2- in . probe 

was used . The current probe was mounted under the center of the pontoon. For 

a number of reasons, satisfactory current measurements were never obtained. 

The cost of this current meter was $4,500. 

2.12 Rubber Connector. Strainsert , Inc., standard internally gaged hex head 

steel bolts were used to measure the axial forces on the flexible connectors 

(photo F- 9). Two different connectors were used in the breakwater experiment . 

In both cases, four bolts were used to monitor the axial forces between the 

rubber sections (figures F- 26 and F27). The bolts were instrumented by drill 

ing a 0.15- in . hole in the end of the bolt approximately 3 to 4 bolt diam 
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deep. A complete strain gage bridge was then mounted at the bottom of the 

hole using an inflatable Teflon tube and special adhesives techniques. Cost 

of the bolts was $400 each for the 1-in.-diam bolts and $700 each for the 

2-in.-diam bolts. 

2.13 Rigid Connection. Four of the 1-1/4-in.-diam, 11-ft-long, high

strength steel bars, that were used to bolt the two concrete floats together 

rigidly, were instrumented in the same manner as the rubber connector bolts. 

These bars were placed in the four outer corner positions in the rigid con

nection (figure F-28 and photo F-10). The cost for instrumenting the bars 

was $1,200 each. 

3.0 Monitoring System Installation and Operation. Strain gages for mea

suring internal concrete strains were the first of the monitoring instruments 

to be installed. Fourteen gages were attached to the reinforcing steel at 

11 locations on the western float the day before the concrete was placed 

(photo F-11). Two more (crossed) gages were mounted in the deck reinforcing 

steel while the concrete was being placed (photo F-12). Eight of the gages 
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measured longitudinal strains at the t op and bottom edges of the float, while 

the remaining eight gages were instal l ed in pairs to measure shear strains in 

the four float surfaces. Leads for the gages were routed through the rein

forcing steelwork to the area that would eventually become the hollowed out 

end compartment housing the data acquisition system. 

Final anchoring of the concrete breakwater was completed on 16 July 1982. 

Then, installation of the monitoring equipment began. Working cond i t i ons 
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at the West Point test site were fairly difficult (photo F-13). Even in a 

dead calm , tidal currents swept past much of the time; and unannounced ship 

wakes poured water across the decks into the equipment compartment through 

the flush mounted deck hatch. Immediately, the need for a secondary hatch 

with a combing became apparent if the end compartment were to be accessible. 

The new hatch (photo F-14) was not completely watertight, but it allowed 

access into the float so that installation of the data recorder could pro

ceed. In the period between early August and mid- September, the pressure 

transducers were bolted onto the sides and bottoms of the floats. Five 

wave staffs were anchored in place, and the tide gage and anemometer were 

attached to the fixed piling at the east end of the test site (photo F- 15) . 

Electrical leads from all these transducers, as well as those from the 

12 anchor load cells, were fed through a conduit located under the center 

of the west float. The conduit opening was located under the center of the 

float to minimize the motion of the wire bundle, but this was done at the 

expense of accessibility since divers were required every time a lead was 

replaced. Batteries were brought on board and placed in the battery box 

which also housed the portable generator used to recharge the batteries and 

provide power to the equipment compartment while work was being done below 

deck (photo F-16). 

The equipment installation process was complicated by the early onset of 

what was to be an abnormally severe winter storm season. Water leaked into 

the interior storage compartment from waves which continually washed over the 

deck creating an unusually cold and damp working environment (photo F- 17) . 

Shortly after being anchored in place, three of the spar buoys were found 

broken. All the buoys were broken where the 8- ft-long staff joined to the 

main body of the buoy. A third buoy was missing completely. The probable 

cause of the damage was fast tidal currents and/or waves. The opening of 

the gillnet fishing season caused additional problems. Although the test 

site location had been well publicized to all mariners, particularly local 

fishermen, 600 ft of gill net became entangled in the breakwater and broke 

one of the two remaining wave staffs. Two new buoys were deployed; but, 

within a week, one buoy had broken and another had been torn out by a large 

wave-borne log (photo F-18). By the end of the first week in October 1982 , 

seven spar buoys had been damaged or destroyed (photo F-19). By mid-October, 
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the attempt to repair the flexible connectors between the two concrete floats 

was abandoned, and fenders and bumpers were put in their place . All four of 

the strain-gaged bolts in the original flexible connector were destroyed be

fore any measurements could be made. The relative motion between the discon

nected floats was great enough to pull apart the leads which had to bridge 

the connector gap. These leads carried signals from all the accelerometers 

and pressure transducers mounted on the east float. 

When the data acquisition system became fully operational in mid-November, 

only one spar buoy on the north side of the concrete breakwater remained. 

Most of the pressure transducers had been torn off the south side of the 

breakwater by waves, and electrical leads to 10 of the 12 anchor load cells 

were broken. On 9 December, commercial divers hired by the University con

nected new leads to three upper and two lower concrete breakwater anchor 

load cells. The three repaired upper load cell leads lasted less than a 

month before divers were again hired to replace them. The load cells them

selves remained undamaged throughout the test, but the unarmored four conduc

tor wires leading to them proved to be vulnerable to damage; and before the 

test program ended on 31 January 1983, a total of 18 electrical leads (ap

proximately 2,500 ft of wire) was replaced at the test site (photo F-20). 

Shortly after the data acquisition system was brought on board, a second 

generator had to be purchased for use while the first was being overhauled 

because of saltwater damage. Even with a new generator, very little battery 

charging time was available between storm systems; so backup batteries were 

charged on shore and then taken to the breakwater at about 2- week intervals. 

Each of the four large batteries required to operate the system weighed over 

100 lb. Their replacement was a difficult and time consuming task. Several 

times the batteries were not replaced soon enough, and the system turned off. 

Such was the case when the worst storm of the entire test program occurred 

on 21 December 1982. 

Even though the unusually stormy weather showed no sign of easing, success in 

the collection of data improved as the winter wore on. After the replacement 

of seven wave buoy staffs, reinforced staffs and modified buoy moorings nearly 

eliminated the breakage problem. With the frequent use of divers, a majority 
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of the anchor load cells were kept operating. The anemometer and incident 

(piling mounted) wave/tide gage proved to be reliable. By the time the 

concrete breakwater was removed from the test site on 7 February 1983 for 

the purpose of making the rigid connection between the modules, approximately 

20 tapes of data had been collected. 

Addition of the steel deckhouse during the rigid connection work was a major 

improvement (photo F-21). The deckhouse provided a dry storage area for the 

electronic components, two complete sets of lead acid batteries, and the gen

erator . At the test site, work on the system could continue even during rela

tively rough conditions, dramatically increasing the amount of time that the 

breakwater data acquisition system was accessible for making repairs and 

adjustments. 

Throughout the early spr1ng of 1983, considerable progress was made in rein

stalling wave buoys and reconnecting anchor load cells. Four spar buoys were 

securely anchored 1n place (one on the north and south side of each break

water), 10 of the 12 anchor load cells were successfully reconnected, and a 

backup anemometer was mounted on top of the new deckhouse. By the end of 

June, 11 pressure transducers had been salvaged by divers and remounted on 

the side of the breakwater using an improved attachment method. 

After the pipe- tire breakwater was removed from the test site in August, 

a spar buoy was anchored in the vacated spot to serve as a backup to the 

incident wave gage mounted on the piling. Eventually, an eight- buoy direc

tional wave array was anchored in this location (photo F- 22). See refer

ence F-3 for details of the directional array study. 

In November 1983 the concrete breakwater was removed from the test site. 

The two rigidly connected floats were parted, and the redesigned flexible 

connectors were fastened between them. A relative motion sensor mounted be

tween the two floats and four strain gaged bolts (located in the outer edges 

of each connector) completed the monitoring pr ogram ' s large complement of in 

strumentation (photo F- 23). The br eakwater was r eanchored at the test site 

on 1 December 1983, and the wave and anchor force t r ansducer leads were re

connected to the data acquisition system. A week later, a Waverider wave 
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measuring buoy was anchored 600 ft south of the incident (piling mounted) 

wave gage to allow a comparison of records from the two types of wave mea-
suring devices (photo F-24). At th· t· 13 1s 1me, wave gages were connected 

to the data acquisition system (1 piling mounted, 8 spar buoys in the array, 

2 spar buoys on the north side of the breakwater, 1 on the south side, and 
the Waverider buoy). 

The deckhouse addition, increased experience, and a return to a more normal 

weather pattern all contributed to a continual improvement in the data collec

tion success rate. By the end of the monitoring program on 31 January 1984, 

121 data tapes containing approximately 1,000, 8-min time series of 80 input 

channels each had been obtained. 

4.0 Equipment Evaluation. 

4.01 Data Acquisition System. Of approximately 8,000 hr that the data acqui

sition system could have been collecting data on board the breakwater, it was 

operational for 4,500 hr or 56 percent of the time. Time spent adjusting the 

system or recharging the batteries on board the breakwater is not included in 

either the hours available for data collection or hours operational. After 

initial installation problems were solved, the system was removed from the 

breakwater six times for repairs and was entirely absent from the test site 

approximately 750 hr, exclusive of the time the concrete breakwater itself 

spent removed from the test site for connector modifications. 

No single part in the system appeared to be particularly prone to failure. 

Component failures occurred on the transducer signal conditioning cards, on 

the serial cards, on the analog to digital cards (A to D cards), and in the 

tape drive electronics. Some programming errors had to be corrected 1n the 

software that controlled the system, and several electrical connector prob

lems occurred. 

Power supply problems were the major source of system downtime. For a number 

of reasons, the amount of power required was higher than originally antici

pated. For several weeks, near the start of the monitoring program, persis

tent high winds caused an 8-min time series of all 80 channels to be made each 
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hour. More power was required to record the unanticipated abundance of data. 

Also, because the tape was continuous, storm data, in at least one instance, 

were written over before the tape could be removed. Additionally, short 

circuits caused by broken transducer leads were believed to be a source of 

power drain, but the most serious problem developed when one of the power 

supply's DC to DC converters failed. The converter was not a standard item 

and had about a 4-month delivery time. A spare had been purchased and was on 

hand, but the specification plate had been mislabeled at the factory. The 

replacement unit was not usable, and a simple removal and replacement job 

turned into a complicated problem. A temporary power supply was assembled 

from available components, but problems with the system, related to the power 

supply, continued until a new converter was installed 4 months later. The 

increased power requirements and the difficulties involved in keeping the 

batteries charged combined to shutdown the system several times, particularly 

during the first winter of monitoring. 

By the end of the monitoring program, the data acquisition system had become 

a well used piece of equipment. Even the capability for system interrogation 

via telephone lines for transducer 

lized for a short period of time. 

monitoring and data transmission was uti

A 2,000-ft-long electrical cable was laid 

from the breakwater to shore, and some data transmission was accomplished, but 

waves and tidal currents soon broke the connection. A second cable was laid 

with similar results, and no further attempts to provide remote access to the 

system were made. 

4.02 Wave Buoys. Overall performance of the wave measuring 

considering the conditions under which they had to operate. 

buoys was 

The buoys 

good 

ap-

peared to be stable in all observed wave conditions, except for a slight low

frequency horizontal (sway) oscillation. The buoys were relatively easy to 

transport and install, and their modular design made repair or replacement of 

parts a simple task. 

After the upper portion of the buoys was reinforced to solve the initial prob

lem with breakage, the buoys proved to be very durable. Arriving at a satis

factory method for anchoring the buoys in place was a more difficult problem. 

Initially each wave buoy was tethered between two taut-line floats, which were 
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anchored with 250-lb concrete anchors. When tidal current speeds exceeded one 

knot, the buoys were pulled under the surface or were displaced lateral ly from 

the desired wave measurement location. To solve the mooring problem, the 

buoys were tied into the breakwater anchor systems as shown in figure F-9. 

This modification, combined with adjustment of the vertical 

location of the attachment collar, finally produced an acceptable anchoring 
arrangement. 

A number of other problems with the wave gages were encountered, but they 

were considered routine maintenance. The electrical leads running from the 

buoys to the data acquisition system were damaged and had to be replaced 

several times. Also, after several months of use, the stainless steel re

sistance wire on the staffs tended to break, either because of corrosion or 

debris impact damage; and on one occasion a small brass screw retaining the 

upper end of the resistance wire corroded and caused electrical problems. 

Although not a common problem, some of the circuit boards inside the wave 

staffs did fail and had to be replaced. Finally, some of the buoys slowly 

lost buoyancy, and empty Clorox bottles were tied on to raise them to the 

proper height. 

4.03 Piling-Mounted Wave Gage. The operating principal of the piling

mounted wave/tide gage was identical to that of the wave buoys, and exactly 

the same electronics were used in both instruments. An open framework gal

vanized steel cage protected the gage from debris damage. The original gage 

operated for 6 months before numerous breaks in the stainless steel resist

ance wire caused it to fail. A backup gage was installed in April 1983. 

The gage electronics failed once during the second winter of testing, and 

a spare circuit card had to be used during the last several months of test

ing. Breakage of the resistance wire was a problem common to both the pil

ing mounted and buoy mounted staffs. Some form of corrosion in the vicinity 

of an epoxy bead that held the wire in place is suspected as a cause of the 

problem. 

4 04 A h F ce Load Cells The anchor force load cells were the most . nc or or . 

difficult transducers to maintain because of the vulnerability of the elec

trical leads. Divers were used six times to lay new wires, and several other 
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attempts were aborted because of bad weather. The Electro-Oceanic underwater 

connectors on the load cells allowed each replacement of the wires by divers . 

However, because of the small changes in voltage associated with these trans

ducer signals, those connectors were probably responsible for an excessive 

amount of electrical noise and drift in many of the records. Four of the 

load cells were recovered at the end of the test program; and although they 

were somewhat scarred by 2 years of service underwater, posttest calibrations 

indicated they were still operating normally. 

4.05 Embedded Strain Gages. Except for minor connection problems, the 

16 embedded strain gages operated normally throughout the test program. 

Strains in the concrete proved to be much lower than originally anticipated, 

and most of the data collected during the first winter were in the noise re

gion. This problem was corrected on 26 May 1983 when the gains of all the 

gages were doubled. Data collected from this time on were suitable for 

analysis. 

4.06 Strain Gaged Connector Bolts. As described previously, the first 

flexible connectors were destroyed before any measurements could be made by 

four 1-in.-diam strain gaged bolts located at the top and bottom of each 

connector. In the rigid connection configuration, each of the four corner, 

1-1/4- in .-diam by 11-ft-long, bolts had a strain gage bridge inserted in a 

0.15-in.-diam hole that was drilled 17 in. into the bolt. While the rigid 

connection was being made, the bolts were submerged in water, and all the 

gages were damaged. Readings were obtained for a short period of time from 

only one of the bolts. The second pair of flexible connectors was instru

mented also with two 2-in.-diam load sensing bolts each. All four bolts 

were operational initially, and data were collected for a number of storms; 

but one by one, they all failed over the 2 months that the second flexible 

connector was being tested. Failure of the gages was due to the leads be

ing twisted as the bolts rotated in their holes. Two of the leads were com

pletely twisted off, and the other two were wrapped into balls around the 

heads of the bolts. Some data were obtained from these bolts during a 

number of storms that occurred in the last 2 months of testing. 

4 .07 Pressure Transducers . All of the pressure transducer s that were 
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mounted on the south s ide of the breakwater were lost in the first 3 months 

of testing. An electrical conduit attached to the side of the floats was 

the main support for the transducers. The conduit, installed as part of the 

breakwater construction contract, was not able to resist wave forces and de

bris impacts. As each section of conduit was torn off, the attached trans

ducers went with it. Transducers mounted on the bottom of the float fared 

somewhat better. All survived physically, but electrical leads to four of 

them were damaged during the test period. Three of the gages operated con

tinuously. Parts of the side-mounted transducers were recovered by divers, 

new housings were made, and they were reattached in August 1983. The new 

attachment method, designed by the University, worked very well; and all of 

the transducers provided data throughout the rest of the test. 

4.08 Anemometer. A Weather Measure anemometer was mounted on top of the 

fixed piling at the test site. This type of instrument was selected because 

it combined a relatively low cost and adequate reliability for the short du

ration of the test program. In January 1983 a backup anemometer was mounted 

on top of the newly added deckhouse at an elevation of approximately 10 ft. 

Both of the anemometers were replaced once during the test program. 

4.09 Accelerometers. The water-tight compartments in which the acceler

ometers were to be mounted were usually completely filled with salt water. 

The University's original housing for the accelerometers was not designed 

to be hermetically sealed, and saltwater corrosion of the accelerometers 

was a problem initially. After modifications were made to the housings, 

a considerable amount of acceleration data were obtained during the later 

portions of the test program. 

4.10 Current Meter. The Marsh-McBirney electromagnetic current meter was 

mounted on the 4- in.-diam conduit attached to the bottom of the concrete 

breakwater. Because collecting current data was assigned a low priority, 

the meter was not installed until well into the test program. After it was 

installed, erratic data were collected for a short time before it failed en

tirely. When the meter was recovered at the end of the test, the sensor ap

peared to have been damaged either at the time of its installation or by 

debris that was carried under the breakwater by tidal currents. 
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4.11 Relative Mo t i on Sensor. The relat ive motion sensor was the most elab

orate transducer designed and fabricated by the University. It was fastened 

between t he two concrete un its only during the test of the second flexible 

connect or des i gn in January and February 1984. The sensor was removed and 

replaced t wice f or repairs because water leaked past the rubber boots which 

sur rounded t he sl idi ng and rotating parts. The quantity of data obtained 

f r om t his transducer is yet to be determined. 

5 . 0 Data Analysis. Original planning for the monitoring program did not 

addres s details of the methods and equipment required for processing the 

da ta t o provi de basic statistical data and auto and cross-spectral analyses. 

The University of Washington planned to use in-house data processing equip

ment and graduate student assistants for writing data analysis programs. 

Because of the effort that was expended in attending to the problems that 

arose during the initial installation of the monitoring equipment, the de

velopment of data analysis procedures did not receive full attention until 

November 1983. Although results from the first of the data tapes to be 

analyzed indicated that several key transducers might not be operating prop

erly, data analysis techniques had not been refined enough to pinpoint the 

problems. Efficient maintenance of the data acquisition system was found 

to require rapid analysis of the data tapes as they were retrieved from the 

breakwater, but the capacity of the University's microcomputer was taxed, 

and data analysis was tedious and time consuming. Work on software was at 

a fairly advanced point when the computer failed. Repeated repair attempts 

were futile. Finally the University was authorized to purchase a new and 

more powerful machine. By the beginning of the second year of monitoring, 

computer programs for spectral analysis, filtering, and removing signal 

drift had been developed. The capability to analyze data tapes quickly 

during the last 4 months of the project helped dramatically in the early 

detection and repair of problems in the data acquisition system and the 

monitoring transducers. 

6.0 Monitoring Cost. The initial cost reimbursable contract with the 

University of Washington was for 2 years at an estimated $280,000. Unan

ticipated costs for repair and replacement of equipment added $79,000, and 
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extension of the monitoring program by 1 year increased the total program 

cost from $230,000 to $589,000. This $589,000 was distributed as follows: 

$140,000 for initial purchase and fabrication of hardware, $20,000 for sup

port equipment, $202,000 for salaries of University personnel, $92,000 for 

University overhead, $105,000 for repair parts and materials, and $30,000 

for data analysis equipment. An estimated $90,000 in equipment was returned 

to the Corps at the end of the monitoring program. 
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Photo F-1. Photo depicting data acqui
sition system (data logger on left, 
signal conditioning cards on right). 

Photo F-3. Attaching anchor force 
load cell to anchor line. 

Photo F-5. Photo depicting 25-ft-high 
spar buoys. 
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Photo F-2. Photo depicting signal 
conditioning cards. 

- l 

Photo F-4. Strain gages being 
attached to the load cell. 

Photo F-6. Photo depicting 
pressure sensor on bottom of 
float. 



Photo F-7. Photo depicting Weather 
Measure anemometer. 

Photo F-9. Photo depicting load 
sensing bolt in vertical fender 
connection. 

... -

Photo F-11. Photo depicting embedded 
strain gages in sidewall and upper 
and lower edges. 
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Photo F-8. Photo depicting a 
rebar embedment strain gage. 

Photo F-10. Strain gages measur
ing loads in the corner bolts of 
the rigid connection. 

~ \ 

Photo F- 12. Strain gages being 
placed in deck during construction 
of concrete float. 



Photo F-13. Photo depicting typical 
working conditions during first 
summer. 

Photo F-15. Photo depicting piling 
that supported the tide gage and 
anemometer. 

Photo F-17. Working under adverse 
conditions inside the float. 
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Photo F-14. Photo showing second
ary hatch to keep waves from wash
ing into the equipment compartment. 

Photo F-16. Photo showing original 
storage box for the generator and 
batteries. 

Photo F-18. A large log destroying 
several wave buoys and pressure 
transducers. 



l 

Photo F-19. Photo showing drifting 
kelp typical of debris which caused 
damage continuously. 

1' 

Photo F-21. Photo depicting deck
house which greatly improved work
ing conditions. 

Photo F-23. Photo showing relative 
motion sensor which was used when 
the horizontal fender connector was 
tested. 
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Photo F-20. A diver installing a 
new electrical lead to an anchor 
force load cell. 

Photo F-22. Photo showing the 
wave array anchored in the vacant 
pipe-tire breakwater location. 

• 

Photo F-24. A Waverider buoy 
collecting additional wave 
data. 



APPENDIX G 

TEST RESULTS 

1.0 Introduction. During the course of the Prototype Floating Breakwater 

Project, 121 data tapes containing approximately 20 megabytes of data per 

tape were collected. The parameters that were measured included incident 

and transmitted waves, wind speed and direction, anchor line forces, stresses 

in the concrete units, relative float motion, rotational and linear accelera

tions, pressure distribution on the concrete breakwater, water and air temper

atures, and tidal current data. The data analysis methods for wave attenua

tion and anchor force measurement results are presented in this appendix. 

Analysis of the Prototype Test data will continue, and results will be pre

sented in future reports. 

2.0 Method of Data Analysis. The data analysis process was carried out in 

two steps: (a) retrieving measurements from the data tapes and (b) analyzing 

statistical data. In the field, the Data Acquisition System (DAS) collected 

a 1-min-long record of data every 2 hr. Summary statistics of these data were 

computed automatically and recorded on the tape. (Summary statistics included 

the mean, minimum, maximum, and standard deviation.) After the statistics 

were recorded, the DAS would check to see if any of the preset thresholds on 

selected parameters were exceeded. If triggered, the DAS would initiate a 

time series collection during which 512 sec of data were collected from each 

of 80 channels. The sampling rate was 4 Hz for all data collection (240 sam

ples per channel for a 1-min record and 2,048 samples per channel for a time 

series). 

After each data tape was retrieved from the breakwater, a summary or map was 

made showing how many 1-min records and time series were recorded on the tape. 

Included in the mapping of the tape was a listing of the 1-min summary statis

tics. Figure G-1 is an example of a tape summary for tape number 54, and fig

ure G-2 presents the statistics for 1-min record number 12. The tape summary 

shows also how many glitches exist and where they are on the tape. A glitch 

is any spot on the tape where the tape drive cannot retrieve the data. (Nor

mally only a few samples of data per channel are lost when a glitch occurs, 
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STATISTICAL RECORD AND GLITCH MAP 

TAP~ IN : 7/12/83 5:00 Ni 

TAPE GUT : 7/14/83 11 :00 AM 
TAPE t 54 

TRI'\CK 1 

SRl TSl * 
SR2 TS2 
SR3 153 
SR4 T54 * 
sr.:~ 155 
SR6 156 * 
SR7 157 

1RtiCK 2 

SRS 158 * 
SR9 TS9 
SRlO 1510 
SRll 1511 
SR12 T512 
SR13 T513 
SR14 1Sl4 

TRACK 3 

SR15 1515 
SR16 TS16 
SR17 TS17 
SR18 TS18 
SR19 T519 * 
SR20 1520 

TRACK 4 

SR21 TS21 

LEGEHi> 

SR = ONE MINUTE RECGRD STATISTICS 
T5 ~ TIHE SERIES 
l =GLITCH 

FIGURE G-1. Data Tape Summary Sheet 
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1 MIN. STATISTICAL DATA SUMMARY 

--------------------

TAPE t 54 

TAPE IN : 7/12/83 5:00 ~I 
TAPE OUT : 7/14/83 11:00 AM 
t OF SAMPLES = 120 
TAPE TkACI< = 2 
1 MIN REC. No. = 12 7/13/83 4:59 AM 

QUANTITY I CH. t MEAN STD.DEV 

ANCH.FuRCEI71 2662.54 33.23 
ANCH.FORCEI81 6l"l.25 1468.34 
TIDE HT!161 914.84 39 .93 
VERT.ACCI611 115.43 8.51 
WIND SP.1731 95.93 6.78 
WIND OIR. I 751 236.60 13.50 

SINGLE SAMPLE VALUES 
-------

CURR. VEL.X!771 255 
CURR.VEL.YI76i 255 
WIND SP. ! 741 77 
WIND OIR. 1751 234 
-lOV ( B31 138 
tlOV 1841 114 
-24V !85) 156 
t24V 1861 91 
-5V I 87 I 127 
t5V IOSi 125 
WATER TEMP 1891 0 

MAX HIN 

2722 2526 
4095 0 

984 788 
127 55 
109 82 
2~ 168 

FIGURE G-2. One-Minute Record Statistics Sheet 

and the time series is still of value. There is no apparent cause for a 

glitch, but it is probably a function of temperature and/or a malfunction of 

the DAS.) 

Once the mapping was completed, the 2,048 measurements that were made for each 
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of the 80 channels during a time series were reformatted, and summary statis

tics were computed. An example of the time series summary statistics is shown 

in figures G-3 and G-4. In figure G- 3 the tape number, 1-min record number, 

and scale factors are shown. The scale factor converts the data recorded on 

the tapes to physical units. For example, when the data recorded 

Sumaary of S~atist1cal Data for West Point Floating Breakwater Project 7/12/83 to 7/14/83 
Nuaber of salples per event = 2048 Saapling Rate = 4.00 hertz 
1 Days 0 Hrs. 3 Min. from beginning of tape !All Hin, Max values Measured fro• Zero Mean) 

Tape Nu11ber 54 
1 Minute Record Number 12 
Time Series Nu1ber 12 

CH.NO. 
l CODE 
SFACT. 

~.NO. 

L CODE 
SF ACT. 

CH.NO. 
L CODE 
SFACT . 

CH . NO . 
L COOE 
SF ACT. 

CH.NO. 
L COD£ 
SFACT. 

CH. NO. 
L COD£ 
SF ACT. 

CH.NO. 
l CODE 
SFACT. 

CH.NO. 
L CODE 
SF ACT. 

1 

LNWC 
.027 

11 

UST 
.019 

21 

WV-SE 
.031 

31 

2 
LNEC 

.027 

12 
LST 

.019 

22 
P1-NU 
.004 

32 

3 

UNWC 
.027 

13 
FRS 
1.000 

23 
P2-NL 
1.000 

33 

SUMMARY OF SCALE FACTORS 

4 
uswc 

.027 

14 
FRC 
1. 000 

5 
UNEC 

.027 

15 
FRN 
1.000 

6 

USEC 
.027 

16 
TIDE 

.012 

7 
LSWC 

.027 

17 

8 
LSEC 

.027 

18 
INC BUOY WV-NW 
1. 000 . 031 

24 25 26 27 28 
P3-BNC P4-BEO P5-SEI P6-BCC P7-~~I 

.004 .004 .004 .004 1.000 

34 35 36 37 38 

9 
LHT 

.019 

19 
WV-NE 

.031 

10 
UHT 

.019 

20 
wv-sw 

.031 

29 30 
P8-BWO P9-8SC 
.004 .C04 

39 40 
PlO-SCU P11-SW1 P12-SW2 P13-SW3 P14-SCL P15-SE3 P16-SE2 P17-SE1 P18-EP1 P19-EP2 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

41 42 43 44 45 
P20-EP3 P21-EP4 P22-EP5 P23-EP6 NULE 

46 
NBLE 
1.470 

47 
SBLE 
1.470 1.000 1.000 1.000 1.000 1.470 

51 
BTl 
1.470 

61 
W VERT 
1.000 

71 
CLM 
1.000 

52 
BT2 
1.470 

62 
W HORZ 
1.000 

72 
CRM 
1.000 

53 
UTl 
1.470 

63 
W ROT 
1.000 

54 
UT2 
1.470 

64 
E VERT 
1.000 

73 74 
WIND SP WIND SP 

.400 .400 

55 

ST2 
1.470 

65 
E HORZ 
1.000 

56 
STl 
1.470 

66 
E ROT 
1.000 

57 
NULC 
1.470 

67 

WVR 
1.000 

75 76 77 
WIND DIR WINO OIR N-5 
1.412 1.412 1.000 

48 
SULE 
1.470 

58 
NBLC 
1.470 

68 
WHR 
1 .000 

76 
E-W 
1.000 

49 
NTl 
1.470 

59 
SULC 
1.470 

69 
EVR 
1.000 

79 
emu 
1. 000 

FIGURE G-3. Time Series Summary Statistics, Tape Number, 
1-Min Record Number, and Scale Factors 
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50 
NT2 
1.470 

60 
SBLC 
1.470 

70 
EHR 
1.000 

80 
CON2 
1. 000 



CH.NO. 
MAX. 
MIN. 
h£AN 
STDEV. 

CH.NO. 
MAX. 
MIN. 
MEAN 
STDEV. 

CH.NO. 
I'IAX. 
MIN . 
H£AN 
STDEV . 

CH. NO. 
MAX . 
HIH . 

Pt.:08LEM 

IMIN = MEAN! t PROBLEM 

1 2 3 4 

INO DATAl t 
~ 6 7 

4.293 
-5.211 
78.651 
2.533 

4.905 .000 24 . 141 . 617 5.193 . 000 
-5.949 .000 -9.825 -87 .970 -3 .177 . 000 
40.023 .000 9.825 109.948 3.177 . 000 
2.025 .000 7 .606 7.077 l. 735 . 000 

11 

.507 
- .956 

12 .945 
.133 

12 
4.062 
-.080 

.080 

.356 

22 

13 
.000 
.000 
.000 
.000 

23 

14 15 
.000 28.027 
.000 -19 .973 
.000 1719.973 
.000 7.596 

16 17 
1.263 25 . ~05 

-3.393 - 18.495 
10.593 178.495 

.612 11.287 

27 

8 

46 .588 
-63 .977 

63 .977 
5tL578 

18 
. 000 
.000 
.000 
.000 

28 21 
.000 
.000 

.049 13.466 
- .043 -10 .534 

. 607 151.534 

.019 4.378 

24 
.000 
.000 
.000 
.000 

25 
.027 

- .029 
.065 
.011 

26 
.000 
.000 
.000 
. 000 

. 000 . 000 

7.905 
.000 

31 32 33 34 35 36 

.000 .000 
1.020 255.000 
.000 .000 

37 38 

PR06LEn 
IBAii CHANNELl 

9 10 
1.478 6.722 
-.764 -6 .046 

15. 166 13. 114 
. 451 2 . 164 

19 
.523 

-.469 
3.290 

.203 

29 
.000 
.000 

1.020 
.000 

39 

20 
.000 
.000 

7.905 
.000 

30 
.000 
.000 

1. 020 
. 000 

40 
8 .742 122.883 

-8. 258 -132 . 117 
5.776 7.662 6.746 7.532 7.018 76 .342 155.875 9.214 
-.224 -9.338 -8 .254 -10.469 -8.982 -102.658 -99.125 -90 .786 

nEAN 12 .258 132 .117 .224 128.338 153.254 127 .468 123.982 178 .658 99.125 245 .786 
.659 3.210 2.896 3.267 3.267 38 .563 46.894 20 .313 STDEV . 2.810 86.428 

CH.NO. 41 42 43 44 45 46 47 48 49 50 
MAX . 7a.061 .000 13 .039 81.570 22 . 626 20 .435 32 .575 12.726 5.761 5.960 
MIN . 
i'I£AN 

STDEV. 
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for channel 16 (the tide gage) is multiplied by 0.012, the values are con

verted to units of feet. An explanation of the acronyms used in figure G-3 

and the physical units of each channel is found in Table G-1. Figure G-4 

provides a listing of the channel statistics for BW54R12, tape number 54, 

and 1-min record number 12. Sensor and DAS malfunctions can be evaluated to 

a limited extent by examining the channel statistics. In figure G-4 some of 

the problems that occur on the summary statistics are shown. Additional in

formation on system performance was obtained from point by point (row) plots 

of the data. These row plots were particularly useful for evaluating elec

trical noise and null point drift. 

The final step in the statistical analysis was the production of spectral 

plots of the data from selected channels using fast Fourier transforms 

(FFT's). Because these plots show the variation of energy with frequency, 

the data were filtered a final time to remove energy contributions which were 

caused by effects with frequencies outside the range of interest. A 0.08 Hz 

"low pass" filter was used to remove the long period effects, such as tidal 

variations, and a 1.0 Hz "high pass" filter was used to remove the contribu

tion of very short period phenomena such as ripples. Results of the spectral 

analysis were used to calculate, statistically, the significant wave heights 

and peak (highest 1 percent) anchor loads; and breakwater wave transmission 

coefficients, Ct , were determined by comparing the incident and transmitted 

wave spectra. 

3.0 Data Results. The data presented are based on t he summary statistics and 

the results of the FFT's. Assuming the data follow a Rayleigh distribution, 

the following relationships exist: 

-X - X - 4o s mo 

x - 0.6265x - 2.51o s 

x10 = 1.27xs = 5.08o and 

x
1 

- 1. 67xs - 6.68o 
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where 

xs - significant value or average of highest one third -
xmo - significant - value based on energy 

a - standard deviation -
X - mean -

x10 - average of highest 10 percent -
x, - average of highest 1 percent (reference A-1) -

The Rayleigh distribution assumption was checked by looking at several time 

series for wave heights, anchor forces, strains, pressures, and accelerations. 

When the data are examined, the significant or 1 percent value is only one 

factor involved. Since the response of floating structures to waves is very 

dependent on wave period, the period of peak energy density, Tp , of the in

cident wave field was calculated from the FFT, as shown in figure G-5. The 

peak energy period of the incident wave field appears to be an important pa

rameter to consider because the peak energy period of other data such as the 

anchor forces and concrete strains often corresponded to the measured Tp . 

When the periods did not correspond they were normally shifted by one spectral 

bandwidth which could be a function of the averaging done when calculating the 
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FFT. Peak values of the anchor force data were of the most interest, but be

cause the data were filtered to remove high frequency noise the peaks were not 

valid, and a statistical value of the average of the highest 1 percent was 

used to represent the peak force. 

3.01 Concrete Breakwater. Several configurations of the concrete breakwater 

existed during the test program; however, because of structural damage to the 

breakwater or to the DAS malfunction, data, as listed in Table G-2, exist for 

only three of the five configurations tested. The three configurations are 

a. The two concrete floats rigidly connected with clump weights. 

b. The two concrete floats rigidly connected without clump weights. 

c. The two concrete floats flexibly connected without clump weights. 

Figures G-6 and G-7 show wave transmission characteristics of the three float

ing breakwater configurations. In figure G-6 the wave transmission coeffi

cient, Ct , is plotted versus the incident wave height, Hi . The trans

mission coefficient is centered on 0.4. Previous model test data show that, 

normally, wave transmission characteristics are very dependent on the wave 

period. However, as described in paragraph 5 of the main report, the geo

graphical features of the West Point test site limited the range of wave pe

riods for which meaningful data could be collected. This conclusion is con

firmed by figure G-7 which is a plot of transmission coefficient versus wave 

period. The transmission coefficient converges on 0.4, and the range of wave 

periods is limited. Because of this limited range of wave period, no definite 

conclusions can be made about wave period effect. Figures G-6 and G-7 indi

cate also that the various configurations of the concrete floats had no sig

nificant effect on the wave transmission coefficient. 

The anchor force data for channels 4 and 7, upper and lower load cells on the 

southwest mooring line, are shown in figures G-8, G-9, G-10, and G-11. Fig

ures G-8 and G-10 are plots of the mooring line force, Fp , measured in one 

mooring line versus incident wave height, Hi ; whereas, figures G-9 and G-11 

present the mooring line force versus the wave period of peak energy density, 
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Tp . There does not appear 

wave height or wave period. 

to be a strong dependence of anchor 

The data plots indicate in general 

forces versus 

that 

a. The load in the upper load cell (Channel 4) is approximately 25 per

cent larger than that in the lower load cell (Channel 7). 

b. For the rigid connection, the peak loads in the lower load cell 

(Channel 7) decreased when the clump weights were removed, but peak loads 

in the upper load cell (Channel 4) increased. 

c. The type of connection (rigidly or flexibly connected) does not seem 

to affect the anchor force. 

Analysis of the structural data is just beginning, but Table G-3 includes 

some data showing the effect of the connectors on the floats. Table G-3 is 

a listing of strain magnitudes as measured by the longitudinal strain gages 

in the east end and center of the west float, Channels 45-48. The strains 

are very low, especially when compared to the strain values recorded when 

the float was lifted from the construction platform and placed in the water 

(1,700 ~strains). 

3.02 Pull Test. A 110-ft tug was used to conduct a pull test on the con

crete breakwater. The purpose of the pull test was to determine the anchor 

stiffness (spring constant) of the mooring lines, which is an important phys

ical characteristic in the design of mooring systems. While the tug pulled 

on the breakwater, the x-, y-, and z-position of the breakwater, the force on 

the tow line, and the forces in the mooring lines were measured. The results 

of this test are plotted in figure G-12. The anchor stiffness, in kips per 

foot, gradually increases to a load of approximately 4 kips for a horizontal 

displacement of 4.5 ft from the neutral position. The anchor stiffness then 

increases dramatically to 5.2 kips at a displacement of 5.2 ft. 

3.03 Tire Breakwater. Wave transmission data and anchor force data were 

collected for the tire breakwater. These data are tabulated in Table G-4 

and graphically presented in figures G-13 through G-16. Figures G-13 and G-14 

are plots of the wave transmission coefficient versus incident wave height and 
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wave period, respectively. Figures G-15 and G-16 present the peak anchor 

forces versus incident wave height and wave period, respectively. 

For the limited range of data available (Hi = 1.0 to 2.3 ft), figure G-13 ln

dicates that Ct is about 0.42 for incident wave heights up to about 2.0 ft. 

In figure G-14 the transmission coefficient appears to increase as the wave 

period increases. This increase is expected, but the wave period range during 

the test project was not sufficient to show a conclusive trend. 

The anchor force data (figures G-15 and G-16) do not show the expected in

crease in anchor force as the wave height and/or wave period increases. The 

anchor force is nearly constant, independent of the wave height and wave 

period, as shown in figures G-15 and G-16. Several possible reasons for the 

behavior of the anchor forces are discussed in paragraph 5 of the main report. 

4.0 Comparisons. Two comparisons will be made--one comparing the results of 

the two breakwaters and another comparing these data to previous data obtained 

from model studies. 

4.01 Concrete and Tire Breakwater. The wave transmission characteristics of 

the concrete and tire breakwaters are compared in figures G-17 and G-18, Ct 

versus Hi and Ct versus Tp , respectively. Both figures indicate that 

the tire breakwater is slightly less effective in reducing the incident wave 

field. Although the tire breakwater may be less effective in reducing wave 

heights on the leeward side of the breakwater, the windward side is calmer 

when compared to the corresponding side of the concrete breakwater. This 

difference is due to the reflective characteristics of the breakwaters and 

different methods by which each of the breakwaters reduces the wave energy. 

The concrete breakwater uses reflection as the method of wave attenuation. 

On the windward side of the concrete breakwater large waves are created by 

the combined energy of the incident and reflected wave fields. The tire 

breakwater, on the other hand, dissipates the wave energy through turbulence 

as the wave moves through the breakwater, and only a small portion of the 

energy is reflected. Some potential floating breakwater may be located where 

the reflected waves in front of the concrete breakwater would be unaccept

able. A tire breakwater would be a potential alternative in this situation. 
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Figure G-19 shows a comparison of the anchor forces for the two breakwaters. 

In order to compare these two, the anchor force data are presented per linear 

foot of breakwater. These values were calculated by assuming that the force 

1n an anchor l1ne was distributed over a given length of breakwater depending 

on the location of the anchor line/breakwater connection and the distance to 

adjacent anchor lines. For the concrete breakwater, it was assumed that the 

force on the center mooring line was distributed over a length of 37.5 ft and 

that for the tire breakwater the force on the center mooring line was dis

tributed over a length of 12.5 ft. Due to extensive design differences be

tween the two breakwaters and their anchor systems, a direct comparison is 

difficult. Figure G-19 implies that the pipe-tire breakwater experienced 
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significantly greater anchor loads per foot of breakwater. However, it should 

be noted that forces measured in individual lines on the concrete breakwater 

were actually greater than those measured in individual pipe-tire breakwater 

anchor lines. This is shown in figures G-9, G-11, and G-16. Nevertheless, 

because of wider spacing of the concrete breakwater lines (3 lines per 75 ft 

as opposed to 9 lines per 100ft for the tire breakwater), the force in a con

crete breakwater line was distributed over a greater length of breakwater. 

4.02 Model Data. Figures G-20 through G-22 compare the prototype data to 

earlier model data. In figure G-20, the relationship between the wave trans

mission coefficient and wave period for the concrete breakwater is compared to 

model data collected for East Bay Marina (reference 2 at end of main report). 

The data for East Bay Marina were chosen because the width and draft of the 
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model were the same as for the prototype. For the range of wave periods in 

which prototype data were collected, agreement between the model and the pro

totype is good. Figure G-21 presents the wave transmission data for the tire 

breakwater compared to Harms' model data (reference 5 at end of main report). 

The prototype breakwater did not perform quite as well as the model predicted. 

There are several possible explanations for this: the relative depth effects, 

long period wave energy, and diffraction around the breakwater. The proto

type data from both the concrete and the tire breakwaters exhibited a substan

tial amount of scatter, which should be expected in field data. The model 

data exhibited less scatter in that the model tests were necessarily conducted 

under a set of rigidly controlled conditions including wave characteristics 

and angle of attack, unlike the random conditions encountered in the field. 

Figure G-22 compares the anchor force measurements collected in the prototype 

for the tire breakwater to Harms' laboratory data . The prototype and model 

data differ significantly. The anchor forces in the prototype are nearly con

stant with an increasing wave height, while the model anchor forces increase 

with an increasing wave height. The difference between the prototype and 

model results probably is related to dissimilarities in the anchor system and 

test conditions. The actual tire mat geometry was the same; however, there 

were significant differences in the depth of water, anchoring system design, 

mooring line elasticities, and ratio of breakwater draft to water depth. 

5.0 Conclusions. A large amount of data were collected during this project, 

and a number of valuable conclusions have been reached at this stage of the 

analysis. The results indicate the following: 

a. Current methods of predicting wave transmission are adequate, al

though in critical areas a model study may be required. A model study is rec

ommended when wave periods larger than 4 sec are expected at a proposed site. 

b. Actual anchor loads can be significantly lower than what models or 

theory predict, but the loads may be drastically influenced by factors such 

as mooring line elasticity and depth of water. Further studies related to 

this area are being addressed in the general research and development studies. 

G-21 



c. The concrete and tire breakwaters performed very well and are fea-

sible options to reduce wave energy. 

should consider the method of energy 

When choosing either structure, one 

dissipation. The concrete breakwater 

reflects the waves causing a rougher environment windward of the breakwater; 

whereas the tire breakwater uses energy dissipation which reduces the amount 

of reflection. 
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Anchor Line Forces 
Channel Location 

No. Code 

1 LNWC 
2 LNEC 
3 UNWC 
4 uswc 
5 UNEC 
6 USEC 
7 LSWC 
8 LSEC 
9 LNT 

10 UNT 
11 UST 
12 LST 

Fixed References 

13 
14 
15 

16 

Wave 

17 
18 
19 
20 
21 

Dynamic 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

South 
Center 
North 

Heights 

TIDE 
INC 
NW 
NE 
sw 
SE 

Pressures 

NU 
NL 
BNC 
BEC 
BEl 
BCC 
BWI 
BWO 
BSC 
scu 

TABLE G-1 

TRANSDUCER INPUT SUMMARY SHEET 

Location 

Lower northwest on concrete 
Lower northeast on concrete 
Upper northwest on concrete 
Upper southwest on concrete 
Upper northeast on concrete 
Upper southeast on concrete 
Lower southwest on concrete 
Lower southeast on concrete 
Lower north tire breakwater 
Upper north tire breakwater 
Upper south tire breakwater 
Lower south tire breakwater 

breakwater 
breakwater 
breakwater 
breakwater 
breakwater 
breakwater 
breakwater 
breakwater 

(never installed) 

Tide gage 
Incident wave buoy 
Northwest wave buoy 
Northeast wave buoy 
Southwest wave buoy 
Southeast wave buoy 

North upper 
North lower 
Bottom north center 
Bottom east center 
Bottom east inner 
Bottom center 
Bottom west inner 
Bottom west outer 
Bottom south center 
South center upper 

(Continued) 
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Physical 
Units 

kips 

ft 

psi 
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Anchor 
Channel 

No. 

Line Forces 
Location 

Code 

Dynamic Pressures 
(Continued) 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

SW1 
SW2 
SW3 
SCL 
SE3 
SE2 
SE1 
EP1 
EP2 
EP3 
EP4 
EP5 
EP6 

Concrete Strains 

45 

46 

47 

48 

49 
50 
51 
52 
53 
54 
55 
56 
57 

58 

59 

60 

NULE 

NBLE 

SBLE 

SULE 

NT1 
NT2 
BT1 
BT2 
UT1 
UT2 
ST2 
ST1 
NULC 

NBLC 

SULC 

SBLC 

TABLE G-1 (Continued) 

Location 

Southwest number 1 
Southwest number 2 
Southwest number 3 
South center lower 
Southeast number 3 
Southeast number 2 
Southeast number 1 
East pontoon number 1 
East pontoon number 2 
East pontoon number 3 
East pontoon number 4 
East pontoon number 5 
East pontoon number 6 

North upper longitudinal on east end 
of pontoon 

North bottom longitudinal on east end 
of pontoon 

South bottom longitudinal on east end 
of pontoon 

South upper longitudinal on east end 
of pontoon 

North transverse number 1 
North transverse number 2 
Bottom transverse number 1 
Bottom transverse number 2 
Upper transverse number 1 
Upper transverse number 2 
South transverse number 2 
South transverse number 1 
North upper longitudinal at center 

of pontoon 
North bottom longitudinal at center 

of pontoon 
South upper longitudinal at center 

of pontoon 
South bottom longitudinal at center 

of pontoon 

(Continued) 

G-24 

Physical 
Units 

psi 

lJS 
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Anchor Line Forces 
Channel Location 

No. Code 

Accelerometer Data 

61 WVA 
62 WHA 
63 WRA 
64 EVA 
65 EHA 
66 ERA 

Relative Motions 

67 WVR 
68 WHR 
69 EVR 
70 EHR 
71 CLM 
72 CRM 

Wind Speed and 
Direction 

73 
74 
75 
76 

WS1 
WS2 
WD1 
WD2 

Current Velocity 

77 
78 

N-S 
E-W 

TABLE G-1 (Concluded) 

Location 

West vertical 
West horizontal 
West rotational 
East vertical 
East horizontal 
East rotational 

West vertical rotational displacement 
West horizontal rotational displacement 
East vertical rotational displacement 
East horizontal rotational displacement 
Center longitudinal motion 
Center rotational motion 

Wind speed at tide gage 
Wind speed at instrument house 
Wind direction at tide gage 
Wind direction at instrument house 

North-South 
East-West 

Physical 
Units 

ft / sec2 

deg 

mph 

deg 

ft/sec 

(Sheet 3 of 3) 
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TABLE G-2 

WAVE ATTENUATION AND ANCHOR LINE FORCE 
DATA, CONCRETE BREAKWATER 

Incident 
Wave Height 

( ft) 

Transmitted 
Wave Height 

(ft) 
Transmission 
Coefficient 

Rigid Connection with Clump Weights 

1.58 
1. 21 
1.82 
1.46 
1.50 0.62 0.41 

1.49 
1. 12 0.40 0.36 
1.04 0.46 0.44 
1.95 0.80 0.41 
2. 10 1.09 0.52 

1. 79 0.74 0.41 
1.32 0.52 0.39 
1. 52 0.54 0.36 
1. 72 0.61 0.36 
1.29 0.47 0.36 

0.88 0.32 0.36 
0.98 0.44 0.45 

Rigid Connection Without Clump Weights 

3.61 
1.56 1.03 0.66 
0.80 
0.80 
0.75 

0.70 
0.40 0. 19 0.48 
0.42 0.21 0.50 
0.41 
0.41 

2.32 
2.35 
2.34 
2.08 
4.22 2.82 0.67 

4.90 2.69 0.55 
4. 14 1. 70 0.41 

(Continued) 
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Wave 
Period 
(sec) 

2.75 
2.75 
3.01 
3.01 
2.75 

2.54 
3.01 
2.54 
3.71 
3.32 

3.01 
2.75 
2.75 
3.01 
2.75 

2.54 
2.40 

3.32 
2.05 

3.32 

2.53 
2.35 
2.35 
2.53 
2.53 

2.75 
2.53 

Anchor Line Force 
(lb) 

Channel 4 Channel 7 

1,315 
1 '276 
1 '670 
1 '755 
1 '495 

1 '536 
1,167 1 '244 
1 '042 1,120 

2' 178 
1 '982 

1 '673 
1 '351 
1 '403 
1 '501 

1 '346 1 '424 
1,174 1 '214 

2,879 1 '296 
1 '369 1' 109 
1 , 410 1,149 
1 '209 1 '076 
1 , 216 848 

1 '229 915 
1 ,082 835 
1,102 762 
1,162 882 

868 815 

1 '349 842 
1 '376 855 
1 '583 875 
1 '369 855 
1 '744 1 '744 
1, 089 755 

888 721 
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TABLE G-2 (Continued) 

Incident Transmitted Wave Anchor Line Force 
Wave Height Wave Height Transmission Period (lb) 

(ft) (ft) Coefficient (sec) Channel 4 Channel 7 

Rigid Connection Without Clump Weights (Continued) 

2. 19 0.86 0.39 2. 19 975 721 
1.89 0.84 0.44 2.35 1 '082 868 
1. 77 1.18 0.67 2.35 1 '242 822 
2.04 0.82 0.40 2. 19 1 '369 842 
1.90 0.57 0.30 3.71 1 '283 888 

1. 70 2.05 1 '456 908 
2.50 2.75 2,244 928 
1 • 17 2.53 1 ,022 1 '015 
0.71 2.53 1 '022 1 '189 
0.80 3.32 1 '096 908 

0.65 2.75 1 '055 962 
0.83 2.53 1,142 928 

1. 90 0.67 0.35 2.78 1 '062 

Flexible Connection Without Clump Weights 

1.83 0.57 0.31 3.32 1 '303 
1.80 1 '376 
3.73 3.03 2,632 

1. 31 0.70 0.53 3.32 
1.06 0.63 0.59 3.01 

0.88 0.42 0.48 2. 19 1 '182 

1. 72 0.52 0.30 2.75 
1.46 0.83 0.57 3.32 
1.84 0.78 0.42 2.75 2' 131 

2.35 0.83 0.35 3.01 

2.47 0.78 0.32 2.35 

1.29 0.39 0.30 2.53 935 

2.50 0.96 0.38 
2.22 2.53 1,102 

2.44 1.21 0.50 2.53 

2.77 0.96 0.35 2.75 

1.24 0.47 0.38 2.75 1 '069 
1. 92 1 '015 

0.68 1 '015 
1.00 2.75 1 '403 
2.49 

1. 07 0.57 0.53 3.75 989 
2.35 1 '049 

0.43 0.42 2.38 
0.82 0.34 

(Continued) 
(Sheet 2 of 4) 
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TABLE G- 2 (Continued) 

Incident Transmitted Wave Anchor Line For ce 
Wave Height Wave Height Transmission Per iod (lb ) 

(ft) (ft) Coefficient (sec ) Channel 4 Channel 7 

Flexible Connection Wi t hout Clump Weights (Continued ) 

2 . 13 0 .89 0. 42 3. 32 1, 089 
3 .75 1, 002 
1. 39 1 ,082 
2 .49 1. 05 0 .42 3.01 2, 11 1 
2.23 1.04 0.47 2.75 2,345 

1.50 0.56 0.37 2.53 1, 810 
2.57 2.50 1,129 
0 . 90 2 .35 1 ,089 
0 .46 1. 92 1,129 
1. 05 2.53 1, 109 

1.32 2. 13 1, 049 
0.73 3. 01 1, 076 
2. 75 908 
1.55 2.53 1, 022 
2 . 34 0.97 0.41 2.35 

1.90 0.69 0.36 2.35 1, 096 
1.88 0.82 0.44 2 . 19 1, 049 
2.92 2.35 1, 055 
1.38 0.51 0.37 2.53 1 ,042 
2.33 949 

3.41 1.49 0.44 2.35 1 ,022 
1. 70 2.75 1, 076 
1.90 0.56 0.30 2.75 1, 069 
1. 78 1, 262 1, 089 
1.57 1 ,202 1,109 

0.93 1, 690 1,162 
0.80 1 ,249 1, 102 
1.64 1 ,002 
3.26 3.32 1, 603 1,136 
2.22 3.01 1, 236 1, 082 

1.94 2.05 1, 249 969 
2.26 0 . 71 0.31 2.53 1, 663 1,109 
2.50 0.81 0.32 2.35 1, 403 1, 049 
1.34 0.44 0.33 2 . 19 1, 369 1, 002 
1.32 0.60 0.45 2.75 1 , 156 1, 089 

3. 10 1, 496 987 
3.22 1, 610 949 
2.38 2.75 1, 015 
2.77 3.71 1, 450 942 

(Continued) (Sheet 3 of 4) 
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TABLE G-2 (Concluded) 

Incident Transmitted Wave Anchor Line Force 
Wave Height Wave Height Transmission Period (lb) 

(ft) ( ft) Coefficient (sec) Channel 4 Channel 7 

Flexible Connection Without Clump Weights (Continued) 

2.46 1 . 13 0.46 2.53 1, 029 
2.85 1, 430 922 
2.38 1, 309 969 
2.88 1, 944 902 
2.97 1. 74 0.59 

3. 11 1 ,476 949 
3. 10 1, 356 1, 022 
3. 14 2.35 1, 396 1 ,029 
3.80 2.75 1 '490 1 ,022 
2.29 1.52 0.66 2.75 

3.00 1, 015 
982 1.83 
949 1.57 
962 2.78 
995 1. 11 

0.96 1 ,002 
942 2.71 949 3.78 975 2. 10 915 2. 18 

3.98 
949 
895 

3.06 
1.82 955 

3.93 
0.32 1.55 975 

2.44 0.79 
1.92 2.05 935 

2.31 2.05 942 
2. 19 1,162 955 

2.32 2.53 1 ,430 915 
3.22 

0.40 2.05 1, 316 1 ,062 
2.50 1.00 

0.41 3.32 1 '309 915 
1.44 0.59 

(Sheet 4 of 4) 
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TABLE G-3 

CONCRETE BREAKWATER STRAIN MEASUREMENTS 

Incident Wave Channels 
Wave Height Period Strain (~s) 

(ft) (sec) 45 46 47 48 57 

Rigid Connection with Clump Weights 

2. 10 3.32 28 18 
1. 52 2.75 15 8 

Rigid Connection Without Clump Weights 

1.90 3.71 19 21 
2.50 2.75 27 28 

Flexible Connection Without Clump Weights 

1.46 
1.92 

3.01 
2.75 

I 
I 

10 14 
10 14 

59 

18 4 10 
10 4 6 

3 1 16 
3 1 23 

10 4 8 
11 4 12 

N 

57 

48 

........-L ___________ j~--------

.,. 
.,. , 

60 47 

Strain Gage Location Sketch 

G-30 

58 59 60 

-- 4 12 
4 1 

7 1 17 
10 8 25 

17 14 8 
7 6 13 

45 

46 



Trans-
Incident mit ted 

Wave Wave 
Height Height 
(ft) ( ft) 

2.75 
2.76 
3.29 
3.38 
1.51 

1.34 
3.22 
1. 58 0.83 
1 . 21 0.59 
1.82 0.75 
1.46 0.70 
1.50 0.75 
1.49 0.57 
1. 12 0.36 
1.04 0.84 

1. 95 1.33 
2. 10 
1. 79 0.75 
1.36 0.79 
1.52 0.79 

1. 72 0.89 
1. 31 0.51 
1.29 0.58 
1. 17 0.37 
1.05 0.38 

1.06 0.48 
1.00 0.40 
0.88 0.20 
0.80 0.54 
1.83 0.72 

2.38 0.72 
2.32 0.78 
1. 74 0.74 
1.12 0.40 

TABLE G-4 

WAVE ATTENUATION AND ANCHOR LINE FORCE 
DATA, PIPE-TIRE BREAKWATER 

Anchor L1ne ForcP 
Trans- Wave (.LOJ 
mission Period Channel Channel Channel 

Coefficient (sec) 9 10 11 

3.32 79 1 783 
3.71 838 783 
4.20 838 865 
4.20 873 857 
2.75 887 855 

888 813 
3.71 974 989 

0.52 2.75 940 895 
0.49 2.75 910 922 
0.41 3.01 927 995 
0.48 3.01 912 905 
0.50 2.75 960 920 
0.38 2.54 952 955 
0.32 3.01 920 862 
0.81 2.54 802 748 
0.68 3.71 792 818 

3.32 942 808 
0.42 3.01 792 780 
0.58 2.75 815 770 
0.52 2.75 755 807 

0.52 3.01 798 797 
0.39 2.53 
0.45 2.75 867 965 
0.31 2.53 
0.36 3.01 

0.45 2.53 
0.40 3.00 
0.23 2.54 875 868 
0.67 3.00 
0.40 2. 19 

0.30 2.35 
0.34 2.53 
0.43 3. 00 
0.36 3.26 
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12 

1, 678 
855 
847 
952 

918 



5 Feb 81 

26-27 Feb 81 

8 May 81 

12 Jun 81 

27 Jul 81 

5 Aug 81 

14 Aug 81 

11 Sep 81 

28 Sep 81 

24 Mar 82 

29 Apr 82 

27 Apr-4 May 82 

APPENDIX H 

CHRONOLOGY OF MAJOR EVENTS 

The prototype test is authorized and the Floating Break

water Prototype Test Program Working Group is established 

by M. G. Heiberg. 

Meeting to set groundwork for prototype test and to de

lineate program responsibilities is held in Seattle. 

Prototype design document is completed. 

Meeting of working group is held in Seattle (working group 

approves design document and authorizes proceeding with 

plans and specifications). 

Meeting of working group is held to review draft plans and 

specifications. 

Plans and specifications are completed. 

Plans and specifications are approved. 

Monitoring contract is awarded to University of Washington 

for $280,000. 

Construction contract is awarded to American Construction 

for $576,000. 

Construction of pipe-tire breakwater is begun. 

Pipe-tire breakwater is completed. 

Anchor piles are driven at West Point test site. 
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28 May d2 

10 Jun d~ 

17 Jun 82 

28 Jun 82 

1 Jul 82 

16 Jul 82 

19 Jul 82 

22 Jul 82 

3 Aug 82 

6 Aug 82 

9 Aug 82 

26 Aug 82 

13 Sep 82 

3 Oct 82 

5 Oct 82 

F~rst modul e of concrete breakwater is placed. 

Second modul e is placed. 

Pipe-tire breakwater is anchored at West Point. 

Concrete modules are launched and connected. 

Upon arrival of concrete breakwater at West Point anchor

ing is begun. 

Concrete breakwater anchor lines are tensioned to 5,000 lb 

and+ 1,000 lb. 

District Engineer inspection of breakwater is conducted. 

First concrete breakwater flexible connector repair is 

completed. 

Instrumentation conduit is installed by electrical 

contractor. 

Secondary hatch is installed (to allow access to instru

mentation compartment). 

Final inspection of breakwater construction (connector 

failure noted) is conducted. 

Second flexible connector repair is completed. 

Test site is inspected by working group. 

Failure of U-shaped connector is detected. 

Emergency fendering is installed between concrete floats. 
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6 Oct 82 

15 Oct 82 

22 Oct 82 

26 Oct 82 

28 Oct 82 

8 Nov 82 

13 Dec 82 

21 Dec 82 

29 Dec 82 

9-10 Jan 83 

11 Jan 83 

31 Jan 83 

8 Feb 83 

Fi rst storm of winter , wi th 30-knot winds from the south, 
i s exper ienced. 

Concrete floats are di sconnected and rendered . 

Second major storm, with southerly winds of 25 knots and 

gusts to 38 knots, is experienced. 

Third storm, with southerly winds of 31 knots and gusts 

to 41 knots (horizontal timbers torn from wood fender), 

is experienced. 

Data Acquisition System is installed and turned on. 

West end of east float 1s flooded, requiring emergency 

pumping. 

Test site is inspected by working group. 

65-knot southerly winds (highest during test) are 

experienced. 

Emergency repairs are made to concrete breakwater render

ing system. 

24 hr of southerly winds continously exceeding 30 knots 

is experienced. 

Emergency pumping is again required (east end of east 

float). 

Boat wake test No. 1 is conducted. 

Concrete breakwater is unanchored and towed to U. S. 

Army Corps of Engineers work area at Lake Washington 

Ship Cana l . 
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9-24 Feb 83 

25 Feb 83 

13-14 Mar 83 

15 Mar 83 

30 Mar 83 

9-10 Apr 83 

22 Apr 83 

9-10 Jun 83 

13 Jun 83 

23 Jun 83 

5 Jul 83 

12 Jul 83 

18 Aug 83 

10 Sep 83 

19 Sep 83 

20 Sep 83 

9 Oct 83 

Rigid connection 1s made between floats. 

Rigidly connected concrete breakwater is reanchored. 

Strong southerly winds to 35 knots are experienced. 

Onboard data acquisition system 1s reactivated. 

Test site is inspected by working group. 

Strong southerly winds to 25 knots are experienced. 

Boat wake test No. 2 is conducted. 

Strong southerly winds to 26 knots are experienced. 

First serious structural damage to pipe-tire breakwater 

(broken pipe No. 2 from west end) is noted. 

Test site is inspected by working group. 

Pipe-tire breakwater is removed from test site. 

Second pipe (No. 1 from west end) is found broken. 

Pull test/boat wake test No. 3 is conducted. 

Strong southerly winds, to 26 knots, are experienced. 

Clump weights are removed from concrete breakwater anchor 

lines. 

Strong northerly winds, of 20 knots, are experienced. 

Strong northerly winds are experienced. 
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22 Oct 83 

29 Oct 83 

1 Nov 83 

2-30 Nov 83 

1 Dec 83 

8 Dec 83 

12 Dec 83 

20 Dec 83 

2-4 Jan 84 

23-26 Jan 84 

31 Jan 84 

5 Mar 84 

Strong southerly winds, of 20-25 knots, are experienced. 

Boat wake test No. 4 is conducted. 

Concrete breakwater is removed and towed to Lake 

Washington Ship Canal. 

New horizontal fender flexible connector is installed. 

Concrete breakwater is reinstalled at West Point. 

Strong southerly winds, of 25 knots, are experienced. 

Test site is inspected by working group. 

Strong northerly winds are experienced. 

Strong southeasterly winds, of 27 knots, are experienced. 

Strong southerly winds, of 30 knots, are experienced. 

Concrete breakwater is unanchored and towed to Lake 

Washington Ship Canal. 

Concrete breakwater is anchored at Corps' marina project 

at Friday Harbor, Washington. 
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