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PREFACE 

Authority to carry out this inves tigation was granted the US Army ~nBi­

nee r Waterwa) ~ ~xperi ment Station' s (WES) Coastal EngiL ~cring Res earch 

Center (CERC) by t :1c Headquarters, US Army Curps of Engineers (HQUSACE), under 

the Rep air, Evaluation , Maintenance, and Rehc.lJili tation (REMR) Re search Pro­

gram Work Uuit No. 32325, "Use of Dis similar Armor for Repair and Rehabilita­

tion of Rubb le-Mound Coastal Structures." 

Tests of dolos and tribar overlays for existing armor stone, which ful­

fill one milestone of this work unit, were conducted under the general direc­

tion of Mr. James E. Crews, and Dr . Tony C. Liu, REMR Overview Committee, 

HQUSACE; Mess rs. Jesse A. Pfeiffer, Jr., Directora te of Research and Develop-­

ment, HQUSACE; John W. Lockhart, Coastal Technical Monitor, HQU SACE; and 

Will iam F. McClee se, REMR Program Manager, WES , and D. D. Davidson, REMR 

Coastal Problem Area Leader. 

The study was conducted by personnel of CERC unde r the general direction 

of Dr. James R. Houston, Chief, CERC, Mr . Charles C. Calhoun , Jr., Assistant 

Chief, CERC, Mr. C. E. Chatham, Chief, Wave Dynamics Division, and 

Mr. Davidson, former Chief, Wave Research Branch. Tests were planned by 

Mr. R. D. Carver, Pr incipal Investigator, and Ms. B. J. Wright, Civil Engi­

neering Technician, both of the Wave Res earch Branch, CERC. The model was op­

erated by Ms. Wright, ass isted by Mr. Frank James, Engineering Technician, and 

Mr. Greg Gastrell, Engineering Aid, under the supe rvision of Mr. Carver. Thi s 

report was prepared by Mr. Carver and Ms. Wright. 

Commander and Director of WES at the time of publication of this report 

was COL Dwayne G. Lee, CE . Technical Director was Dr. Robert W. Whal in. 

1 



CONTENTS 

Page 

PREFACE • ... . ~ . . . . . . . . . . . . . • . . . . . . . .. . . . • . . . . • . . . . . . . . . .. . . . . . . . . . . . . . . . . 1 

CONVERSION FACTORS, NON- S I TO SI 0'1' TlUC ) 
UNITS OF MEASUREi,;t.NT. . • . • • • • • • • • • • • • • • . . • . . . . • . . • • • • • • • • . . . . . • • • • • • • • 3 

PART I: INTRODUCTION • • ..... • • •• •.••• •••••. .. ..• ••••••••••••••••. . . ••• 

Background . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . ,. .. ............. . 
Approa c1t .. .................. .. ..... . . .......... . .... ..... ........ . 
Purpose o f Study .••••••••••••• • ••••.••• ••••••••••• • •.•. .. ·, • • •• •••• 

PART II: TESTS ....... ... . .. ...••..••.. .. . ........ .....•..... .......... 

Stability Scale Effects •••••• •••••••••••• .•••••• •• • •••••••••• •• • .• 
Test Procedures .......... ..... .............. .......... .......... . . 
Test Equipment . .................................................. . . 
Selection of Test Conditions •••. .. ••• • ••• •••••••••• ••••.•••• •••••• 

4 

4 
5 
5 

6 

6 
6 
9 

10 

PART I I I: TEST RES ULTS........ .......... .. . ... . .. . ........ ... . .... .... . 13 

Sea-Side Structure Slope = 1V on 2H...... .. . ••••••••••• •••••• . • • •• 13 
Sea - Side Structure Slope = 1V on 1.58....... .......... .......... .. 13 

PART IV: CONCLUSIONS ..• .••..•••... I •• •••• • •••••••••••• •• ••••• ••••••••• 17 

REFERENCES. • • • • • • • • • • • . • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 18 

TABLES 1 and 2 

PHOTOS 1-1 9 

APPENDIX A: NOTAT ION . ..... ........ .............................. ....... A1 

2 



CONVERSION FACTORS, NON-SI TO SI (METRIC) 
UN ITS OF MEASUREMENT 

Non·-RI units of measur eme11t used in this r ~rnrt can be converted to SI 

(metric) 1m its as follows: 

Mul tiply B To Obtain 

degrees (angle) 0. 0 174532 9 radians 

fe et 0.3048 metres 

inches 25.4 millimetres 

pounds (mass) 0. 4535924 kilograms 

pounds (mass) per cubic fo ot 16.01 846 kilograms per cubic metre 

square feet 0. 09290 30 /, square metres 

tons (mas s) per square foot 9,764.856 kilograms per square metre 
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STABILITY OF DOLOS AND TRIBAR OVERLAYS FOR REHABILITATION 

OF STONE-ARMORED RUBBLE-MO UND BREAKWATER AND .JETTY 

TRUNKS SUBJECTED TO BREAKING WAVES 

PA~T I: INTRODUCTION 

Background 

1. The experimental investigat ion described herein constitutes a por­

tion of a research effort to provide eng ineering data fo r the effective and 

economical rehabilitation of rubble-mound breakwaters and jet ties. In this 

study, a rubble-mound breakwater or jetty is defined as a protect ive structure 

constructed with a core of quarry-run stone, sand, or slag and protected from 

wave action by one or more stone und 2rlayer s and a cover layer composed of 

selected quarrystone or specially shaped concrete armor units. 

2. Previous investigations under Work Unit No. 31269, "Stability of 

Breakwaters," have yielded a sign ificant quantity of design information for 

new construction using quarrystone (Hudson 1958 and Carver 1980, 1983), tetra­

pods, quadripods, tribars, modified cubes, hexapods, and modified tetrahedrons 

(.Jackson 1968), dolosse (Carver and Davidson 1977 and Carver 1983), and 

toskane (Headquarters, US Army Corps of Engineers 1978). Rehabilitation proj­

ects on several of the Corps' rubble-mound structures have revealed a total 

lack of design guidance or even information concerning the interfacing and 

stability response of armor units that are of dissimilar type and/or size. In 

the past, sel ection of new armo r type, method of interfacing, and procedures 

for preparation of the existing section have been based on eng ineering judg­

ment or, more recently, on site-specific modil studies. The engineering judg­

ment process may be expensive since experience is limited and a solid basis 

seldom exists. This process can lead to recurring failures that cost mil lions 

of dollars without developing a real solution to the long-t erm problem. Site­

specific model studies have provided good singular solutions, but site­

specific data usually fail to meet the requirements of other projects (Carver 

1988). It i s anticipated that the problem will become more acute in future 

ye ars as rehabilitation of major breakwaters and jetties be cc>,;tes necessary to 

ex tend their project life or to meet greate r design demands. 
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Approach 

3. Ho del breakwaters and armor units are us ed to exper imentally i n­

ves tigate the stability response uf various armor comulJ."ti ons for selected 

struc ture geometries an d wave conditions . ~~ would be an extremely extensive 

task to comprehensively in~es tigate all differen t type s of existing acmo r 

units; therefore, this research e ffort will addres s only the three types 

(stone, dolos, and tribars) of armor mos t commonly used in the Corps. Selec­

tion of these armo r types should give tes t results the widest range of appli­

cability possible. Tests will be conducted with breaking wave conditions on 

no-damage, no-overtopp ing breakwater trunk and head sections by using sea-side 

slopes of lV on l . SH and lV on 2H. 

Purpose of St udy 

4. The purpose of the present investigation was to obtain design guid­

ance for dolos and tribar overlays used to rehabilitate stone-armored 

rubble - mound breakwater and jetty trunks subjected to breaking waves . More 

specifically, it was desired to determine the minimum weight of individual 

armor units (with given specific weights) required for stability as a function 

of the type of armor unit, sea-side slope of the structure, wave period, wave 

height, and water depth. 

5 



PART II: TESTS 

~t1hility Scale Effects 

5. If th e a bso] ute sizes of experimenta l breakwat e - r,aterials and wave 

dimensions become too ~ma ll, flow around the armor units enter s the l aminar 

regime , and the induced drag fo rc es become a dire ct f unction of the Reyno] ns 

number. Und er these circumstances prototype phenomen a are not properly simu­

lated, and stability scale effects ar e i nduced. Hudson (197 5) presents a de­

tailed discussion of the design requirements necessary to ensure the preclu­

sion o f stability scale effects in small-scale breakwater tests and conc ludes 

that scale effects will be negligible if the Reynolds stability number (~)* 

where 

g 

H 

Q, 
a 

acceleration due to gravity, ft / sec
2 

wave height, ft 

charac teristic length of armor unit, ft 

v = kinematic viscosity 

is equal to or greater than 3 x 10
4

. For all tests reported herein, the sizes 

of experimental armor and wave dimensions were selected such that scale 

effects were insignificant (i.e., ~ was greater than 3 x 10
4
). 

Test Procedures 

Method of const ruct ing test sections 

6. All exper i1~ent al breakwater sect ions we re construct ed to reproduce 

as close ly as possible results of the usual methods of constructing full-sca le 

breakwaters. The core material wa s dampened as it was dumped by bucket or 

shove l into the flume and was compact ed with hand trowels to simulate natural 

consol idation result ing from wave action during construction of the prototype 

* Symbo l s are identif ied in AppendiY A, 

6 



structure. Once the core material was in place, it was sprayed with a 

low-veloc ity water hose to ensure adequate compaction of the material. The 

underlayer stott0 was then added by shovel and smoothed - o grad e by hand or 

with trowels. No exces ~~ve pressure or compaction was appl i~0 i·•ring place­

ment of th e underlayer stone . Armor units us ed in t he cover laye rs were 

placed in a random manner corresponding to work pe rformed by a general coastal 

contractor; i. e., the y were individually placed but were laid down without 

s pecial orientation or fit ting. After each test series the a rmor units were 

removed from the breakwater, all of the underlayer stones were replaced to the 

grade of the original test section , and the armor was replaced. 

Selection of crit ically breaking waves 

7 . For the given wave period and wa ter depth, the most de trimental 

breaking wave (i .e. , the most damaging wave) was determined by increasing the 

stroke adjustment on the wave gene ra tor in small increments and observing 

which wave produced the most severe breaking wave condition on the experimen­

tal structures. Wave heights of lower amplitude did not form the critical 

breaking wave and wave heights of larger amplitude would break seaward of the 

test structures and dissipate their energy so that they were less damaging 

than the critically tuned wave. 

8 . A typical stability test series consisted of subjecting the tes t 

sections to attack by waves of given heights and periods until all damage had 

abated or the structures failed. Test sections were subjected to wave attack 

in approximately 30-sec intervals between which the wave generator was stopped 

and the waves were allowed to decay to zero height. This procedure was neces­

sary to prevent the structures from being subjec ted to an undefined wave sys­

tem created by reflections from the experimental breakwater and wave gene ra­

to r. Newly built test sections were s ubjec ted to a short dura tion (five or 

six 30- sec intervals) of shakedown by using a wave equal in heigh t to about 

one-half of the design wave. This procedure provided a means of allowing con­

solidation and armor unit seating that would normally occur during prototype 

construction. 

Method of determining damage 

9 . In order to evaluate and compare breakwater stability test results, 

it is necessa1y to quantify the char tPe s that have taken place in a given 

structure during a na.ck by waves of s peci fied characteristics . The US Army 

Engineer Wat erways Experiment Station (WES ) developed a method of measuring 

7 



the percent damage incurred by a test section during the early 1950's. This 

method has proven satisfactory and was used as a means for analyzing and com­

paring the stabil i ty t es ts delineate d within this repor t. 

10. The WES c1 A· n i6e --measurement tecbn. :·_u e requires that the c 1 0Ss ­

sect i onal a rea occupied b} ~ rmor units be de t e r mi ned for each stabil i ty t est 

section. Armor unit area is compu ted fr om elevations ( sound ings) taken at 

c losely spaced grid- poin t locations before t he armor is plac ed on the under­

l ayer , after the armor has been placed bu t before the section h 2 < been sub­

jected to wave attack, and f ina lly after wave a ttack. Elevations a re obtained 

with a sound i ng rod equipped with a circular spirit level for plumbing, a 

scale graduated in thousandths of a foo t, a nd a ball-and-socket foot for 

adjustment to the irregular s urface of the breakwater slope. The diameter 

(Diam) in i nches of the circular foot of the s ounding r od was related to t he 

size of the mat e r ia l be ing sounded hy t he following equation: 

Diam (1) 

where 

C coefficient 

w weight of an armor unit, lb 
a 

Ya specific weight of armor unit, pcf 

c = 6.8 for tribars and stone and 13.7 for dolosse. A series of sounding 

tests in which both the weight of the armor and the diameter of the sounding 

f oot were varied indicated that the above relation would give a . measured 

thickness which visually appeared to represent an acceptable two-layer 

thickness. 

11. Sounding data for each test section were obtained as follows: 

afte r the underlayer wa s in place, soundings were taken on the slopes of the 

structur e along rows beginning a t and parallel to the longitudinal center line 

of the structur e and extending in 0.25- ft horizontal i nc rements until the edge 

of the armor wa s r eached. On each parallel row, sounding po ints, spaced at 

0 . 25-ft increments, were measured. The 0.5 f t of structure nex t to each wall 

was not considered because of the possibility of discontinuity effects between 

armor units and the flume walls . Soundings were taken at the same points once 

* A table of fact or s for converting non- ::.; J units of measurewPnt t o 
SI (me tric) units i s p-re sented on page 3. 
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the armor was in place and again after the structure had been subjected to 

wove a ttack. 

12 . Sounding data J ··;~ ea ch stability l est were reduced in t he f ollow­

ing . manne1.·. The individual s0nr: ing po ints obtailled u .. each parallel r ow were 

averaged to y 1~ i~ an average elevu~~on at t he bottom or L ! mn r layer befm 

t he armor was placed arn then at the top of the armor layer Defore and after 

tes t ing. From these values , the cross-sectional armo r area before tes ting a nd 

the area fr om which armor unit s were displaced (ei ther downslope or off the 

s ection) were cal cu l ated. Damage was then determined fr om the following 

r elation: 

Percent damage C) 

where 

area from which armor uni t s have been disp l aced, ft
2 

b f . f 2 area e ore test1ng, t 

The percentage given by the WES sounding technique is, therefore, a measure­

ment of an end area which conver ts to an average volume of armor material that 

has been moved f rom its original location (either downslope or off-structure). 

Test Equipment 

13. All tests were conducted in a 5-ft-wide, 4-ft- deep, 119-ft-long 

concrete wave flume with test sections installed about 90 ft from a vertical 

dis pla cement wave generator. A thin divider was installed in the center of 

the test section area, thus yielding two 2.5-ft-wide sections. The first 

10-ft length of f l ume bottom, immediate ly seaward of the test sections, was 

mold ed on a lV-on- lOH slope while the remaining 80-ft length was f lat . The 

generator is capable of producing sinusoidal wave s of various periods and 

heights. For a l l tests, waves of the required characte ristics were generat ed 

by varying the f requency and amplitude of the plunger motion. Changes in 
water-surface elevat i on as a function of time (wave heights) were measured by 

electrical wave-height gages in t he vicinity of where the toe of the tes t 

sections was to be placed (without t he structure in place) and recorded on 
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chart paper by an electrically operated oscillograph. The electrical output 

of the wave gages wa s directly proportional to their submergenc e depth. 

Se l ertion of Test Condi tions 

14 . Breaking wave te sts were conducted using both tribar and dolos 

armor over lays. A review of past site-speci f r st ab i lity project s Rnd hydro­

graphic da ta s howed that typical pro totype sea-bo~ LI•ill s lopes could range f r om 

a lmost flat t o as steep as lV on lOR. Severity of breaking ac tion increases 

a s bottom slope increases and since time restraints would allow testing of 

only one foreslope, it was decided to use a l V-on- lOH slope, thus ensuring 

severe depth- limited breaking \.Jc:.ve ac tion (plung i ng breakers ). When breaking 

directly on t he s t r ucture , this t ype of wave normally causes the most damage 

to r ubble-mound s t ructures. 

15. By nondimens ionaliz ing design conditions from site-specific proj­

ects, i t was found that a relative depth (d/L) range of 0. 04 to 0.14 s hould 

include most proto type conditions encount e red in breaki ng-wave stability 

designs. A review of capabilities of t he available flume and wave generator 

showed that this range of d/L values could be achieved for a reasonable 

range of te s ting depths. 

16. The wave flume was calibra ted for depths from 0.40 to 0.95 ft in 

0 . 05-ft increments at d /L values of 0. 04 , 0 . 06 , 0.08, 0.10, 0. 12, and 0.14. 

This range of depths, and consequently breaking wave heights, proved t o be 

compatib le with t he selected armor weights and sea- side breakwater slopes. 

17. All stabil i ty tests were conduc ted on sections of the type shown in 

Figure 1 and Photos 1-3. Sea- side slopes of lV on 1.5H and lV on 2H were in­

ves tigated while the beach-side s lope was held constan t at lV on 1 . 5H . 

Heights of the s i mulated exis ting structures (prior to placement of the dolos 

or tribar overlays ) var ied from 1.0 to 1.4 f t . The height necessary to pre­

vent wave overtopping of the existing stru cture was determined fr om s lopes and 

est i mat ed wa t er depths and wave he ights to be inves tiga ted in determining 

stability coefficients (K~s) for t he dissimilar a rmor over l ays. 

18. It was assume d that the exis t i ng armor stone wa s on ly marginally 

s table a nd the doles and tribar overlays would have K equal to t hose 
0 

obta ined i n new construc t ion. Based on these assump tion s , the stable t riba r 

we ights would be appr oximate ly tfll •al to t he weigh t of the ex isting armo r st one 

10 
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and the doles weights would vary from one-half up to the armor stone weight, 

depending on the degre e of conservatism used in their select ion. A review of 

existing mod el materials was m~Je in concert with thrre assumptions a nd & 

0.55-lb stont was sele cted to simu ]'ltc ex i sting condit ions. Tes ts were con­

ducte d using 0.62 7 -1~ tribar overlays an.: 0.2 76- and 0.589-lb dolo ~ over lays. 
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PART III: TEST RESULTS 

Sea-Side Structure Slope 1V on 2H 

19. St ahili ty te st results for~ . 1ns and tribar ov 1lays constructed on 
a 1V- on-2H slope are summarized in Table 1 . Presented herein are experimen­
tal ly dete rmined K~s as f unctions of d/L and r elative wave hei~1~ (H /d). 
The stabi]ily coefficient, KD , is determined from the Hudson formula, i.e ., 

where 

w 
a 

KD stability coefficient 

S specif ic gravity of armor unit a 
a = reciprocal of breakwater slope 

Armor units were placed randomly in two layers and the number of armor units 
per given surface area was equal to that presently recommended for new con­
struction in EM 1110-2-2904, "Design of Breakwat ers and Jetties" (Headquar­
ters, Department of the Army 1986) . Photos 4-10 show typical after-testing 
conditions of structures. 

20. Figures 2 and 3 present KD as a function of d/L and H/d , re­
spec tively. These data show dolos stability to be sensitive to both d /L and 
H/d with minimum s tability occurring at the lower values of d/L and highe r 
values of H/d , i.e., longer wave periods in shallower water. These trends 
are consistent with those observed by Carver (1983) for dolos used in new con­
struction. Influences of H/d and d/L on tribar stability do not appear to 
be significant in the present dat a. The minimum ~ onserved fo r tribars is 
equal to that ob ta ined for new construc tion and to that obse r ved for dolos is 
about 15 percent less (12.8 versus 15). 

Sea-Side Structure Slope 1V on 1.5H 

21 . Stability tes t s were initiated at the 1V-on-1.5H slope usi ng dolos 
armor uni ts ·randomly placed in two layers. Resul t s of these tests, summariz ed 

13 
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in Table 2 and depicted in Photos 11-14, were similar to those obtained at the 
1V-on-2H slope. However, a sl ight decrease in slahili ty was observed . 

22. Tr ibar tests were init iated with two laye rs ,,f randomly placed 
units and an assumed ~ of 9. Th L:; st ructure proved to ih· unst able . Wave 
11e ights were progressively reduced to 0.3 3 ft wi t hout achieving stability . 
Generally, the tribars did not inte rface well with th e larger armor stone at 
this steeper s lop e and were prone to downs lope shifting. Photos 15 and 16 
show the structure af ter attack of 0. 38- and 0 .33-ft waves, re spec tively. If 
stability had been achieved, the corresponding K's 

D 
would be 4. 2 and 2.7. 

Based on these test results, randomly placed tribars are not recommended for 
overlaying exis t ing armor stone at slopes steeper thau 1V on 2H. 

23. Random tr ibar placement was . ·s ted initially becaus e this type is 
gen 1ally the most ec onomi cal and reliable t0 con struct in the fi elt;, How­
ever, one layer of uniform tribar placement in concert with large toe but­
tressing stone has been used by Pacific Ocean Division (POD) . Therefore, it 
was decided to investiga te the stability of this configuration . Based on 
POD' s experience, a but tressing stone weight about 1.3 times greater than the 
tribar weight was selected. Photo 17 shows the structure before wave attack 
and Photos 18 and 19 show typical after-testing views. 

24. Result s of stability tests for the uniformly placed tribars are 
summarized in Table 2 along with the previously discussed dolos test results. 
These data indicate a minimum stability coefficient of 7.0 for the unif ormly 
placed tribars . Figures 4 and 5 pre sent KD as a function of d/L and 
H/d , respective ly. Similar to results for the 1V-on-2H slope, dolos s tabil­
ity proved to be sensitive to d/L and H/d with minimum stability occurring 
at the lower values of d/1 and higher values of H/d and tribar stabil ity 
was not significant ly influenced by either d/L or H/d • 

25. Minor rocking and shifting of the hut tressing stone was observed 
during some of the tests ; therefore, the selected weight (1.3 tribar weights) 
is recommended as a true minimum . Also, stability results achieved for the 
uniformly placed tribars are highly dependent on the care ful placement of the 
tribars in concert wi th the buttressing st one. Specifications should clearly 
stat e that gaps between the uni ts are not accep tab le as voids invit e 0owns lope 
slippage and may lead to failure of the overlay. 
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PART IV: CONCLUSIONS 

26. Based on te s Ls and results desCl i_l r1 herein in which dolos and 
tribar armor are used to overlay existing armor ::,tone on breakwater L :-,"> l:s and 
subjected to breaking waves with a direction of approach of 90 deg, it is con­
cluded that : 

a. Randomly placed dolos are an accep table option, provided that a 
stability coe fficient of 12 is used to size the units. 

b. Dolos stability proved to be sensitive to d/L and H/d with 
minimum stability occurring at the lower va lues of d/L and 
higher values of H/d, i.e., longer wave periods in shallower 
water. 

c. Randomly placed tribars are not r ecommended at slopes steeper 
than 1V on 2H; howeve r, they may be used at milder slopes wi th 
a stability coeffic ient of 9. 

d. Uni formly placed tribars are an acceptable option f or a 1V-on-
1.5H slope provided that they are used in concert wi th the but­
tressing stone, size selec tion is based on a stability coef­
ficient of 7, and placement of the units replicates that used 
in the model. 

e. Tribar stabili ty appears to be insensitive to d/L and H/d 
for both types of placement. 
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w , l b 
a 

0.276 

0.276 

0.589 

0.58 9 

0.589 

0.589 

0.627 

0.627 

0.627 

0.627 

Table 1 

Values of H , d/L , H/d , and KD for Delos and Triba r Armo r 

Ove rlays of Existing St one Armor When Subiected to Breaking 

Waves; 1 V-ol'· 7H Structure Slop e 

d ' ft 

0.55 

0.95 

0.65 

0. 70 

0.85 

0.90 

0.55 

0.60 

0.70 

0.85 

T , sec 

l. 70 

l. 37 

l. 85 

l. 57 

]. 73 

l. 78 

H , f t 

Dolos Armor 

0.54 

0.61 

0.60 

0.63 

0. 71 

0. 77 

Tribar Armor 

l. 70 

2.32 

1.34 

1.30 

0.54 

0.58 

0.55 

0.56 

d/L 

0.08 

0.14 

0.08 

0.10 

0.10 

0.10 

0.08 

0.06 

0.12 

0.14 

H/c1 

0 .9 8 

0.66 

0.92 

0.90 

0 . 84 

0.86 

0.98 

0.97 

0 .79 

0.66 

19.5 

27. 9 

12.8 

14.9 

21.4 

27.2 

9.0 

11.2 

9.5 

10. 1 



w ' l b 
[.; 

0. 27 6 

0.276 

0.276 

0 . 276 

0 .589 

0.589 

0.589 

0.627 

0.627 

0.627 

0.627 

Table 2 

Values of H , d/L , H/d , and ~ for Dolos and Tribar Armor 

Overlays of Exist ing Stone Armo r When Subjec ted to Breaking 

Waves; 1 V- (Jn-1. 5H Struc ture Slop, 

d ' ft 

0.40 

0.45 

0.50 

0.65 

0.55 

0.60 

0 . 95 

0.45 

0.55 

0.60 

0.65 

T , sec 

2.82 

2 . 02 

1. 32 

1. 29 

1. 70 

2.32 

1. 37 

H , ft 

Dolos Armor 

0 .42 

0.46 

0.42 

0. 51 

0. 54 

0.58 

0.61 

Tribar Armor 

2.02 

1. 39 

1. 24 

1.13 

0.46 

0.45 

0.45 

0.46 

d/L 

0.04 

0.06 

0 . 10 

0.12 

0.08 

0.06 

0. 14 

0.06 

0.10 

0.12 

0.14 

H/ <.l 

1.05 

1.02 

0.84 

0.78 

0.98 

0.97 

0.64 

1.02 

0.82 

0.75 

o. 7l 

12.1 

15.9 

12. 1 

21.8 

12.5 

15.6 

18.0 

7.4 

7.0 

7.0 

7.4 



Photo 1 . End view of a typ ical dolos section before wave attack at a 
1V-on-2H sea-side structure slope; W = 0.276 lb a 

Photo 2. Sea- side view of a typica l dolos s ection before wave attack 
a t a 1V-on-2H sea- s ide structure slope ; W = 0.276 lb a 



Photo 3. End view of a typical tribar section before wave attack at a 
1V-on-2H sea-side structure slope; W = 0.627 lb 

a 

Photo 4. Sea-side vi ew after attack of 1.70-sec, 0.54-ft ~ ~vf s; 

d = 0.55 ft; W = 0. 276 lb; 1V-on-2H structure slope; dolos armor 
a 



Photo 5. Sea- side view after attack of 1.37-sec, 0.61 - ft waves; 
d = 0.95 ft; W = 0 . 276 lb; 1V-on-2H structure slope; dolos armor 

a 

Photo 6. Sea-side view after at tack of 1.85-sec, 0.60-ft waves; 
d = 0.65 ft ; W = 0.589 lb; 1V-on-2H structure slope ; dolos armor 

a 



Photo 7. End view after attack of 1.73-sec, 0.71-ft waves; d = 0.85 ft; 
W = 0.58 9 lb; 1V-on-2H structure slope; dolos armo r 

a 

1 ·-·-. 

Photo 8. En d view af ter attack of 1.78-sec, 0.77-ft waves; d = 0.90 ft; 
W = 0.589 lb; 1V-on-2H s tructure slope; dolos a rmor 

a 



Photo 9. End view aft er attack of 2.32-sec, 0.58-ft waves; d 0.60 ft; 
W = 0.627 lb; 1V-on-2H structure slop e; tribar armor 

a 

Photo 10. End ~iew after attack of 1.30-sec, 0.56-ft 
d = 0.85 ft; W = 0.627 lb; 1V-on-2H structure slope; 

a tribar armor 

waves; 



Pho to 11. Sea-side view after attack of 2.82-sec, 0.42-ft waves; 
d = 0.40 ft; W = 0 .276 lb ; 1V- on-1.5H structure slope; dolos armor 

a 

Phot o 12. Sea-s ide vi ew after attack of 1.29-sec, 0.51-f t waves; 
d = 0.65 ft; W = 0 .276 lb; 1V-on- 1.5H structure slope; dolo s armor 

a 



Photo 13. Sea-side view afte r attack of 1.70-sec, 0.54-ft waves; 
d = 0.55 ft; W = 0 . 589 lb; 1V-on-1.5H structure slope; dolos armor 

a 

PhoLo 14. End view after attack of 1.37-sec, 0.6 1-ft waves; 
d = 0.95 ft; W = 0.589 lb; 1V-on-1 .5H structure s lope; 

a dolo s armor 



Photo 15. Sea-side view after attack of 1.18-sec, 0.38-ft waves; 
d = 0.55 ft; W = 0.627 lb; 1V-on-1.5H structure slope; tribar armor 

a 

Photo 16. End view after attack of 1 .07-scc, 0.33- ft waves; 
d = 0.45 ft; W = 0.62 7 1h: 1V-on-1. 5H struc ture slope; 

a tribar armor 



Photo 17. Sea-side view of uniformly placed tribar armor before wave 
attack at a 1V-on-1.5H structure slope 

Photo 18. Sea-s ide view afte r At t ack of 2. 02-sec, 0 .46-f t waves; 
d = 0.45 ft; W 0. 627 lb; 1V-on-1. 5H struc ture slope ; un iformly 

a placed tribars 



iii¥it:+J 

Photo 19. Sea-side v iew after att ack of 1.1 3-sec, 0.46- ft wave s; 
d = 0. 65 ft; W = 0. 627 lb; 1 V-on-1. SH structure slope; uniformly 

a placed tribars 
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APPENDIX A: NOTATION 

d - I 2 Acce lera tion ue to grav 1L y , it sec 

Wave height, f t 

Rel a tive wave he i ght 

Stab i lity coefficient 

Characteristic length of armor unit, ft 

Reynolds stability number g1
/

2
H

1
/

2
£ /v 

a 
Spec i f ic gravity of armor unit rela tive to wate r in which i t is 
placed 

Wave pe r iod s ec, time 

Weight of an armor unit, l b 

Reci procal of breakwater slope 

Spec i f ic weigh t of armor unit, pcf 

Kinematic v iscosi t y 

i\1 
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