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PREFACE 

The model studies described herein were designed to determine the 

effecti veness of certain flexible types of mobile breakwaters intended for use 

in creating temporary protection against ocean-type waves. 

The current studies were evolved from an earlier and more generalized 

approach to the problem which was summarized in a Laboratory report entitled 

An EXploratory Investigation of Mobile Breakwaters by H. D. Fredericksen and 

J. M. Wetzel and dated June 1959. 

Prime emphaSis has been given to the study of breakwaters consist

ing of floating, flexible water-filled bags of long cylindrical form. The 

tests indicate that a moored blanket breakwater composed of cellular bags of 

moderate size may be assembled to very effectively attenuate ocean-type waves. 

The forces required to moor such a blanke t are relatively moderate. 

Secondary emphasis was >given to the study of a breakwater composed 

of submerged flexible bags containing air. Long cylindrical bags positioned 

slightly below the water surface provided good wave attenuation. The forces 

required to moor such a blanket are relatively large. 

The tests dis cussed in this final report were carried aut in the 

facili ties of the St. Anthony Falls H;ydraulic Laboratory > during the period 

October 1959 to August 1960 and were sl?onsoredby the U. S. Naval Civil Engi

neering Laboratory under Contract N~-3143. 

Special creditis due to Charles E. Bouersfor his guidance relative 

to many aspects of the problem and to Ocffe J. Erickson and John A. Almo for 

their assistance in the execution of the program. 

Manuscript preparation l'laS performed by Marjorie Summers. 
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ABSTRACT 

Earlier studies had indicated that moored l~exible bags positioned 

slightly below the water surface and filled with a liquid or a gas could at

tenuate the height of gravity water waves . The studies reported herein de

s cribe l arge and small scale laboratory te sts evaluating the attenuation ef

fectsand mooring forces for various bag configurations . A breakwater composed 

of a moor ed row of lean, float ing cylindrical bags filled with water provided 

excellent wave attenuation with moderate mooring forces. This type of break

water appeared suitable for practical development of temporary wave protec

tion works. Submerged bags filled with air also provide good attenuation 

a ction but involved a substantial structural system for mooring. 
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AN EXPER I HENTAL S T U D Y OF 

FLEXIBLE FLOATI NG BREAKW ATERS 

1. INTRODUCTION 

The USe of permanent rigid breakwaters for protection of harbors 

against gravity waves is an old and established engineering practice depend

ing mainly on massive and costly masonry structures. However, for both mili

tary and civilian purposes it is desirable to provide temporary breakwaters 

which can offer a high degree of wave protection but with mobility, ease of 

assembly, and moderate cost. 

During World War II considerable attention was gi van to the develop

ment of temporary harbors consisting of massive rigid breakwater structures 

which could be prefabricated and floated t o their final position. These break

waters were mobile in character but still involved massive fabrication and 

handling problems and high cost. The form of these breakwaters usually in

volved large frontal areas with wave dissipation by reflection. As a result 

large forces and anchorages were involved. 

Since World j'lar II the U. S. Navyhas sponsored a continuing search 

for improved methods of creating artificial harbors of a temporary nature. 

The major portion of this work has related to methods which either dissipate 

the wave energy by pneumatic or hydraulic jets or methods which involve float

ing or anchored fabrications of solids. Both approaches are costly in terms 

of either energy input or mass of structure. 

More recently the St. Anthony Falls Hydraulic Laboratory, under the 

sponsorship of the U. S. Naval Civil Engineering Laboratory, has made explor

atory studies of a variety of mobile configurations fabricated from flexible 

membranes. A 1959 report (1]* on these exploratory investigations recommended 

that additional study should be made of two forms of fluid-filled flexible 

bags. One of these consisted of a moored liquid-filled bag floating at the 

surface and the other consisted of an air-filled flexible bag moored below 

"he surface. In line with these recommendations additional stuclies of the 

two bag forms have been made. These later studies constitute the subject of 

this report. Patent applications have been filed relative to these forms of 

breakwaters. 

*Numbers in brackets refer to the List of References on p. 42 • 
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II. TEST FACILITIES PND PROCEDURES 

A. ;,ave Channels and Wave Generators 

All of the wave tests discussed herein >Tere conducted in wave chan

nels which were long and relatively narrow and in which the test wave absorber 

or br eakwater spanned the ent i r e Width of the channel. The test conditions 

were thus essentially two-dimensional in character. 

The tests were conducted in three separate channels varying in size 

and proportions. The smallest channel had an interior width of 6 in. and per

mi tted pilot tests at the least cost. This was succeeded in te s t procedures 

by a second small channel having a >lidth of 24 inches. '!he third channel was 

identical in proportion to the second channel but was four and one half times 

as large >lith an interior width of 9 ft. 

The significant dimensions of each of these channels are listed in 

Fig. 1. 

Each channel was equipped With a power-dri ven wave generator which 

was of either the pendulum or bottom- hinged flat- plate type. The generators 

were all of variable frequency and stroke. figure 2 shows the wave generator 

and a generated wave in the large 9-ft channel . 

In all channels a permanent high efficiencywave absorber of sloping 

permeable construction was located opposite the wave generator to minimize re

flections from the channel end. 

'!he wave conditions imposedin the tests were varied over the maxi

Dr.lI'l practical range per-.i tted by the generator on the 9-ft channel and com

parable conditions existed on the two smaller channels. In the case of the 

large char.nel t1Je va"" lex:gt.i1 (distance between successive crests) varied from 

5 to 1.0 !"t ad Ule "" ::eight (vertical dis tance between crest and trough) 

varie:i tr .5 _ t. :n terms of the wave steepness (ratio of wave 

heigt-:; to vue .Lengt..l:) Ule test values varied from about 0.02 to 0 .10. Both 

grea~:- a:li le - ~ues of steepness could be obtained but were not con-

s!de..-ed cc s!¢.::cance . 

"'" speed limitations of the wave generator were such 

1Jtjee;:ce~ses cocJ.d be ob tained with all lengths. The practical 

t.be:-efare confined to approximately the combination of 

:oed l.:l ~ble I as follows: 
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TABLE I 

RANGE OF TES T CXlNDI TIONS 

Wave Length Wave Steepness 

5 ft 0.02, 0.04, 0.06 

10 0. 02, 0. 04, 0.06, 0.08, 0.10 

15 0.02, 0.04, 0.06, 0.08, 0.10 

20 0.02, 0.04, 0.06 

30 0,02, 0,03 

40 0.02 

It should be noted that the above are the nominal values of steep

ness employed in setting the wave generator but these are not the actual val

ues to which the test breakwater is exposed under the test condition. A 

difference is occasioned by the fact that the wave produced by the generator 

travels down the channel and is partially reflected from the test breakwater. 

The first reflection then travels upstream and resultsin a second reflection 

from the wave generator and a consequent third, fourth, etc., reflection. In 

the case of a small first reflection the subsequent reflection system decays 

very rapidly and has little influence on tha wave measurement. In the current 

tests the reflected wave heights were found to vary from about 5 to 15 per 

centof the incidentwave heights. These reflections were considered too small 

to justify the use of filters in the channel but were considered sufficient 

to warrant measurement. The method of doing this will be described later. 

The test conditions listed in Table I include both the so-called 

deep water and shallow water waves. Deep water waves are normally defined as 

those which occur in water depths greater than one half the wave length with 

shallow water waves generally being considered asthose with water depth less 

than one half the wave length but greater than one twenty-fifth thereof. Most 

of the conditions of Table I constitute shallow water waveswith only the 5-ft 

waves approximating deep water waves. This disposition of conditions is con

sidered to be a fair approximation to those of eventual use whi ch would largel y 

relate to wave control in offshore conditions rather than in deep water. 

3 .. Wave Measurements 

The performance of a breakwater can be evaluated in a number of ways, 

but one of the simplest and most illuminating procedures is the measurement 



of the reduction or attenuation in the wave height asthe wa,e passes over the 

breakwater . 

In the larger tests of this study the wave heights were measured 

acousti cally by a sonic head mounted on a reference datum above the water sur

face. '!be sound head both emitted a s ound signal and received the signal 

after its reflection from the water surface. The transit time of the sound 

beam from the reference datum to the water surface and back to the datum was 

electronically measured and converted to a voltage value that was recorded as 

a calibrated variation of wave heighton a standard paper chart recorder. The 

sonicwave meter, a development of the St. Anthony Falls Hydraulic Laboratory, 

is described in Reference [2J. 

In the tests in the smaller channels the wave heights were measured 

with a capacitive type of wave profile recorder. The sensing element of this 

consisted of an insulated copper wire probe whose capacity varied directly 

with depth of submergence of the wire. This instrument is described in Ref

erence UJ. 

In all tests two wave recorders were employed. One of these rla5 

placed seaward of the test break\.,ater to measure the incidentwa'\'e and one was 

placed shoreward to measure the transmitted wavo. The poSitions of the two 

wave recorders are shown in Fig. 1. 

Because of the wave reflections which were previously described, it 

was desirable to measure the waves in such a way that the true incident and 

transmitted waves could be diVOZ·C3d from any obscuring reflections. A tech

nique for accomplishing this consisted of mounting the sensing element on a 

carriage which permitted traversing in a horizontal plane above the channel 

axis. For a given incident and reflection condition the seaward head when 

mounted stationary would give a trace typified by the left-hand portion of 

Fig. 3. Tnis record then represented a local value of wave height and was a 

superpositioning of the incident wave andthe r eflect ed wave. However, if the 

sensing head was slowly traversed along the channel axis a distance of at 

least one half wave length the resulting wave trace embraced all phases of 

the superposi tioning of the two waves as typified by the right-hand portion 

of Fig. 3. IT the crests of the latter trace were connected by one envelope 

curve and the troughs by a second envelope curve, the minimum node distance, 

11;, and loop distance, l1., could be determined therefrom as shown. 
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By analysis of the superpositioning of two curves of equal frequency 

but differing amplitude it may be shown that the height of the larger or in

cident wave is approximated by HI = (l1. + HN)/2. The height of the smaller 

or reflected wave is approximated by BR = (~ - HN)/2. 

For the attenuation studies the value of HI was of prime interest 

but the value of BR was also important as an index of the extent to l1hich 

reflection was involved in the attenuation process. 

The records of the shore>lard or transmitted wave height, H.r, were 

obtained in the same manner as for the incident wave. Reflection values im

posed on the transmitted wave were in general very small. 

The attenuation of the wave height i ,s hereafter expressed as a per

centage value as (11 - H.r)/I1:. 
The length of the wave was established by previously calibrated wave 

generator settings. 

c. The Hooring System 

The horizontal position of a floating breakwater must be stabilized 

for effective end use. This stabilization requires the application of sub-

stant1al forces and design consideration of load handling both wi thin the 

breakwater structure and upon an external mooring system. Since the most 

promising of these breab,aters, the liquid-filled bag type, was new in engi

~eering practice there were no established methods of mooring to be used in 

1J1emodel tests. However, an attempt was made to employ test conditions which 

would serve to give some insight into the mooring forces which might be en

countered in ultimate field practice. To this end the tests were made with 

:"1e breakwater structure moored by a single cable running at a selected slope 

ongle between a spreader bar lashed to the front of the bag units and a moor

eng anchor on the channel floor. 

The peak force required to stabilize an actively oscillating float

:.ng breakwater is inherently related to the mass characteristics of the float

:.ng structure , the motion characteristics of the structure in a given wave, 

and the degree of constraint imposed by the mooring system. Since the mass 

~d motion characteristics of the structure and the wave would presumably be 

s::rulated in the model studies, the determination of representative model 

~:rces would be dependent on the select1onof a mooring system having suitable 

ocnstraint. 
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lhe constraint characteristics of the mooring system may be made to 

vary widely by a number of techniques. The simplest of these involves chang

ing the elasticity of the mooring line. In preliminary small scale tests with 

a given bag breakwater and wave, the peak mooring force was found to increase 

by about 30 per cent >Then the line was changed from moderate elasticity to low 

elasticity. Subsequent tests were therefore conducted with moorings of low 

elasticity thus obta:j.ning relatively large or conservative peak mooring for

ces. For tests in the 6-in. and 24-in. channels the mooring line consisted 

of a solid strand of 0.01 in. diameter stainless steel music wire. For tests 

in the 9-ft channel the line was a l/l6-in. stainless steel aircraft cable of 

7 x 7 stranding. 

The selected slope angle of the mooring line was also subjected to 

preliminary small scale testing inwhich the slope was varied from 1:4 to 1:10. 

These tests showed that slope changes coupled with moderate elasticity of line 

produced rather large changes in peak force but slope changes coupled with low 

elastici ty of line produced only modest changes in force. In later large scale 

tests with a line of low elasticity, slope variations from 1:4 to 1:10 produced 

very little change in peak force. 

Brief tests were also run in the 6-in. channel using the water-filled 

cylindrical bags to determine whether variations in mooring line elasticity 

produced significant changes in the attenuation performance. Tests with a 

mooring line containing a weak spr~g gave essentuslly trui same attenuation 

performance as tests with a solid metal strand of low elasticity. 

D. Mooring Force Measurements 

Mooring force measurements were made in all three of the wave chan

nels used in the test program. All of these measurementa were made by the 

same type of dynamometer with variations in size to accommodate the particular 

channel. The elements of these dynamometers are shown in Fig. 4. These in

clude a low friction pulley at the bottom end of the mooring line, a stream

lined housing covering the riser c~blB, and a knife-edged cable hanger bearing 

on a cantilevered load beam. The interchangeable load beam was a simple cyl

indrical steel bar with span and diameter sele cted to provide a full load end 

deflection of 0.04 inches. The beam deflection was converted to an electrical 

voltage signal by a Schaevitz linear differential transformer consisting of 

a magnetic core piece moving with the beam deflection within a stationary 
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transformer coil. The voltage variation due to beam deflection was recorded 

on a Sanborn paper chart recorder and interpreted as mooring force. 

The instrument signal was linear and the physical makeup was simple 

and rugged. The instrument Has calibrated whenever the beam was changed or 

at the beginningof each day's tests. Calibration was accomplished with dead 

weights and an auxiliary pulley system. The beam rods could be readily changed 

to adapt the instrument sensi ti vi ty to a given test program. For the tests 

the mooring force was f ound to vary between 0 and 115 Ibs. 

III. TESTS OF LIQUID-FILLED BAGS 

A. General Considerations 

Preliminary studies [1) had employed a moored floating rubber bag 

filled with liquid. These bags essentially spanned the 6-in. and 24-in. chan

nels in which they were tested and their dimension along the channel axis was 

three to four times the water depth. Both a limp unconfined bag and a bag 

that was considerably confined within a wire cage were employed. These bags 

were tested with two types of liquid fill, one of these being a heavy trans

mission oil and the other a very viscous liquid consisting of water thickened 

with Methocel. (Methocel is a commercial additive made by the Dow Chemical 

Company.) 

Wave measurements with t hese rather crude bag units indicated that 

effective Have attenuation could be achievedand that increasing the viSCOSity 

of the bag fill substantially increased the attenuation. It was assumed that 

the bag motion initiated a wave or relative movement of the fluid within the 

bag and that a high fluid viscosity damped this internal movellEnt in a con

tinuous action that in turn dissipated the energy of the exciting external 

vater wave. 

At the beginning of the more detailed studies which are the subject 

of this paper the foregoing assumption Hi th regard to the function of the vis

cous fluid >las reexamined because of the serious economic implications asso

ciated with prototype use of a viscous fluid. Since the earlier studies had 

indicated that increasing viSCOSity improved attenuation, this suggested an 

iltimate possibility in which a maximum attenuation would occur >lith a fluid 

Uhat was so viscous as to be nearly solid. In order to provide a rough check 

on this line of reasoning before proceeding with more detailed viscous bags, 
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it was considered desirable to test a model floating breakwater having a very 

low internal fluid mobility. As a simple expedient a model breakwater was made 

of synthetic sponge. This blanket breakwater was given a sea-to-shore dimen

sion of 37 in., a depth of 2 in., and was slightly narrower than the 6-in. 

channel in which it was tested. The water depth was 10 inches. 

llie sponge blanket was immersed in water and squeezed to free it of 

trapped air until it floated with its top slightly above the water surface. 

In this condition the sponge roughly approximated a flat liquid-filled bag 

of low internal fluid mobility. 

Wave attenuation tests with waves of high steepness were then con

ducted on this sponge breakwater in accord with the procedures previously de

scribed. The results of these measurements are given in the dimensionless 

plotting of Fig. 5. It is noteworthy that the attenuation of this simple 

structure is remarkably good for suitable wave length conditions and would 

afford an attractive solution to the problem if sponge materials could be pro

du oed in the field. 

In light of the foregoing sponge test it appeared that effective 

attenuation by a liquid-filled bag blanket might not be too dependent on the 

exact nature of the contained fluidor the confining structure but rather more 

dependent on the bulk dimensions or volume of the confined fluid. If this 

assumption were true, then the problem of selecting a physical bag structure 

would be materially simplified. 

Since the prototype of a bag breakwater capable of attenuating ooean

typewaves would be of considerable Size, fabrication and field assembly would 

be extremely difficult if a single bag unit were used. As an alternate a ' 

blanket consisting of a unitized construction appeared more feasible and was 

elected for these tests. 

In one form the mit cells were small spherical bags ranged in lines 

androws sufficient to constitute the desired blanket dimensions. In the other 

form the unit cells were sausage-like cylinders whose length constituted the 

width (sea-to-shore axis) of the bag blanket. These cylinders were arranged 

in parallel to total the desired length (perpendicular to the sea-to-shore 

axis) of the bag assembly. In the three test channels this length was then 

variously 6 in., 24 in., or 9 ft. 



9 

The spherical and cylindrical forms of bag >lere selected because in 

the near-filled condition they as sume a fairly stable geometric form .Ii thout 

inherent points of stress concentration. In contrast bags of flat construc

tion are inherently unstable in form unless externally caged or internally 

stayed. The caging or staying >lould provide fabricating complications and 

local stress concentrations in an actively 'lOrking bag. 

The prime objective of the tests >las t o determine the att enuation 

performance of the selected bag configurations for a practical range of wave 

conditions and liquid-fill variations. The bag arrangements included dimen

sional variations to establish the necessary depth and width (sea-to-shore 

dimension) of this form of floating breakwater with size variations to clari

fy possible scale effects in the model tests. 

An added objective of the testa was a determination of the mooring 

forces associated with the attenuation. 

B. \,ave Attenuation Tests 

1. Cylindrical Bag Tests--Small Scale 

a. Bag Construction 

The initial small bag tests were conducted with bags which were made 

by dip-coating a rounded-end cylindricalmetal form with a suitable thick liq

.;.id . This was subsequently cured and removed to provide an elastic bag. First 

:.ests employed cylinders of 1-7/8-in. diameter with a Neoprene coating of 

o.o25-in. thickness. These were followed by tests of cyrinders of both 1-7/8-

:no diameter and 2-7/8-in. diameter with a more elastic film of polyvinyl 

chloride. Thickness of the vinyl filmwas both 0.010 in. and 0.025 inch. The 

ag diame ters were selected to provide a good fit in the 6-in. channel with 

row of three 1-7/8-in. bags in one case and a rO>T of two 2-7/8-in. bags as 

- alternate. 

The above elastic bags were fabricated into test cylinders by cement

:..::g the open ends of two of the bags to a short rigid sleeve. The sleeve was 

.~ t ransparent Luci te to parmi t observing interior fluid motions and provided 

a rigid pointof attachment for the mooring line. In initial tests the sleeve 

and mooring was located at either the quarter point or third point of bag 

:"ength as measured from the seaward end of the bag. In later testa the moor

:.ng attachment >Tas made directly to t he nose or sea>Tard tip of the bag and a 
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lateral spreader bar connected the various bags to a single mooring line. 

Both the attenuation and 1T.00ring force tests showed little difference between 

mooring back from the nose or mooring at the nose, so all later tests employed 

nose anchorage as the simplest expedient. 

Because the early bag materials were heavier than water and because 

of the downward pull of the mooring lines, it was necessary to provide buoy

ant elements to maintsin the bag assembly at the water surface. The buoyancy 

was achieved by cementing on small blocks of sealed cell sponge rubber. The 

attached blocks had a cross section of about ;; per cent of that of the main 

bag and were placed along the top of the bag. For the 2-7/8-in. bags the 

floats were placed on the bag interior. For the l-7/8-in. bags the floats 

were placed on the bag exterior. An attempt to achieve buoyancy by inject

ing free airinto the bag interior was unsuccessful because the air gravitated 

to an unbalanced position at one end of the bag. 

In the initial tests with the small bags it soon became apparent 

that substantial differences in attenuation performance occurredas some func

tion of the character of the bag material and its liquidfill. This difference 

was evident in both the measured performance and in the actual movements of 

liquidin the bag. For best attenuation performance it was noted that a strong 

pulsing or pressure wave occurred in the liquid within the bag. This internal 

wave had the same frequencybut a slightly different phasing than the passing 

external gravity wave. The strength of the internal pulse varied with the 

amount of liquid sealed within the bags and seemingly varied with the elas

ticity of the bag wall. Later tests with the fairly elastic vinyl bags and 

a quite inelastic polyethylene bag indicated that bag material was relatively 

unimportant to good attenuation performance as compared to the volume of bag 

fill. 

The later tests with the polyethylene bags employed commercial ex

truded tubing heat-sealed at the ends. Because the specific gravity of the 

polyethylene was less than unity these tests were run without added buoyancy 

floats to determine if this simple fabrication would suffice. The tests es

tablished that under sui table wave .condi tions the inherent buoyancy of the 

bag was adequate provided the frontal mooring or spreader bar had sufficient 

buoyancy to counteract the small downpul1 of the mooring line. In the 6-in. 

and 24-in. wave channel tests this buoyancy was provided by a 3IB-in. wood 
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ciowel rod serving as the spreader bar. Improved action was obtained by add

:.ng a se cond 3IB-in. wood spreader bar at the stern of the bags. 

b. Influence of Bag length 

Throughoutthis report the attenuation performance of floating bags 

:..5 graphically representedby a plotting of the wave height attenuation versus 

:.lie ratio of wave length to bag length. Since the wave channel tests were in 

-eneral limited to one depth of water (10 inches in the small channel tests), 

:.. :.was not considered conclusive to investigate the influence of length solely 

'7 varying the wave length on one given bag length. Hence, in the small scale 

Ulsts the bag was varied to give lengths of 26, 42, and 62 inches. These 

Ulsts were run in the 6- in . wave channel using three bags of 1-7/8-in. diam

e Ulr. The bags were of 0.002 in. thick polyethylene . '£he bags were apprax

:.Aately 95 per cent filled with water and were teste~ with a wave steepless 

,!: approximately 0 . 07 . 

The resulting attenuation data are plotted in Fig. 6. These data 

:z:dicate that the general pattern of attenuation performance remains essen

~y the same over the range of conditions with the smallest variations 

owing at small values of the ratio of wave length to bag length. 

On the basis of the data it appears that attenuation performance is 

... ry dependent on the bag length as related to the wave length but is less 

unsitive to the bag length as related to the water depth. Good attenuation 

:'5 achieved only wi th values of the ratio of wave length t o bag length of less 

than unity. 

c . Influence of Bag Depth 

Following the early sponge tests it was rationalized that the atten

:Jating actionof a bag breakwater was due to a mass damping action of the water 

confined in the bag above the waves. Since this damping mass would increase 

with the bag depth and the active wave water would decrease with bag depth, 

there was probably an optimum bag depth whi ch was neither too thin nor too 

thick. In the interest of construction e conomy it was desirable to have the 

bag of minimum depth. 

As a limited checkon the influence of bag depth, tests were run at 

the two bag depths which could be conveniently fitted in the 6- in. wave chan

nel. These were performed wi t ha r ow of three bags of 1-7/8-in. diameter and 
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a row of two bags of 2-7/8-in. diameter. The smaller bags were 0.002-in. 

polyethylene and the larger bags .rere O.OlO-in. vinyl. The bags were approx

imately 95 per cent filled with water and were tested with a wave steepness 

of about 0.07. 

The resulting attenuation data are plotted in Fig. 7. These data 

indicate that the general pattern of attenuation performance remains similar 

over the range of test conditions but with the bags of greater depth showing 

the better performance throughout. 

On the basis of this limited data it appears that good attenuation 

performance is more dependent on the ratio of wave length to bag length than 

on the ratio of bag depth to water depth with the second ratio being of di

minishing importance as the first ratio diminishes in magnitude. 

d. Influence of ~ve Steepness 

The foregoing studies of the attenuation performance of the cylin

drical bags were tested under approximately a 7 per cent wave steepness. The 

relatively severe 7 per cent steepness was deemed an effective comparative 

test butin the interest of a more complete performance evaluation it was de

sirable to test with a wider range of wave conditions. Since the foregoing 

tests had given some definition to bag length and bag depth influences, it was 

decided to conduct the tests for WSVll steepness in the 24-in. wave channel 

in an .arrangement that could be physically duplicated later at a larger scale 

in the 9-ft waVll channel. For this purpose a row of eight bags of 2-7/8-in. 

diameter were used to span the 24-in. channel width. The bag lengths were 

made 53 in. and the bags were dip fabricated of polyvinyl chloride with an 

average thiclmess of about 0.010 inch. In order to duplicate the 4.5-ft water 

depth which could be employed with the 9-ft channel width, the water depth was 

made 12 inches in the 24-in. channel tests. 

For the above test setup the ratio of bag diameter to water depth 

was about 24 per cent. This value was arbitrarily selected as a compromise 

between the 29 per cent and 19 per cent ratios shown in the data of Fig. 7. 

(In retrospect it appears that a ratio as low as 20 per cent and possibly 

even 15 per cent might achieVll nearly the same attenuation with less cost and 

mooring load.) 

For these tests the wave steepness was varied from 0.02 to 0.10 and 

the resulting wave heights and mooring forces were recorded. The bags were 

approximately 95 per cent filled with water . 
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The resulting attenuation data were calculatedand are tabulated in 

Appendix B and plotted in Fig. 8 . These data are similar in general form to 

those of Figs. 6 and 7 but exhibit a substantial effe ct from >lave steepness. 

The data of Fig. 8 show the characteristic form of cylindrical bag 

performance . This is mos tnotable in that: (a) for small values of the length 

ratio wave steepness has little effect on the r esulting attenuation, (b) for 

medium values of the length ratio steepness has an appr eciable (about 20 per 

cent) influence on attenuation with the higher steepnesse s experiencL~g the 

greatest attenuation. 

A more complete set of tests was later run in t he 24-in. wave chan

nel with the sarne physical setup that was employed in the tests described pre

viously in the discus sion on influence of wave steepness which l ed to Fig. 8. 

In addition to the data shown in Fig. 8 for a condition of 9, per cent fill 

the tests also included 90 per cent and 100 per cent fill conditions. The 

data for these test numbers 60-140 are included in Appendix B but are not 

plo tted in detail at this point because t hey only serve to confirm the general 

nature of trends which are mor e simply shown later in Fig. 9. 

e . Influence of Fill Volume 

Early tests with liquid-filled bags had employed only rough measures 

of filling. A wide variation of results in these tests together with visual 

observations indicated that the extent to whi ch the bag was filled or pres

surized had a significant influence on the attenuation . As a result of ex

?Brience with these bags it was found that performance r esults could be made 

reproducible and meaningful only if the amount of liquid fill in the bag was 

,.ather closely controlled. This control was finally established by making 

~ill-volume measurements in all cylindrical t est bags. 

The volume measurements were made by filling through a filling tube 

:ocated on the top of the bag. Filling was done by immersing the empty bag 

belO>l water and pouring measured amounts of water into the filling tube. This 

operation was not critical until the bag l:ecame nearly full or internally 

;:ressurized. This condition was evidencedin the transparent filling tube as 

• slight rise in the level of water ,Ti thin the tube as contrasted to the height 

:: the external pool in which the bag was immersed. The tube was considered 

: iLl when the differential head was about 1/2 in. of water. For some of the 

-e elastic tubes such as the O.OI-in. polyvinyl chloride dip-formed tubes 



the fill volume could be increased as much as 10 per cent by pressurizing or 

building up the head by as little as only 2 inches. For the less elastic 

0 . OO2- in . polyethylene tube s a 2- in. pr essure head required only about a 1/2 

per cent volume increase" 

In some of the early tests it seemed that use of the more elastic 

tube materials produced a better pulsing action and attenuation than the less 

elastic types. However, additional work with the less elastic bags now in

dicates that with proper fill these bags can provide essentially the same per

formance as the elastic types. This is a for tunate finding in that the large 

heavily loaded bags necessary to a prototype installation would be consider

ably more practical if the membranes could be reinforced. Reinforcement would 

normally reduce the elasticit y. 

Simple tests of the influence of fill volume were conducted in the 

6-in. Have channel and typical of these tests are the data shown in Fig. 9. 

The data of Fig. 9 are notable in that: (a) for small values of 

the length ratio the fill-volume changes produce a negligible attenuation 

difference , (b) for medium valuesof the length ratio the fill-volume changes 

produce attenuation differences of nearly 50 per cent, (c) the attenuation 

performance appears to be best when the bags are slightly underfilled and 

either substantial underfillingor slight overfilling reduces the att enuation. 

f . Influence of Viscosi~ of Bag Fill 

As discussed earlier preliminary studies had indicated that increas

ing the viscosi~ of the fill liquid in a flat bag had increased the attenua

tion performance of the bag. In consequence, early in the tests of the cy

lindrical bagsin the 6-in. channel, alternate tests wererun with plain water 

and water whichhad been thickened by adding Methocel. The apparent viscosity 

of the Methocel solution was measured with a BrOOkfield rotating cylinder 

viscosimeter. Viscosities of 2000 and 14,000 centipoises were employed in 

limited tests. The attenuation test curves for the three test fluids were 

the same within normal scatter values thus indicating that viscosi~ was not 

an influential factor in the performance of a cylindrical bag breakwater . 

In the tests of a flat bag which will be discussed later some im

provement of attenuation was noted with an increase in viscosity. From this 

it appears that the bag shape is somehow tied to the viscosity influence. 
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2. Cylindrical Bag Tests--Large Scale 

a. Bag Construction 

On the basisof the small scale tests it was arbitrarily decided to 

conduct the tests in the 9 ft wide by 4.5 ft deep channel with a row of eight 

bags of 13-in. diameter. This dimensional assembly corresponds to the row of 

eight bags of 2-7 la-in. diameter in the 24 in. "ide channel. The length of 

the large bags was made 20 ft. The dimensions of the large channel and large 

bags were thus 4.5 times those of the 24-in. channel. In anticipation of 

rather severe loadings in the large channel tests the bags were fabricated 

from the heaviest available plastic sheeting. This consisted of vinyl plastic 

film in a thickness of 0.011 inches. The bags were made by folding flat com

mercial sheeting and fusion sealing the edges of the sheet to form a cylin

drical tube. Fusion sealing was also used to seal off the ends of the tube 

to form a closed bag. The fused seams at the ends were vertical in the final 

flotation position. 

The specific gravity of the vinyl was considerably greater than 

uni ty so buoyancy was provided by forming two smaller closed cylinders from 

the same O.Oll-in. vinyl sheeting. These float bags were 3 inches in diam

eter and were placed along the full length and parallel to the main bag axis 

with one bag on each side of the top centerline of the main bag. They were 

fusion-sealed to the main bag along their full length. For the te sts the se 

flotation bags were inflated with air to a full but limp condition. Subse

quent attenuation tests with this assembly indicated that the flotation bags 

prevented any significant immersion of the assembly under any test condition. 

From this it was concluded that satisfactory action could probably have been 

obtained with flotation bags of a smaller size . 

Mooring attachment for the bags was provided by fusion sealing a 

pocket into the seaward end of the bag. This pocket was oriented vertically 

and an aluminum tube was placedin the pocket to spread the mooring load along 

the front of the beg. A swivelling bolt connection was then provided between 

each of these aluminum tubes and a lateral spreader bar which ran across the 

front of the row of eight bags. The spreader bar was in turn attached to the 

single mooring cable. This system appeared to work satisfactorily without 

subjecting the bag to excessive stresses. No spreader or tie was fitted be

tween these bags other than at the frontal mooring system. 
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Serious difficulty was encountered during the tests due to failure 

of the f usion seams from pressure pulsingin the bags when exposed to the more 

sever e test waves. Failures occurred bothon the end seamand the longitudinal 

seam and usually occurred near the shoreward end of the bag where the pulse 

pressure s were mos t severe. The nature of the pressure pulsing in the bag was 

such that the aver age pressure over most of the bag surface would be somewhat 

above a neutral pres sure , e ven though the static filling conditions did not 

pres surize the bag. In view of this, any vents or punctures in the bag would 

progressively bleed the interior fluid a nd reduce the fill condition. In ac

cord with the findings of Fig. 9 outward leakage would then progressively re

duce the attenuation performance. 

Duringthe course of the attenuation and mooring tests the bags were 

patched to maintain them in as near a tight condition as possible. However, 

at the end of these tests the bags were in rather bad condition and it was 

decided to make design revisions before proceeding with the motion picture 

record of the ba g actions. These later bags were made by using a specially 

ext ruded seamless sleeving of polyethylene plastic of O.OlO-in. thickness. 

End closures were made by cementing and by bolt clamping the cemented ends 

between two 3/ 4-in. by 3-in. wood strips. The wood served bothas seal clamp

ing and flotation. The small scale tests in the 6-in. channel had indicated 

that the polyethylene material with a specific gravity less than 1 had suf

ficientinherent buoyancy to perform effectively if end flotation was provided. 

In light of this the large bags were simplified in design by eliminating the 

air flotationsaddle bags which had been employed with the vinyl fabrications. 

As with the smaller bags a spreader attachment system was provided at both the 

front and stern of this bag assemhly. The attachment was made to the wooden 

clamping bars. 

Subsequent runs with these bags during the motion picture filming 

established that the mode of bag assemhly was satisfactory for severe test 

condi tions but the bag material itself was inadequate. The polyethylene film 

proved to be relatively stiff and suffered small breaks in areas of continued 

flexure. 

The foregoing observations indicate that prototype assemhlies will 

require tough, flexible materials of high quality. 
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b. Influence of l-Iave Length, l-lave Steepness, and Fill "c: -=e 

Since the dimensions of the large scale bags had been establisLee 

by the small scale tests, tests of the hrge units were primarily concerned 

Hith the attenuation performance as a function of the wave length, stEepness, 

and fill volume. To this end the tests ,mre conductedin accord >lith the pro

cedures previously described and the limiting conditions of Table 1. 

The resulting test cia ta are listed in Appendix A as test numbers 

:-$0 and are pl otted in Fig. 10. Due to the fabrication difficulties previously 

;iiscussed these tests were hampered by excessive bag leakage. As a consequence 

>ost of the tests Here conducted for the 100 per cent filled condition because 

~s condition could be readily reestablished prior to each test. 

The 101-1 values for attenuation with the length ratio of 0.37$ and 

:::e 9$ per cent fill condition are not accountable unless unknOlm fill con

":' tions prevailed. The 10>1 and scattered attenuation condition. for the length 

~atio of unity and the 9$ per cent fill are, hO>lever, believed to be a real 

condition since scatter also frequently occurredin this region for the small 

5 cale tests in >Thich the fill condition >Tas ,·rell known. This condition is be

: ieved to be due to harmonic or resonant cendi tions that may occur in the in

~rnal pulsing for the unique condition of wave length equal to bag length. 

It should also be noted that visual observations of pressure pulsing 

:n the bag lead to three broad conclusions, namely that: (a) for a given wave 

condition better attenuation is obtained for bags having a strong pulsing ac

tion, (b) a better pulsing actionis obtained wit h a near-filled bag than with 

an underfilled bag, and (c) pulsing a ction promotes underfilling of a leaky 

,ago Eecause of the foregoing and the relative simplicity of providing a 100 

per cent fill as contrasted to an accurate slight underfill it is recommended 

that any prototype procedures employ 100 per cent fill conditions. 

1-111ile leakage action and data scatter obscure the mos t effective 

interpretation of this data there is no question that the pattern of attenu

a tion performan ce for the large bags as shmm in Fig. 10 is in general a gree

""'ntwi th the performance of the small bags of Figs. S and 9. The best atten

ua tion conditions for the large bags are, h01;ever, about 10 per cent lo«er 

than those for comparable small bags. 

The data confirm the earlier con clusions that (a) attenuation is 

very dependent on the wave length as related to thE bag length, (b) good at

tenua tion is achieved only with small values of the ratio of wave length to 



bag lengt.b, (c) for ~mall values of the length ratio, wave steepness has a 

~ e~fecton the attenuation, and (dl for medium valuesof the length ratio, 

wave ~tee!De~s has an appreciable influence on attenuation with the higher 

~teepnesses experiencing the greatest attenuation. 

c. ~leasurement. of the Internal Pressure Wave 

The earliest tests with the cylindrical bag hreakwater gave visual 

evidence that good att enuation with the assembly was accompanied by a pres

sure wave moving along the axis of the bag through the bagged fluid. Obser

vations showed that a pressure condition sufficient to tense the bag walls 

moved along the bag and alternated with a brief reduced pressure front which 

relaxed the bag wall~. The internal pressure wave was observed to have the 

same frequency as the external wave but not the same pha~ing. Since thi~ 

pressure system appeared to he intimately associated with effective attenua

tion and ;,as the source of observed bag structural failUres, it was considered 

desirable to record and analyze at least a few of these pressure occurrences. 

The objective of the measurements was a record providing information on the 

phasing of the internal pulse and peak pulse pressure. suitable for bag de

~ign purposes. 

The mea~urements were made by mounting a piezo-electric transducer 

in the top wall of one of the large vinyl bag units. lhe transducer was mount

ed with its 1/2-in. diameter face flu.h with the interior wall of the bag. 

The transducer was an available diaphragm type of commercial manufacture as 

made by Consolidated Electrodynamics Corporation (type 4-312). The unit had 

a range of ± 5 psi and had characteristics suitable to the application. 

The transducer was moun ted in two al terna te positions during the 

tests. In one position the transducer was mounted about2 ft shoreward of the 

front end of the 20 ft long bag. In the alternate position the transducer 

was 2 ft from the stern end of the bag. In each case the transducer was lo

cated at the top of the bag and the top of the bag remained about at the water 

surface for either still or waVe conditions. Hence the zero of the transducer 

reading was essentially atmospheric pressure and the readings represented the 

differential pressure between the inside and outside of the bag. 

In the first tests in the 9-ft channel the sonic wave meter was placed 

dire ctly above the transducer in its stern location in the bag. Concurrent 

chart records were then taken for the internal pressure pulse and the exterior 
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gravity wave. These records were taken>lith the bag 100 per cent full because 

of the strong pulsing observed for this fill. 

Figure II typifies the limited phasing tests which "ere made for 

this transducer position. The record shown was made with a wave length of 25 

ftand a steepness of 0.035. The following features are evident in the record: 

(a) the lowest pressure of the cycle is a narrow spike occurring just as the 

transducer is moving into the sag of the wave trough. This is a negative 0.ll6 

psi relative to the atmospheric pressure or about 30 per centof the pressure 

head represented by the incident wave amplitude, (b) the highest pressure of 

the cycle occurs justas the transducer is leaving the sagof the wave trough. 

This is a pressure of 0.37 psi or about 97 per cent of the pressure head repre

sented by the incident wave amplitude, and (c) the pressure rise curve is non

~iform and double peaked. 

In the second tests the transducer was placed in the frontal position 

or 2 ft shoreward of the front end and the sonic wave meter was again placed 

jirectly above the transducer. The records for these tests are not s hown but 

the resulting graph was somewhat different from those of the first testa. The 

significant differences were (a) there was no evidence of a negative pressure 

spike , and (b) the highest pressure of the cycle occurred as the transducer 

'-as approaching the sag of the wave trough. This was a pressure of about 62 

~r cent of the pressure head represented by the incident wave amplitude. 

From these tests it was apparent that the highest pressures occur

cedat the shoreward end of the bag. A limited number of tests for this trans

-"cer position "ere then run for a range of wave lengths. These tests which 

o:-e plotted in Fig. 12 indicate that for design purposes the maximum differen

. cal pressure across the bag wall is generally slightly less than the pressure 

d represented by the wave amplitude. It appears that the maximum pressure 

._ not a direct function of either the wave length or wave steepness. 

It is also important to note in Fig. 11 that a positive dynamic 

:essure prevailsin the bag for nearly 100 per cent of the time. This means 

,t a punctured bag may be expected to progressively diminish in its fill 

'ldi tion. 

d . Reflection Conditions 

Conventional breabraters which involve a stationary structure and 

_eating breakwaters of the rigid type both normally a chie ve a major portion 
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of their attenuating action from the frontal reflection of wave energy and a 

lesser portion from direct absorption of the wave energy. In tests of the 

cylindrical bag breakwater, which was a new type, it was also desirable to 

determine the approximate source of energy attenuation. 

For the purpose of this determination the physical motion of the 

water both inside and outside of the bag units was observed during tests by 

the addition of tracer materials but the motion was too complex to permit any 

reasonably sound evaluation of the attenuation mechanism. Fortunately, how

ever, the method of making the wave height measurements as described in II-B 

does permit an evaluation of the refle ctedwave height alongwi th the incident 

wave height as employed in the wave height attenuation studies. As a result 

the attenuation test data listed in the Appendices contain a column expressing 

the height of reflected wave as a percentage of the incident wave height. If 

these values are reviewed for the data of test numbers 1-50 relating to the 

9-ft channel studies, it will be found that the highest value i52$ per cent, 

the lowest value about 2 per cent, and the average value about 10 per cent. 

Additional analysis shows that the bag fill also has an influence with bags 

of 100 per cent fill showing an average reflection of U.5 per cent, bags of 

95 per cent fill showing an average reflection of 9 per cent, and bags of 90 

per cent fill showing average reflection of 6.7 per cent. 

It should be noted that if a breakwater is to be evaluated in light 

of its wave energy effects, the energy of a >rave varies as the square of the 

wave height. On this basis the energy of a reflected wave having a height of 

25 per cent of the incident height (the maximum observed) would be only about 

6per cent of the energyof the incident wave. If the average reflection value 

of 10 per cent was used the reflected energy would then be only about 1 per 

cent of the incident energy. In view of the low energy content of the re

flected waves in these tests it appears that reflection is not a major factor 

in the attenuation performance of a cylindrical bag breakwater. 

3. Influence of Scale or Size 

An important requirement of any modeled hydraulic test is the es

tablishment of the modeling laws or basic forces which dominate the occur

rence . For model tests of many hydraulic designs previous experience has 

already defined the dominant force system and the related model laws of simil

itude . For such tests it is usually adequate to operate at only one suitable 
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size of model and the model data therefrom may then be extrapolated to any 

desired prototype size by use of the establishedlaws of similitude. However, 

in the case of the liquid-filled cylindrical bag br eakwater there was no pre

cedent which clearly established the force mechanism and the similitude rela

tions. It was then important to operate the tests in such a way as to clarify 

these relations. Analysis of the physical forces which might dominate the 

fluid dynamics of the liquid-filled bag breakwater indicated that both viscous 

and gravity forces might be involved. The original speculation relative to 

the tests of [1] assumed that viscous action within the bag fill controlled 

the attenuation effect. The extent to which gravitywas involved was obscure. 

In light of the absence of clear similitude relations the current 

test program was conducted in two widely different sizes as has been previously 

described. The smaller of these tests was conducted in the 24 in. wide wave 

channel using bags which dimensionally scaled those for the conditions which 

were employed in the 9 ft wide wave channel. The scale ratio of these tests 

is 1:4.5and the summary attenuation data for these comparative tests are given 

in Figs. 8 and 10. 

A study of these figures indicates that the pattern of attenuation 

performance for the two sizes of tests is very much the same but with a tend

ency for the smaller tests to give a slightly better attenuation. The reason 

for the difference is not clear but in view of the fact that there were minor 

similarity differences in the wave generator and wave channels and because of 

minor differences in the character and fabrication of the bags, the performance 

differences are not considered serious. There is, however, the possibility 

that the performance difference 1<as a real scale effect arising from viscous 

~nfluences . While the viscous effects may contribute small differences, a 

comparison of Figs. 5, 8, and 10 indicates that these differences are probably 

not large. This conclusion is based on the fact that the sponge breakwater 

of Fig. 5 is somewhat analogous to a very viscous fill; yet it shows essen

tially the same bulk performance characteristics as the two water-filled bag 

:reakwaters represented by Figs. 8 and 10. 

In lightof the foregoing scale effect observations it appears rea

_ onable to assume that the performance findings for the bag breakwater tests 

xlnducted in the 4.5 ft deep large channel may be extrapolated to prototype 

:izes (a scale ratio of 8 or 10) without serious scale effects. 
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3. Spherical Bags 

The spherical bag tests were initiated following the wave attenua

tion tests on the sponge raft. These latter tests had demonstrated that im

mobilization of the fluidin a blanket or raft system could effectively atten

uate wave energy without the necessity for a mass transport of liquid within 

the blanket. The attenuating mechanism appeared to depend on interference 

or noncompliance of the raft mass with the orbiting mass of the gravity wave. 

While the sponge material provided a simple and practical material for the 

modelit had no simple counterpart for prototype assembly. A review of mater

ials whichmight simulate the actionof the sponge yet permit practical proto

type fabrication led to consideration and use of a blanket composedof a single 

layer of spherical liquid-filled bags havingan elastic skin. This selection 

had the apparent advantage of permi tting a large raft to be assembled of small 

units which should be less costly, less directional in orientation, and easier 

to handle than the large cylindrical type of bag. 

As a model expedient the bags employed were toy rubber balloons. 

These were arbitrarily selected to have about 2-in. diameter when slightly 

pressurized. Spherical balloons were desired but those available were some

what elongated about a vertical axis. The balloons were water-filled and 

charged with a small amount of air to float them near the surface. 

Preliminary tests indicated that bags which wer e near neutral in 

buoyancyand which were individually unrestrained in horizontal position were 

soon displaced below or outside of the effective blanket area. To counter 

these tendencies the bags were charged with additional air for buoyancy and 

were individually moored to the bottom by a fixed length of line and in a 

fixed pattern. The line length was selected such that the top of the balloon 

was at or slightly below the ;rater surface for static conditions with a water 

depth of 10 inches. For a 'Tater depth greater than 10 in. the bag was then 

submerged, and for depths less than 10 in. the mooring line was slack. The 

individual mooring lines were affixed to the bottomand no direct mooring for

ces were measured. The mooring patterns we r e alternately selected to give 

both good bag contact with compressive resistance to horizontal forces and a 

loose assembly with no lateral resistance. 

The results of tests involving the above variables are summarized 

in Fig. 13. The limited tests were not conclusive but the fol101;ing obser

vations are believed pertinent t o these tests: 



1. Under proper conditions this ~e of bag breakwater pro

vides excellent attenuation. 

2. Good attenuation appears to be dependent on pressurized 

bagsand a close bag proximity giving pressurized contact 

beta-Teen the bags. 

3. Good attenuation appears to require a bag buoyancy suffi

cient to resist considerable downward force thus maintain

ing a gi ven bag in proper position with respe ct to the 

adjacent bags so thatit may exert a horizontal compressive 

force on these adjacent bags. 

4. For severe waves the bags when below the wave trough were 

depressed enough to slacken the mooring line. The sub

sequent tightening of the line under the wave crest gave 

an abrupt snap action. This activity was most severe in 

a re gion near the forward quarter poin t of the bag assem

bly length. 

5. Bag mooring forces were not measured but were presumed 

quite high relatively since they represent the sum of the 

normal buoyant force plus a large vertical dynamic drag 

force and a component of a substantial horizontal drag 

or compression force. 

6. Themeasured reflection of the wave from the front of these 

bag assemblies was quite similar to that for the cylin

drical bag tests discussed in Section III-B (2d). The 

reflection values increased from zero up to about 20 per 

cent with increasing test wave lengths. 

23 

The attenuation characteristics of certain of the spherical bag as

semblies were exceptionally good in terms of their relatively short length 

... hen comparedwith the cylindrical bag data of Fig; 10. Howeve:t;, the seemingly 

:.igh mooring force requirements and violent dynamic actions afforded problems 

Wich appeared more difficult of solution than those attending use of the 

=71indrical bags. In light of this the spherical bag tests were not expanded 

~eyond the findings shown in Fig. 13 although it was felt that additional work 

:.:: this area might be quite relfarding. 
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4. The Flat Bag 

In the discussion under Section III-A it was pointed out that pre

liminary studies [1] had employed a flat bag with a viscous liquid fill and 

excellent attenuation results had been obtained. The discussion further point

ed out that the flat bag had numerous shortcomings from the fabrication and 

use standpoint and as a result the later test effort was largely confined to 

the cylindrical form of bag. However, the results obtained with the water

filled cylindrical bags never achieved the same high performance as the ori

ginal viscous-filled flat-bag tests. In consequence the cylindrical bags were 

eventually testedwith viscous fluids as discussed in Section III-B (If) with 

the end conclusion that use of a viscous fluid would not significantly improve 

the performance of a cylindrical bag filled with water. In view of this a 

question still remainedas to whether the performance of a viscous- filled flat 

bag was really significantly better than that of a water-filled cylindrical 

bag. 

In order to clarify this difference a flat bag was assembled from 

vinyl sheeting of O.Ol-in. thickness. This bag was given the same length and 

width and the same fill volume as the row of eight bags of 2-7/8-in. dialOOter 

which were used in the tests shown in Fig. 8. The intent was to provide a 

flat bag roughly similar to the cylindrical bags. 

Because of the inherent form instability of the flat surfaces under 

pressure action the bag was roughly caged at 6-in. centers by spanning the 

23-1/2-in. bag dimension with 3IB-in. wood dowels on the top and bottom and 

connecting the overhanging ends with string ties. These ties locally re

stricted the bag depth to 2-1/4 inches. 

The caged bag was tested with water fill, a fill having a viscosity 

of about 5500 cps, and a fill having a viscosity of about 14,000 cps. The 

tests were run with a range of wave lengths and steepnesses consistent with 

the cylindrical bag tests andfor a nominal 100 per cent fill. The resulting 

dataare plotted in Fig. 14. In addition to the new data a curveis also drawn 

repeating the high viscosity findings shown in Fig. 34 of Reference [1). 

A review of the findings of Fig. 14 indicates the following: (a) 

fill viscosity apparently has no influence on flat bag attenuation for small 

values of the ratio of wave length to bag length, (b) at intermediate values 

of the length ratio the attenuation varies considerably with viscosity in a 
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manner very similarto the variation caused by changes in fill, (c) the early 

data of Reference [1] remain superior in performance to the new data. The 

exact cause is unknown but several differences in the fabrication and test 

condi tions were known to exist, and (d) the data do not support a design shift 

to the use of flat bags or viscous fill materials. 

C. Mooring Force Studies 

The prime objectiveof a floating breakwater is an effective atten

uating action. Incident to achieving this objective is the need for stabi

lizingthe position of the breakwater by application of a mooring force through 

suitable moorings. The mooring system adopted for the model breakwaters has 

already been described in Section II-C together with the method of measuring 

the mooring force proper as described in Section II-D. Virtually all of the 

attenuation testa which have been discussedherein were acccmpanied by related 

measurements of the mooring force by use of these systems and procedures. 

HO>Tever, since only the large scale cylindrical bag tests in the 9-ft channel 

and their scaled counterpart in the 24-in. channel are most meaningful, the 

mooring force discussion will be restricted to these tests. 

The mooring force data for these tests are included in Appendices A 

and Band the charts of representative test numbers 8 and 46are shown in Fig. 

IS . 
Since the mooring force is a complex end product of the dynamic char

acteristics of the Have, the dynamic characteristics of the bag assembly, and 

the dynamic characteristics of the mooring system, the recorded forces fail 

to sho>Tthe same uniform characteristics of the original exciting gravity wave. 

Instead, as may be seen in Fig. 1$, the force varies with a frequency roughly 

in accord with the incident ;rave frequency but with an amplitude which shows 

evidence of the superpositioning of force elements having other frequencies. 

In a very simplified concept of the mooring force function, this 

force may be considered as that >Thich is ne cessary to pull the gravity load 

represented by the filled bag over a hill having a height equal to the wave 

ampli tude. In this case, if the bag length is smail relative to the wave 

length, the mooring force should slacken as the breakwater rides down the 

slope of a receding wave and the load should build up as the bag rides up an 

approaching wave slope. This condition is demonstrated by the chart of test 
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number 8 of Fig. 15 which shows the mooring force for a bag of 20-ft length 

riding a wave of uO-ft length. It will be noted that the force alternates be

tween a slack zero value and a maximum whi ch reaches as high as 36 Ibs. 

On the other hand, if the bag length is large relative to the wave 

length the gravity load of the bag is draped across wave crests and troughs 

in such a way that considerable internal gravity balance is achieved. As a 

result the required external mooring force does not work against the entire 

bag load and there is an apparent reduction of the maximum amplitude and a 

reduction of the tendency to slacken or fall to zero. This condition is demon

stratedin the chart of test number 46 of Fig. 15 which shows the mooring force 

for a bag of 20-ft length riding a wave of 10-ft length. Despi te the fact 

that the same 20-ft bag and the same absolute wave height of about 0.62 ft is 

involved in both test charts, the mooring force is much smaller and more uni

form for the shorter wave . 

It maybe noted that the dat,a of Appendix A lists the mooring forces 

in terms of the base, the peak, and the total force values in accord with the 

chart for test number 46. A comparative studyof this data indicates that the 

for ce is consistently more uniform for the smaller valuesof the length ratio. 

From the standpoint of establishing structural design values for 

the mooring system and the frontal portion of the bags, only the maximum val

ues of the mooring force are cons idered significant. In an effort to organize 

the test data to best clarify these design load values a dimensional analysis 

together with empirical curve fitting procedures were employed. The result 

of this treatment is shown in the dimensionless summary plotting of Fig. 16 

using the data represented by the 9-ft channel or the large scale test numbers 

1 to 50. 

lbe summary equation givenin Fig. 16 maybe used directly for esti

mating prototype design loads. For example, if a design wave of 400-ft length 

and 10-ft height is to be attenuated in 40 ft of sea water by use of a bag of 

about 200-ft length and 95per cent water fill with an inelastic mooring, the 

equation yielde a required mooring force of about 2700 Ibs per front foot of 

breakwater. A substantial reduction of this peak force (and a substantial 

improvement in attenuation) could be achieved by increasing the length of the 

bag and the extensibility of the mooring system. 

In order to give some insight into the possible scale effects that 

might be involved in extrapolation of the data of the large model tests of 
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Fig. 16 to a prototype, the 24-in. channelor small model test data >lere han

dled in a similar manner. For this treatment the data. of test numbers {fJ to 

140 of Appendix B are plottedin a diJnensionless manner in Fig. 17. For com

parison the summary curve of Fig. 16 has also been added to Fig. 17. 

An examination of Fig. 17 shows a considerable scale effect or dis

parity between the small and large tests >lith the relative forces diminishing 

as the size increases. The lack of complete similarity of mooring and bag 

fabrications, particularly >lith regard to the relative increase of elasticity 

in the mooring and bags in the large model, is believed largely responsible 

for the mooring force disparity. Since it is likely that the elasticity of 

a prototype structure >lill probably equal or exceed that of the large scale 

model, it is believed that the mooring force equation derived from the large 

scale tests >lill be a fairly conservative approximation tc eventual prototype 

values. This is based on the assumption that the size of the prototype in

stallations might be from 5 to 10 times the size of the larger model. 

The data and curves of both Fig. 16 and Fig. 17 are not in good 

agreement for waves of very low steepness. It was not established whether 

this deviation was basically correct or whether it represented increasing 

errors near the threshold sensi ti vi ties of the height and force measuring 

systems. In any case this deviation is not important for mooring system de

sign studies which are more concerned >lith the larger forces occurring at 

higher wave steepne ss • 

Since the test facility was two-dimensional in nature, the data pre

sumably hold for blankets of any width. However, in an open sea setting ab-

normal effects near the blanket edges would necessitate some correction. 

correction is not establishedby the current tests but probably would be 

small for >lide blanket assemblies. 

This 

quite 

It is also important to note that the final equations shown in Fig. 

17 may be manipulated to reduce to the expression 

(prototype force/model force) (prototype length/model length)3 

This expression constitutes a Froude model law and indicates that 

the dominant force involvedin the production of mooring loads and structural 

loading is gravitational in nature. From this it may be presumed that the 

wave height attenuation effects are also dominated by gravitational forces 

even though the ultimate dissipation of energy is by vis cous friction. 
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IV. UQUID-FILLED BAGS--CONCLUSIONS AND RE(X)~jMnIDATIONS 

The following statements are believed to be reasonable conclusions 

from the test results which have been described for the cylindrical liquid

filled bags: 

1. A breakwater consisting of parallel, water-filled cylin

drical bags moored with axes perpendi cular to the wave 

crest and floating just belol, the water surface is capa

ble of attenuating the height of offshore gravity waves 

on the water to almost any desired degree. 

2 . The findings of Fig. 10 indicate that attenuation per

formance of such a breakwater is very dependent on the 

length of the wave relative to the length of the bag and 

is to a lesser extent dependent on the relative depth of 

the bag and the relative amount of water fill in the bag. 

3. The findings of Fig. 10 are considered applicable to any 

prototype size of similar proportions provided sui table 

consideration is given to three-dimensional end effects. 

The data should apply to sea water as well as fresh water. 

4. The findings of Fig. 10 primarily relate to shallow water 

test conditions but are also believed to roughly approx

imate the attenuations that will occur with deep water 

}laves. 

5. Good wave attenuation (height attenuation in excess of 

80 per cent) can be achievedif the length of the incident 

design wave can be restricted to no more than about 60 to 

70 per cent of the bag length. 

6. Wave attenuation characteristics improve as the depth or 

diameter of the bag increases but this influence is small 

relative to the influence of bag length. In view of the 

increasing structural problem with increasing bag diameter 

it is recommended that a bag diameter equal to about 20 

per centof the water depth be employed l·lith shallow water 

installations and a diameter of about 75 per cent of the 

design wave height be employed for deep water conditions. 



7. For small values (0.5 or less ) of the ratio of wave to 

bag length wave steepness has little effect on the result

ing attenuation of wave height. For medium values (around 

unity) of length ratio, steepness has an appreciable (a

bout 20per cent) influence on attenuation with the higher 

steepnesses experiencing the greatest attenuation. 

8. The fill volume of the bags has a significant influence 

on the attenuation performance of the bags. This influ

ence on attenuation is small (aboutlO per cent) for small 

values of the r atio of wave to bag length but increases 

(to about 50 per cent) as the ratio of wave to bag length 

increases. The attenuation appears to be best when the 

bags are slightlyunderfilled and ei ther substantial under

filling or slight overfilling r educes the a Uenuation. 

9 . Increasing the viscosity of the bag fill does not appre

ciablyimprove the attenuation performance of cylindrical 

bags. Water appears to be the most practical fill liquid 

to employ. 

10. The elastic properties of the bag material may playa small 

part but they do not appear to be important to the atten

uation performance of the bag. 

11. In order to maintain a bag array in proper arrangement it 

is desirable that the bags have a small positive buoyancy. 

12. For the simple two-dimensional tests described herein an 

effective bag array having a small positive buoyancy could 

be maintained in position wi th only a spaced frontal moor

ing hit ch to the individual bag. For bags of near neu

tral buoyancy the frontal spacer had to be supplemented 

with a spacer hitch at the stern of the bags. 

13. For most wave conditions good attenuation with a liquid

filled bag is accompanied by a traveling internal pres

sure wave. This wave is slightly out-of-phase with the 

external gravi tywave and appears to contribute a pressure 

differential or pressure release favorable to attenuation 

of the gravity wave. 

29 
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14. The peak of the internal pressure wave stresses the walls 

of the bag . The pressure values are greatestat the stern 

or lee end of the bag and achieve a maximum pressure head 

about equal to the amplitude of the wave. 

15. During wave action the internal pressure wave maintains 

a positiveaveraga internal pressure. This positive pres

sure is essential to attenuation action but tends to bleed 

the bag fill if any bag punctures exist. 

16. Certain combinations of wave length relative to bag length 

phase the internal wave to t he external wave in such a 

way that wave height attenuation is abnormally decreased. 

This was observed to occur when the wave length was about 

equal to the bag length and contributed some scatter to 

the performance data. 

I? The attenuation a ction of a liquid-filled bag on a peri

odic gravi ty wave is believed due to an out-of-phase damp

ing contributed by the bag mass being blanketed above the 

gravi t y wave. The out-of-phase motion of the bag con

tents is due to the pr essure constraint provided by the 

bag walls in interfering with or altering the orbiting 

characteristics of the bag contents. 

18. When the cylindrical hag is underfille d, bag tension does 

not develop and orbiting constraint on the contained wat

er is slight. In this case effective attenuation ocours 

only with relatively long bags. 

19. Use of the water itself as the damping mass and develop

ment of an out-of-phase motion in the water by use of an 

enveloping boundary consisting of a light tensioned film 

appears to offer an economic approach to the wave atten

uation problem. The system has s ome sensitivity to punc

tures of the bags but it is quite conceivable to apply 

small auxiliary pumps for continuous maintenance of opti

mum fill. 

20. manket damping of the wave by a water mass is not exclu

si vely dependent on the use of a tensioned film for the 



creation of out-of-phase effects in the contained water 

mass. A wide variety of rigid or flexible contaimnents 

can be envisaged to provide action comparable to that of 

the cylindrical bags. Pilot laboratory tests have indi

ca ted tha t a low permeability rna terial such as sponge (see 

Fig. 5) or high permeability matting will produce com

parable performance. These structurally self-supporting 

containment media have the advantaee of being exempt from 

puncture or leakage sensitivity but involve the fabrica

tion, transport, and installation of a great deal more 

material than is involved in the simple enveloping skin 

of the pressure-supported cylindrical bag. Simple means 

of producing such media in the field would be attractive 

but are currently not available. 

21. The best attenuation actionof the cylindrical bag occurs 

when a fairly strong internal pressure wave moves along 

the bag axis to enhance the out-of-phase motions. How

ever, tests of a sponge breakwater (see Fig. 5) indicate 

that effective attenuation could probably also be obtained 

22. 

even uith the wave crest positioned parallel to the bag 

axis thus producing no internal pulsing. This position 

of the bags is not favorable to a simple structural and 

moorin g sys tern. 

Comparison of Figs. 5, 6, and 10 indicate that the atten-

uation tests include some scale effects. This might in-

volve viscosity effects, elastic bag effects, differences 

of wave generators, etc. The scale effect is not large, 

hO>lever, and should be even less if the large scale test 

data of Fig. 10 is extrapolated to offshore prototype 

conditions where the scale ratio will usually be less than 

10. 

23. Frontal reflection of wave energy is only a small factor 

in the attenuation of waves with a cylindrical bag break

water. 

24. A cylindrical bag breakwater of large extent may involve 

a fixed orientation of bag axis as a result of mooring 

31 
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problems; in consequence a rather wide variation of wave 

approach direction may occur in nature. The tests de

scribedpermitted only one direction of wave approach. The 

test data must therefore be used with caution in consid

erations involving three-dimensional aspects of the struc

ture. Additional tests of a three-dimensional nature are 

recommended. 

25. Any form of free standing wave absorber or breakwater of 

finite width 'lill cause the wave system to refract or pass 

around the two free ends of the breakwater. If sufficient 

space is available the "aves will rejoin at the rear of 

the breakwater. If the "avesrejoin "in-phase"wave heights 

may superimpose to produce waves of greater height than 

the original incident wave. It should be noted that the 

attenuation observations in these t>To-dimensional tests 

were made in the lee of the wave blanket and do not in

volve these end refraction effects which might prove to 

be locally dangerous in a three-dimensional prototype. 

26. There was no evidence that wave energy was converted to 

potential energy by the a ction of the cylindrical bags. 

27. The maximum frontal mooring force required to stabilize 

the mean horizontal position of a cylindrical bag break

water depends on the characteristics of the wave, the 

mooring system, and the bag system. The magnitude of this 

mooring force may be approximated from the equation or 

graph of ~'ig. 16. The figure applies to any size of as

sembly of proportions similar to those of the test unit 

and provided sui table consideration is gi ven to three

dimensional end effects. The data are applicable to sea 

water as well as fresh water. 

28. If the length of the bag is short relative to the length 

of the wave and if the extensibility of the mooring is 

small, the mooring force will alternate from zero to a 

large value. The variations will be nonuniform. 

29. If the length of the bag is long relative to the length 

of the wave and if the extensibility of the mooring is 



small, the mooring forcewill be fairly uniform alternat

ing from a nonzero nrlnizlllm to a modest maximum lath the 

mininrum being a substantial part of the maximum. 

30. The peak mooring forces givenby Fig . 16 are derived from 

testswith a mooring system having a very low extensibil

ityand are therefore conservative values for design pur

poses. However, if the tests had been conducted with a 

mooring system having an extensibility approximating that 

of the wave amplitude and a bag length long with respect 

to the wave length, the gravity excited peak mooring for

ces should be come quite small. Additional study of moor

ing systems of high extensibility is suggested. 

31. The equation for mooring forces given in Fig. 16 as der

ived from the test data is consistent ,nth ths Froude 

model law which indicates that ths dominant forces in

volved in the production of mooring force and structural 

loads are gravitational in nature. 

32. The mooring force data of Fig . 16 do not include drag or 

resistance loads that might be generated by onshore ,;inds 

or currents that may exist in a prototype installation. 

33. The mooring forces of Fig. 16 were determined with a moor

ing line slope of 1:10. Pilot tests with slopes varying 

from 1:4 to 1:10 indicated that line slope variations in 

this range had very little influen ce on the peak force 

values. 

34. Cylindrical bag assemblies fabricated from coated fabrics 

have already been developed for field storage and trans

port of fluid materials. These bags have been fabricated 

in sizes and for internal pressures approximating the 

needs of a cylindrical bag breakwater. Nodification of 

such bags and development of suitable mooring systems 

could presumably pr ovide a practical formof the flexible 

floating breakwater for protot ype use. 

33 

Limi ted tests >Ii th floating breabTaters composed of spherical bags 

were inconclusive but indicated that additional development of such units may 



disclc. s.)s ~",s .ttich =y be more rugged and easier to field assemble than 

:. - large cylindrical bags. Ther e >fere some indications that such assemblies 

might provide even better attenuation than the cylindrical bags and >Tith less 

material. 

Limited tests with a floating breakwater composed of a single large 

flat bag confirm the desirability of using a unitized construction such as the 

cylindrical bag in preference to the flat bag. 

V. TESTS OF AIR-FILLED BAGS 

A. General Considerations 

The early exploratory investigation [1) had indicated that a sub

merged, rigid, air- filled box having a limp elastic top cover could produce 

a marked att enuation of the height of waves passing over the box . Effective 

attenuation was produced ,lith the box placednear the bottom in shallo>f water 

but better attenuation occurred >Tith fixation near the water surface. In 

these tests the uidth of the air-filled unit >fas equal to the 6- in . >Tidth of 

the test channel. The tests indicated that best attenuation occurred when 

the length of the air-filled unit approximated the length of the '-lave. 

Since the prototype of an air-filled breakwater capable of attenu

ating ocean-type waves >fould be of considerable size, fabrication and field 

assembly would be very impractical if a single unit were employed. As an al

ternate a breakwater consisting of a unitized assembly appeared mor e feasible 

and was ele cted for further study. As a result the cells were made of sausage

like horizontal cylinders whose length cons tituted the >Tidth (sea-to-shore 

axis) of the breakwater. The cylinders were arranged in parallel to total the 

desired length of breakwater. This length, which was tbe clear >Tidth of the 

wave channel in which the tests >fere conducted, was respectively 6 in . and 9 

ft as the tests progressed. 

~e objective of the study program was the determination of a phys

ical syste:: whie!: ';ould permi t use of an air-filled unit which could effec

tivel, atten::ate .-aves ,lith a practical structure. 

9. 3Ioa.ll Scale Tests 

.2: initial alternate tests with the cylindrical bags a row of three 

bags !:- / -ir.. diameter and a r01' of wo bags of 2-7/8- in . di ameter >!ere 
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placed across the 6-in. test channel in water of lO-in. depth. These bags 

Here of a thin, slightly elastic polyvinyl chloride plastic and were slipped 

over metal troughs Hhich were rigidly fixed in horizontal position by a sup

port structure. The length of these sealed bags was about 40 inches. 

Wave height attenuation measurements Here made on these bags with 

a water depth of 10 in. and a range of wave lengths and steepnesses. Variables 

in the structure consisted of a basic variation of bag diameter (1-7/8 in. 

and 2-7/8 in.), variation of placement of the bag depth below the water sur

face, and variation of the relative amount of air fill in the bag. 

These initial tests indicated the following: 

1. The performance characteristics of the air-filled bags 

were quite different from those of the previously de

scribed water-filled bags. The air bags showed poor wave 

height attenuation for short wave lengths, best attenua

tion for waves ' lhich were about as long as the bags, and 

good attenuation even when the wave length greatly ex

ceeded the bag length. Attenuations as high as 90 per 

cent were obtained under the best conditions. 

2. Motion of the water wave along ' the bag axis was such that 

a traveling depression occurredin the b agbelow the peaks 

of the water waves and a traveling hump occurred below 

the troughs. An axial displacement of air occurred ,1i th 

the traveling wave in the bag. 

3. The attenuation appeared to be due to a pressure release 

action which was dependent on the volume of air available 

for displacement and the wave pressure differentials a

vailable to promote displacement. 

4. The best attenuation was generally associated with a strong 

depression and displacement of the air in the bag and oc

curred when the wave amplitude was of the same order as 

the bag depth. As the relative amplitude decreased the 

air action and attenuation diminished. 

5. Wave Height attenuation appeared to be dependent on the 

ratio between the displaceable volume of air and the vol

ume of the incident "ave with att enuation improving with 



...!'-creasOng value of this volume ratio. The greatest 

e!!eeti ~ess evidently occurred ,men a given bag was a

• SO to 15 per cent f illed., thus allowing the greatest 

~!:e air volune. Fills of zero per cent and 100 per 

=1; -rare less effective than intermediate fills. 

6. The general performance of t he small 1-7/8-in. bags was 

su.l"'rior to that of the l arger 2.-1/8-in. diameter bags 

indicating the t the amplitude t o depth ratio as dis cussed 

in i tem 4 maybe mor e important than the absolute displace

able volume as dis cussed in item 5. 

7. For a given bag sys t em the a ttenuation improved as the 

bags were positioned closer to the water surface. This 

presumably resulted from the greater pressure differentials 

present in the more active surface waters and the proximity 

of the pressure release media to the active water. 

8. The installation of air-filled bags must maintain a hori

zontal alignment of the axis . Even minor tilting of the 

bag axis contributed static pressure differences signi

fi cant to -the performance. 

9. :rhe rigid structure supporting the bags contributed at 

l east part of too attenuation action. This was evident 

when a ttenuations of mor e than 50 per cent were obtained 

in some test s with zero per cent air fill. 

On the bas i s of the above described small scale tests it was decided 

to r evise t he bag support system and to proceed with tests of the nel{ design 

in t he 9-ft channel. 

The principal design change was a shift from a rigid supporting sys

tem to a semi-rigid support in line I{i t h a more e canomi cal protot ype. In the 

semi-r igid system a limp bag was stretched over a rigid core but the core was 

moor ed to too bottom by s imple flexible lines rather than by a rigid support 

structure. This system then depended on buoyancy to support the bag in the 

proper position. 

'!'be initial testa did not establish whether the buoyant forces would 

always exceed tOO downward dynami c wave forces. In order to clarify this a 
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small assembly of the buoyant type was tested first in the 6-in. wave charnel 

before proceeding with the larger tests. These tests indicated that for a 

preferred air fill of 50 per cent or more the buoyant .forces rema1ned greater 

latter .finding depended on the weight of the bag core structure which was 

sufficiently light in the model and presumably could also be designed to be 

sufficiently light in a prototype tc assure buoyant action. 

The tests conducted in the 6-in. channel with this assembly also 

indicated that the most effective position for the bag was with the top of 

the bagas high as practical. Tests run with a cover ofl in. of water (static 

cover) on bags of 1-7IB-in. diameter and 24-in. length in 10-in. water depth 

established that the bags ;rere submerged at all times when tested with waves 

up to 3 inches. The influence of submergence in these tests is typified by 

the data of Fig. lB. 

C. Large Scale Tests 

In accord with the findings on moored air bag tests in the 6-in. 

wave channel a set of comparable bags was designed for the 9-ft channel. These 

bags were 9 inches in diameter and 10 ft in length. Each bag was attached tc 

an interior structural tee-shaped core fabricated of wood and capped on each 

end with a ;rood disk of 9-in. diameter. The bag sleeve of O.Oll-in. vinyl 

was sealed to the end disks. Both of the end disks were fitted with external 

screw eyes for attachment of the mooring cables and one disk was fitted with 

an air-filling nipple. The general arrangement of the bag core and mooring 

system is shoom in Fig. 19. Eleven of these bag units >lere spaced on about 

9-3/4-in. centers tc span the 9-ft width of the test channel. Each bag was 

anchored tc the channel floor by four galvanized steel aircraft cables of 

1/16-in. diameter arranged as shown in Fig. 19. The bags >lere anchored with 

awater cover equivalenttc about 10 per cent of the water depth or the equiv

alent of the l-in. submergence shO>In in Fig. 18. 

The 9-in. bag diameter was a some>lhat arbitrary selection but was 

based onthe fact that the tests of the 1-7IB-in. bagsin a la-in. >later depth 

(19 per cent of depth) proved superior to the 2-7IB-in. bags in a la-in. water 

depth (29 per cent of depth). Since any reduction in size is favorable tc 

the structural and mooring loads a choice of a 9-in. diameter in a 54-in. water 

depth (16 per cent of depth) was used. 
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'!:be le-ft length of the bags was selected to assure that the best 

long laborat.ory test waveof about 30-ft length would be relatively long with 

respect to the bag length . 

For the tests the bags were filled with a measured volume of air 

which was an established percentage of a full bag based on the measured di

mensions of the bag interior. Tests were conducted with 0, 30, 60, 80, and 

100 per cent air fill. 

The wave length was varied from 5 to 40 it with steepness varying 

from 0,02 to 0,10 within the generator limits as shown in Table I. 

For the air fills of 0 and 30 per cent the attenuation was poor and 

the buoyancy was insufficient to maintain a continual tension in the mooring 

when the wave length or steepness was large. 

The bag assembly oscillated longitudinally on the mooring cables at 

the incident wave frequency and generated a frontal wave reflection. 

of the records showed this reflected wave heightto average between 

Analysis 

10 and 15 

per cent of the incident wave height with a maximum of about 20 per cent. 

Corrparison of the 60, 80 , and 100 per cent fill data showed rela

tively little difference for 60 and 80 per cent fill but the 100 per cent fill 

was significantlypoorer in attenuation performance. In view of this only the 

attenuation data for the 60 per cent fill is shown in the summary graph of 

Fig. 20. 

From this data and related observations the following points may be 

made over and above those which were indicated earlier in the small scale 

tests: 

I, The large scale tests indicate that the most effective 

attenuation occurs when the wave lengthis about twice the 

bag length, This is a ver y favorable length ratio when 

compared with the performance data of either the small 

scale air-filled bags which peaked at a length ratio of 

slightlymore than unity (see Fig, 18) or the liquid-filled 

bags which show good attenuation only when the length ratio 

was considerably less than unity (see Fig. 10). 

2. The maximum attenuation of around 90 per cent that can be 

achieved with the air-filled bags is not as high as can 

be achieved with the water-filled bags, 



3. The maxiJllUlll attenuation and pulsing action occurs .lith 

waves of high amplitude resulting from a suitable combin

ation of length and steepness. Poor attenuation was ac

companied by poor pulsing action. 

4. For the waves of longer length and greater steepness break

ing of the waves occurred above the bags. For lesser 

lengths and steepness there was no evident br eaking. 

5. Observations with confetti in the water showed some evi

dence of abnormal local turbulence where a breaking wave 

crest jetted downward between bag units or at the shore

ward end of the bag when the bag depression swept to this 

end. P"",wever, this turbulence appeared insufficient to 

account for the energy dissipation accompanying the ob

served wave height attenuation. It may, therefore, be 

inferred that the air bags provide a pressure release ef

fect or damping a ction which alters the general me chanism 

of the wave rather than providing a local r egion of high 

energy dissipation. 

6. The frequency-of the wave transmitted from the air-filled 

bags was not always the same as the frequency- of the in

cident wave. An approximate doubling in the frequency

accompanied by shortening of length occurred in the trans

mitted wave for many test conditions. 

39 

The tests describeddid not include measurement of the dynamic moor

ing forces. Ihder some conditions it may be presumed that these forces may 

be quite high. In view of the fact that the mooring forces required to Over

come the buoyant forces alone will be very high, the combined dynamic and 

static forces present a formi(,able mooring structure. For example, if a de

sign wave of 400-ft length and 10-ft height is to be attenuated in 40 ft of 

water, a bag of about 200-ft length and 6-ft diameter would be required. Such 

a bag with 75 per cent air fill would have a buoyancy- of about 22 tons per 

front foot of protected beach. Dynamic forces might possibly contribute con

siderably IOOre to this upward force but would be partially balanced by the 

dead >!eight of the core structure required to maintain the bag in hori'Z.ontal 

position. 
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VI. AIR-FIU.ED BAGS--CON CLUSIONS AND RECOMMENDATIONS 

A breakwater consisting of parallel, air-filled, horizontal c,rlin

drical bags with axes perpendicularto the wave crest and with tops submerged 

slightly below the wave troughs is capable of providing up to 90 per cent at

tenuation of wave height. 

The wave attenuation of an air-filled bag appears to involve a pres

sure release effect which is dependent on the displacement of the air in the 

bag. 

Effecti ve displacement of air in the bag is evidenced by a traveling 

depression .in the crown of the bag with the depression occurring below the 

wave crest. 

Displacementof air and the resulting attenuation in the bag is least 

when the bag is zero or 100 per cent full of air and the best wave attenuation 

occurs with bags which are 50 to 75 per cent filled. 

Effective displacementof air requires adequate motivating pressure 

differentials and is evident only when the wave amplitude considerably exceeds 

the depth of the bag. A bag of shallow depth will be required t o attenuate 

waves of small amplitude but will have inadequate volume for effective atten

uation of waves of large amplitude. 

For effective attenuation of ocean-type waves in shallow water or 

offshore conditions the diameter of the bag should probably be a bout 15 per 

cent of the water depth . 

As shown in Fig. 20 the air-filled bag is notable in that effective 

attenuation can be obtained with waves which are more than twice as long as 

the bag str ucture. 

Attenuation effects for a given bag assembly decrease as the bag 

submergence increases. However, a minimum submergence of about 10 per cent 

of the water depth is r ecommended for protective cover of the bag. 

The mooring system for the bags must maintain the bag axis hori

zontal within narrow limits or the resulting static pressure differences will 

be significant to the bag performance. 

The rigid structure required to maintain the bag in position con

tributed a large partof the wave attenuation as evidenced by measured atten

uations of over 50 per cent for bags which contained zero air. 



A portion of a good attenuation action was evidently due to a break

ing of the incident wave over the top of the bag. 

Th.e frequencyof the wave transmitted shoreward from the air-filled 

bags was not always the same as the frequency of the incident wave. An approx

imate doubling of frequency and halvingof length occurred for many test con

ditions. 

The pulsation of the bag which accompanies effective attenuation of 

a high wave is a relatively severe flexure action which will require a costly 

bag construction if air-tight conditions are to be maintained. 

The formidable underwater core structure and heavy moorings asso

ciated with adapting the air-filled cylinders to a large scale prototype and 

the vulnerability of these bags to damage and leakage are not attractive when 

compared to the relative simplicity of the surface-floated, water-filled cy

lindrical bags. 

• 
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(0) The Wave Generator 

(b) A Generated Wave of length 15 ft and Height 1.5 ft 

(The roughened su rface condition is due to reflectio ns 
from a test breakwater in the channel) 

Fig. 2 - The Wave Generator 
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APPENDIX A - TEST DATA 

The following measured and calculated data relate to large scale model tests conducted 

in the 9 it wide (B .. 9), 4.5 ft deep (d) wave channel using a row of ei ght vinyl bags of 20-£t 

length (La) and 13-in. diaJMter filled with water ( "Y. 62.4) and moored with a single mooring 

line at a slope of 1 :10. 

Incident Wave Moor ing Force Wave Wave Wave lla- Md 
Te.t Bag length Height Steep- Height fiected M 

Hr YBI?w No. Fill Vta nesa 
Atten. Wave Base Peak Total 

L,. Hr Il:r/L,. x 10-5 
% ft ft % % l b. lb. lb. 

1 lOU 10 0,5 0.18 0.018 73 17 0 0 0 
2 100 10 0.5 0.56 0.056 80 13 3 46 49 700 
3 100 10 0,5 0.90 0.090 83 9 4 43 47 416 
4 100 20 1 0.41 0.021 67 18 0 17 17 83 
5 100 20 1 1.19 0.0$9 55 18 
6 100 20 1 0.38' 0.019 63 8 9 16 25 132 
7 100 30 1.5 0.62 0.021 43 6 0 25 25 36 
8 100 40 2 0.57 0.014 28 22 0 36 36 32 
9 95 40 2 0.56 0.014 11 14 0 48 48 43 

10 95 30 1.5 0.64 0.021 32 9 0 19 19 27 

11 95 20 1 0.36 0.018 11 3 0 8.5 8.5 47 
12 95 7.5 0.375 0.48 0.064 73 12 1 9 10 300 
13 95 7.$ 0.375 0.17 0.023 57 4.$ 0 0 0 
14 95 7.5 0.375 0.29 0.040 67 9 1 3 4 200 
15 95 1$ 0.75 0.26 0.018 47 10 0.7 7.3 8 108 
16 95 15 0.75 0.52 0.034 66 6 2 31 33 2)0 
17 95 25 1.25 0.36 0.015 35 1 0 5 5 18 
18 95 25 1.25 0.67 0.027 52 11 0 35 35 67 
19 95 10 0.5 0.195 0.0195 65 8 0 0 0 
20 95 10 0.5 0.45 0.045 58 17 1.4 9 10. l 181. 

21 95 10 0.5 0.63 0.063 85 25 3.5 10.5 1l 176 
22 95 10 0.5 0.87 0.087 90 1.4 13 3$ 48 UD 
23 90 10 0.5 0.22 0.022 50 3 0 0 0 
24 90 10 0.$ 0.63 0.063 62.5 6 2 18 20 256 
25 90 10 0.5 1.03 0.103 69 8 8 36 44 344 
26 90 20 1 0.48 0.024 15.8 6 0 4 4 16 
27 90 30 1.5 0.65 0.022 30 7 0 14 14 20 
28 90 40 2 0.64 0.016 15 13 0 10 10 4 
29 90 20 1 1.27 0.064 63 3 0 106 106 168 
30 95 20 1 1 0.050 59 9 5 70 75 150 

31 95 20 1 1.16 0.058 37 12 0 11$ 115 198 
32 95 15 0.75 0.83 0.055 71 10 4 57 61 260 
33 95 7.5 0.375 0.16 0.021 $7 16 0 0 0 
34 95 7.5 0.375 0.30 0.040 64 7 4 0 4 185 
35 95 20 1 0.43 0.022 40 6 10 19 29 136 
36 95 19 0.95 0.37 0.019 28 4 0 14 14 84 
37 95 21 1.05 0.51 0.024 34 5 0 13 13 45 
38 95 25 1.25 0.68 0.027 34 4 0 19 19 36 
39 95 25 Bags spl1 t open 
40 100 5 0.25 0.13 0.026 81 4 0 0 0 

41 100 5 0.25 0.22 0.044 83 0 0 0 
42 100 5 0.25 0.31 0.063 88 9 0 0 0 
43 100 5 0.25 0.$4 0.107 90 16 0 2 2 130 
44 100 10 0.5 0.25 0.025 90 17 0 0 0 
45 100 10 0.5 0.43 0.043 85 9 1 1 2 40 
46 100 10 0.5 0.64 0.064 86 8 8 4 12 152 
47 100 1$ 0.75 0.34 0.022 67 7 2 2 4 43 
48 100 15 0.75 0,59 0.039 61 9 2 18 20 160 
49 100 19 0.95 0.42 0,022 55 5 2 12 14 73 
50 100 19 0.95 0;88 0.046 52 7 2 52 54 136 
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APPENDIX B - TEST DATA 

The following measured and calculated data relate to small scale model tests 

conducted in the 24 in. wide (B ~ 2), 12 in. deep (d) wave channel using a row of eight 

vinyl bags of 53- in. length (La) and 2.87-in. diameter filled with water ( Y = 62 .4) 

and moored with a single mooring line at a slope of 1 :10. 

Incident Wave Total Md 
Wave Wave Steep- Wave Re- Mloring HI YBL2

w Test Bag Length 
LjLB 

Height Height fleeted Force 
No . Fill 

ness Atten. Wave 
Lw HI Hr;tw 

M 
x 10.5 

% ft ft % % lb. 

60 100 1 0.22 0.022 0.022 100 8 0 0 

61 100 1 0.22 0 .045 0.045 100 15 0 0 
62 100 1 0.22 0.062 0.062 92 19 0 0 
63 100 1 0.22 0.088 0.088 100 17 0.12 1080 
64 100 1 0.22 0.096 0.096 96 10 0.25 2250 
65 100 2 0.44 0.050 0.025 85 8 0 0 
66 100 2 0.44 0.079 0.039 85 5 0 0 

67 100 2 0.44 0.110 0.055 85 9 0.12 225 
68 100 2 0.44 0.166 0.083 88 10 0.30 355 

69 100 2 0.44 0.220 0.110 85 6 0.55 520 

70 100 3 0. 67 0.062 0.021 75 7 a 0 

71 100 ) 0. 67 0.116 0.0)9 77 14 0.)0 240 
72 100 ) 0.67 0. 218 0.072 82 14 1 410 

73 100 3 0. 67 0.258 0.086 81 16 2 700 

74 100 3 0.67 0.282 0.094 82 11 2.4 760 

75 100 4 0.89 0.105 0.026 76 10 0.5 240 

76 100 4 0.89 0.200 0.050 75 16 2 505 

77 100 4 0.89 0.276 0.069 75 15 3.1 570 

78 100 4 0.89 0.325 0.081 74 10 4.6 730 
79 100 5 1.11 0.125 0.025 70 7 1 260 

80 100 5 1.11 0.238 0.047 63 9 2. 5 340 

81 100 5 1.11 0.305 0.061 52 7 4.6 490 
82 100 6 1.33 O .1~9 0.02l 37 10 1 176 

83 100 6 1.33 0.270 0.045 38 11 4 340 
84 100 7 1.55 0.146 0.021 42 25 2. 2 250 
85 100 7 1.55 0.270 0.0)9 38 14 3.4 325 
86 100 8 1.78 0.160 0.020 32 13 0.5 40 
87 95 1 0.22 0.020 0.020 100 10 0 0 
88 95 1 0.22 0.045 0.045 100 5 a a 
89 95 1 0 . 22 0.069 0.069 100 6 0 0 

90 95 1 0 .22 0.082 0.082 96 10 0 0 

91 95 1 0.22 0.090 0.090 96 15 a 0 

92 95 2 0.44 0.036 0.018 100 14 0 0 

93 95 2 0.44 0.080 0.040 100 10 0 a 
94 95 2 0.44 0.114 0.057 94 10 0.25 455 

95 95 2 0.44 0.162 0.081 95 13 0.60 770 
96 95 2 0.44 0.212 0.106 98 10 1 970 

97 95 3 0.67 0 .077 0.026 78 13 0 0 

98 95 3 0. 67 0.123 0.041 80 6 0.25 180 

99 95 3 0 .67 0.159 0.053 89 5 0.75 420 
100 95 3 0.67 0.275 0.091 96 6 1.75 580 
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Incident Wave 
Wa .... ~Ia .... Wa .... Re- Total Md 

Teet Bag Length 
L.lLB 

Height Steep- Height fleeted Mooring 
HII' BL2w 

No. Fill ness Force 

I." 
Atten. Wa .... 

HI HIfi.w 
M 

x 10-5 
% ft ft % % lb. 

101 95 3 0.67 0.330 0.110 93 8 3 810 

102 95 4 0.89 0.078 0.020 63 1 0 0 

103 95 4 0.89 0.165 0.041 82 3 0.90 280 

104 95 4 0.89 0.252 0.063 82 13 2.75 550 
105 95 4 0.89 0.400 0.100 80 10 5.25 660 

106 95 5 1.11 0.120 0.024 66 5 0.4 108 

107 95 5 1.11 0.235 0.047 64 6 2.25 310 
108 95 5 1.11 0.330 0.066 53 8 3.25 325 
109 95 6 1.33 0.134 0.022 41 7 0.6 102 
110 95 6 1.33 0.286 0.048 44 19 2.8 220 

111 95 7 1.55 0.171 0.024 35 15 1.3 126 

112 95 7 1.55 0.300 0.043 37 10 2.5 140 

113 95 8 1.78 0.170 0.021 32 26 1.5 110 

114 90 1 0.22 0.014 0.014 100 6 0 0 

115 90 1 0.22 0.038 0.038 100 7 0 0 

116 90 1 0.22 0.053 0.053 100 17 0 0 

117 90 1 0.22 0.080 0.080 100 17 0 0 

118 90 1 0.22 0.110 0.110 100 9 0 0 

119 90 2 0.44 0.044 0.022 82 18 0 a 
120 90 2 0.44 0.079 0.039 79 11 0 0 

121 90 2 0.44 0.120 0.060 86 6 0.4 680 

122 90 2 0.44 0.167 0.083 89 10 1 1240 

123 90 2 0.411 0.204 0.102 90 12 1.25 1280 

124 90 3 0.67 0.077 0.026 56 9 0 c 
125 90 3 0.67 0.138 0.046 66 9 0.5 320 

126 90 3 0.67 0.163 0.054 65 13 1 545 
127 90 3 0.67 0.204 0.068 66 12 1.2 530 
128 90 3 0.67 0.268 0.089 70 6 2.6 870 

129 90 4 0.89 0.072 0.018 36 7 0 C 

130 90 4 0.89 0.140 0.035 66 2 0.75 275 

131 90 4 0.89 0.242 0.060 64 3 2.25 490 

132 90 4 0.89 0.292 0.073 74 10 3 520 

133 90 5 1.11 0.110 0.022 47 6 0.5 1$6 

134 90 5 1.11 0.183 0.037 50 9 1.6 285 

135 90 5 1.11 0.291 0.058 54 9 3.3 370 

136 90 6 1.33 0.158 0.026 42 5 1.1 160 

137 90 6 1.33 0.268 0. 047 47 6 1.8 152 

138 90 7 1.55 0.192 0.027 31 13 1.2 105 

139 90 7 1.55 0.324 0.046 33 8 1.5 78 

140 90 8 1.78 0.175 0.022 28 10 0.75 55 


