
UNCLASSIFIED

AD NUMBER

AD003744

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; FEB 1953.
Other requests shall be referred to Office
of Naval Research, Arlington, VA 22217.

AUTHORITY

Office of Naval Research ltr dtd 26 Oct
1977

THIS PAGE IS UNCLASSIFIED



THIS REPORT HAS BEEN DELIMITED

AND CLEARED FOR PUBLIC RELEASE

UNDER DOD DIRECTIVE 5200.20 AND

NO RESTRICTIONS ARE IMPOSED UPON

ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELAASEJ

DISTRIBUTION UNLIMITED$



Reproduced 6y

~md Seics echnical Information Afge nct
DOCUMENT SERVICE CENT ER'

KNOTT BUILDING, DAYTON, 2, O1HIO

"-.-U N CLASSIFE



C-,
C-4

__UNIVERSITY CALIFORNIA

~ /)INSTITUTE OF EN EKING RESEARCH

BERKELE IFORNIA

A Mo~del Study of Wave Run-up on Sloping Struotureo

Kenneth N. Grautten

3SERIE NO........................................

ISSU NO....34&8
Febrwar 1953

DATE................................................



Urdvsrity of CaLifornia
* Department of Engineering

Submitted under contract N~onr295(28)
with the Office of Waval Research (NR083-008)
and the Bureau of Ships, IMex No. NM.20219-5

Institute of Engineering Researoh
Waves Re&.arch Laboratory

Technical Report
Series 3, Iast* 348

A odal Stud of Wave Run.ug on Sloping Structures

by

Kenneth N. GranthM

Berkeley, California

February, 1953



A ode1 Stud of Wave Run-g on 81onlai Structuor

Table of Contenits

Abstract .g.e.... ... °......o•.eceeo...eeo..,. 1

In'toduo:L.on ..... ,.o.o.. *.. ..*.**.. , .** a e,.... ... &sea &goe of boos 1

aboratoz, q4ipnt .e...e geecase ze..... . .. , . ..o.e. *,,,,. 2

Experimental Proaedm ceeecgcese.ceegeececseg 2

krj?.inf .1. BgUU.t8 .oc.o.,..,,.,,.... cec.., .,,..,cc,,

Oonolusions • oo..c.....,.. .,... ........ .... ..,...... ...c..,

S Lo ......... ,.................c ,o........~eeec.e .gee ... e...

bol and otation s.,,,,,,,g.,,.e.e,ge.e.,,e.,,,o.o,.,,,a,,,,s 7

LI.st Of Figta.s t.......*. ... ,.....bas.s.,..+....... *.e.. .,,.,. 8

List of Tables e,..,....,,....,,.,.,,,.,,. .....,, ... , . ec...,, . 8

Tables cecese~eegeceeecee~ecge.geecges7ig~s ,,,..,,.oeee....e.,,,,,~..., ee...e.e..,c.... .......... 16

ai ' ,...... c.egc . .. .e. ,,. o ... ec . . . ........... ,.e...c1o

Fiue



_A )Ws, Stu of Wave Run-= on Slopin Structures

Abstract

Curves have been developed from laboratory experiments which indicate (1)
the effect of different side alone angles of a sloping structure on wave run-_p,
(2) the effect of the parameter wave steepness (H/L) on wave run-an on sloping
structures, (3) the effect of the parameter relative depth (d/L) on wave run-up
on sloping structures, and (4) the effect of structure porosity on wave run-up.
Maximum wave run-up occurs, for the range of angles examined, at approximately
30 degrees, As the wave steepness parameter (E/L) increases, the wave run-up
increases and, as the relative depth parameter (d/L) decreases the wave rum-ar
increases.

This report is concerned with a sloping structure model study, with a
presentation of the data and with an analysis of the results. The limitations
of this etudy should be noted. This study only involves the effect of the side
slope on wave run-up on sloping structures, and the effects of the two parameters
wave steepness (H/L) and relative depth (d/L) on wave run-up on sloping struc-
tures. Also tie wave approach was restricted to the direction perpendiculrtr to
the axis of the structure.

Introduction

This investigation was conducted for the primary purpose of determining
experlmentalsy the effect of side slope angle and structure porosity on wave
run-up.

For the sake of this discussion sloping structures will be construed ass

1. Breakwaters
2. Earth dams
3. Embankments along lake fronts and ocean fronts

Wave run-up on sloping structures is imortant in the problem of slope
protection in engineering structures exposed to wave action. A large amount
of energy is released when a wave peaks up, breaks and runs-up on the sloping
structure. This energy becomes apparent in the rertioal rise of water and in
the damage caused to sections of the sloping surface which are inadequately pro-
tected above the minimum wave run-up elevation.

A particular case of major importance is where a breakwater has been con-
structed for the purpose of quieting the surface of the water in the lee of ths
breakwater structure. As the model study will show, if proper angles of side
slope are not used in the design, wave run-up can become great enough to overtop
the breakwater and cause large disturbances in the quiet protected area. The
problem of orertopping is not restricted to bveakwaters and is also of major
importance in earth dam consideration.

A model stu was conductd in the wave chanrl (figure I) in the Hydraulics
Laboratory at the UniversitV of Califorula, sBerkely, fo* the VI-poe of stud ing
the effects of structure aide slope angle and structure porosity on wave run-up.
Parameters of wave staepness (NrL) and relative depth (d/L) and their effects
on wave run-up also were investigated,
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Laboratory Equipment

The experirnntal equipment consisted of the glass-walled wave charmel shown
in Figure 1. The bottom profile of the chanrl gave an effect of waves propa-
gating from deep water into shallow water (where d/L 0.5). The channel was
1 foot wide, 3 feet high and 60 feet long, with a wave generator at one end and
with a model structure at the other end. A two channel Brush recorder recorded
the water surface time history br means of wire resistance elements (Morison,191$).

The models which were used consisted of (1) a smooth flat surface with a
porosity- 0%, (2) a specially constructed box Figures 3 and 5) 6 feet long
bV 0-83 feet wide y 0.30 feet deep filled with 14 inch maximum angular stone
(Figes 4 and 5) with a porosity n 36 r and (3) the awe box filled withwell rounded pea gravel (Figures 2 and 3) with a porositr-? 2 28."%. Slope

changes by erosion were prevented in structures 2 and 3wby means of wire netting
across the exposed surface (Figures 3 and 5).

Em rimanta Pos j

The experimental procedure was tot

it Generate waves for each run, of various periods, heights and lengths in
the channel, and record the surface-time history of the waves on a Brush recorder.
This was essentially a calibration of the wave oharnel without a structure in place.

2. Install the smooth surface type struotuoe (Figure 10).

3. Keep depth constant, period constant, wave height constant, wave lenth
constant and vary the side-slope angle of the structure for each rum. the wave
run-up on the structure was measured using waves which had the saw amplitude,
period and length as waves in the original calibration of the wave channel (step 1),
(Figure 8).

4. Repeat step number 3 with a new period, new wave height, and nw wave
length (Tables 1, 2 and 3).

5. Measure wave run-up, with slope of structure constant, and varying the
wave steepness (H/L). This investigation was repeated for angles of 15 degrees,
30 degrees and 45 degrees.

6. Measure wave run-up with slope angle of structure and wave steepness
(R/L) constant and varying the relative depth (d/L). This investigation was only
completed for the anglo of 30 degrees.

7. Steps 3, 4, 5 and 6 were repeated for each type of stone structure. Data
for all laboratory measurements are ammaried in Tables 1, 2, 3,

In eac 'un, a series of about ten waves wan recorded before wave reflections
from the structure confused the record. The wave run-up on the structure wasmoasured for these initial waves. The wave machine was stopped and the water

allowed to become quiet, then the run was repeated. Each run was repeated hree -.
or more times.

Consis+ency was maintained between runs and between measurements on dif-
ferent type structures by the visual surface tine history of the waves recorded
on the Brush recorder (Figure 8). By observation of the surface time history of
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the waves, it was found that the reflected energy of the waves did not appear in
the record until approximately after the ninth or tenth wave had impinged upon
the structw!e.

Wgre run-up was defined, and measured, as the distance from the still water
level to the point where the antire face o:f the structure was wetted. Spray,
resulting from breaking waves, w1rich progressed pastthe point of wave ran-up was
not included in the measurempnL.

Experimental Results

In order to determine the effect of the wave steepness (H/L" on wave run-up,
experiments were performed on threi model structures (porosity M 0%) porosity =-9
28.9%, and porosity-n z 32.6%) over a relatively large range of values of H/L.
The angle of slope of the structure was maintained constant for each range of WL
and for each type of structure (Figure 12). This condition was investigated for
three different angles, 15 degrees, 30 degrees and 45 degrees (Figures 12, 13 and
14). For the angles oi 30 and 45 degrees (Figures 13 and 14) there is an increase
in wave run-up for increasing values of /L > 0.03. It is apparent from examina-
tion of these curves that there is agreater advantage in having structures with
high roughness coeffiaients and with relatively large porosity, Undoubtedly, the

irregularity of these curves, especiallV with the lower values of RiL, is due to
friction effecta as the waves rush ap tho slope. Supplemet4ry data on the effect
of roughness hai'ebeen studied recently in Deimark by Brtun 3)." There is a large
percentage decreases in wave run-up, for the same energy dissipation on the struc-
ture, for structures with large porosity values. It is apparent from the curves
that the free board needed to prevent overtopping of a structure io much greater
for the condition of a smooth surface than for the condition of high porosity.

Figures 16, 17, 18, and 19 were obtained in order to determine the effect of
the slope angle on wave run-up. Experiments were performed on three model struc-
tures (?E = O%, z 28.% andji a 32.6%) over a range of angles which embraced
the interval from 15 degrees to 90 degrees. The relative depth (d/L) (.d the
wave steepress (E/L) were maintained constant for each range of ang1', The
results are consistent in that the maxiinm value for wave run-up o.,:,u&, n ohe
vicinity of 30 degrees for each set of erperi.ment covering this investigat!on
(Figures 16, 17, 18 and 19). It is significant to note here that there is a
decrease in wave run-up for angles smal.er than 30 degrees and for angles largar
than 30 degrees. This fact is important 1 ) breakwater design where wave run-up is
a major problem. From current literature O it is the consensus of opinion that
the slope angle should cover the range of 1 on lI to 1 on 1-1 3/4 which unfortu-
nately very closely approximates 30 degrees for both end conditions. Pew specific
criteria exist for the determination of side-slope angles, the main consideration
is in finding an equilibrium slope in the above mentioned range.

Also, it is very significant to note in Figure 16 that there was a relatively
large wave run-up (in one casef a 0%) for values of low d/L. /L and low angle
of slope, these waves simply "surged" up the breakwater surface without breaking.
For the increasing values of H/L and d/L larger amounts of energy were dissipated
on the structure. The waves were consistent in that they all broke on the struc-
ture slope up to the 'critical" angle of 30 degrees, above 30 degrees the wave
"surged" up the slope without breaking and there was an obvious decline in wave
run-up. As the, angle of slope increased there was an increase in reflected wave
energy, consequently there was a decrease in wave run-up.

Figure 15 was obtained in order to determine the effect of the relative depth
(d/L) on wave run-up. For this particular investigation the slope angle was



maintained constant for a large range of values of d/L. The wave steepness (H/L)
also was maintained constant. The range of values for d/L covered extremes from
a very smll to a value approaching the deep-water ratio of 0.5. In all-'sases,
for an increasing value of d/L, there was an obvious decline in wave run-up for the
same amourt of energy dissipation on each type structure.

Figure 11 represents a model wave breaking on a permeable model structure.
The energy of the model wave -:as dissipated rapidly in a short distance. The
sudden loss in energy wek caused by the water flowing between the particles. The
work done was an absorption of energy by the breakwater; oonsequently, there was
a minimum of wave run-up. For model waves breaking on a smooth surface and for the
same energy as mentioned above, the energy of the wave was dissipated only as work
done by the water in climbing to a peak elevation. Little energy was absorbed by
the t-ructurel consequently, there was a maximum of wave run-up.

Conclusions

The primary aim of the laboratory program was to investigate the effect of
various slope ongles and side slope porosity on wave run-up and to investigate
the effect of the oarameters H/L and d/L. These data cover reasonable prototype
conditions. The permeable structure was assembled in such a manner as to prevent
a natural equilibrium condition on the side slope for the full range of angles
investigated (15O.o90O). Prototype stone for both sizes of model stone probably
would seek an eqailibrim slope smaller than 45 degrees. Nevertheless, the follow-
ing conclusions may be formed on the basis of this study as follows:

(a) Structure porosity has a major effect upon wave run-up,

(b) The primary variables affecting wave run-up appear to be H/L, d/L,
angle of side slope and porosity of the structure,

(o) The critical point of slope angle appears to be approximately 30
degrees. Any variation from this point, decreasing or increasing,
will probably decrease wave run-up; other things being equal,

(d) For values of increasing wave steepness (for /L > 0.03) there is
an increase in wave run-up,

(e) For decreasing values of d/L there is an increase in wave run-up.
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27mbols and Notation

1. 13ackwash - water or waves thrown back by an obstruction such as a breakwater.

2. Breakwater - aqrthing which breaks the force of waves at a particular place,
thus forming protection for vessels, etc. A solid structure - usually
of masonry, protecting A harbor, anchorage, or basin from wind and waves.
Breakwaters are frep standing structures.

3 Deep Water - where depth is greater than one-half the wave length.

Dst - vertical distance from still water level.

5. Fetch - In forecasting waves, the area of water over which the wind blows.

6. Fetch Length - In forecasting waves, the horizontal distance (in a fetch)
over which the wind blows.

7. Median Diameter - the size of the sieve opening through which 50% of a
sample by weight passes.

71. R - Vertical rise of wave on structure.

8. Reflected wave - th5 wave which is retarned seaward when a wave ipinges

uon a very steep beach or cliff.

9. Rip Rap - wall of stone thrown together irregularly.

10. Ruble- Loose, angular, and water-worn stones along a beach.

11. Shallow water - water in which the depth is less than one-half the wave
length at the particular time.

12. Still water level - the surface of the 4ater if all wave action were to cease.

13. Wave - An osillatory movement in the sea which results in an iaernate rise
and fall of the surface.

i. Wave Height - vertical distance between crest and preceding trough.
(H)

15. Wave Length - horizontal distance between successive wae crests measured
(L) per-pedicular to the crest.

16. Wave L riod - the time, in seconds, for a wave crest to traverse a distance
(T) equal to one wave length.

17. Wave steepness - the ratio of the wave t s height to its length.

18. Relative deth - the ratio of the depth to the wave length.

* 19. Wave rise parameter - the ratio of the vertical wave rise in structure to
(R/9) the wave height.
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Table One

Run Breakwater Composition Depth Wave Wave L d H Max. R
No. deg. slope of -d- Height Period; ft. L I Run-up

I Breakwater ft. -H- -T- -R-
- ft. sec. - ft.

1 90 smooth .170 2.75 14.85 o.o66 0.012 0.100 o591
I surface i

2 75 "0.98 C.170 2.75 14 0.066 0.012 0.125 C.735

3 6o 0.98 0.170 2.75 iL85 o.o66 0.012 0.130 0.765
4 45 ,0.98 0.170 2.75 14.85 0.066 0.012 0.150 .0.883
5 30 " 0.98 0.170 2.75 14.85 0.066 0.012 0.175 1.03
6 15 1_. '0.98 0.170 2.75 14.85 0.066 0.C12 0.250 1.47

8= 0 th7 15 13 o°d o.98 o.254 0.667 2.26 0.434 0.112 0.275 1.08

8 30 0.98 0.254 0.667 2.26 0.434 0.112 0.375 1,,48
9 45 0.98 0.254 0.667 2.26 0.434 0.112 0.230 0.905
10 60 0.98 0.254 0.667 2.26 o.434 0.112 0.200 0.788
1 90 0.98 0.254 n.667 2.26 0. 4340.112 o.165 c.650
12 20 0.98 0.254 %.667 2.26 0.434 0.112 0.300 1.18
13 25 0.98 0.254 0.667 2.26 0.h, 0.112 0.350 1.38
1 35 0.98 0.254 0.667 2.26 10.434 0.112 0.360 1.43

15 15 0.98 0.307 1.00 4.30 0.218 0.071 0.350 1.14
16 20 10.98 0.307 1.00 4.30 10.218 0.071 0.550 1.79
17 25 10.98 0.307 1.00 4.30 0.218 0.071 0.650 2.12
18 30 10.98 0.307 1.00 4.30 0.218 0.071 0.790 2.57
19 35 "0.98 0.307 1.00 4.30 0.21 0.071 0.600 1.95
20 45 0.98 0.307 1.00 4.30 0.218 0.071 0.475 1.55
21 60 10.98 0.307 1.00 4.30 0.218 0.071 O.h4O 1.30
22 90 10.98 0.307 1.00 430 0.218 0.071 0.350 1.114

ll

Remarksi All runs are the average values of three trials or more.



Table One (Cont'd,)

Run Breakwater Compoellion fleptJ, Wave wAve L d H Max. R
No, deg. !slope of -d- Height Period ft. t Run-up

I Breakwater ft. -H- -T- R-
ft. seo. ft.

moth
23 35 sooth '.98 0.233 1.33 6.63 0.148 0.035 0.340 1.4

sur face
24 20 0.98 0.233 1.33 6.63 0.1480.035 0.140 1.72

25 25 0.98 0.233 1.33 6.63 O.148 0.035 0.380 1.63
26 30 0.98 0.233 1.33 6.63 0.Th8 0,035 0.-425 1.82
27 35 0.98 0.233 1.33 6.63 0.1-48 0.035 0.375 1.61
28 0,98 0.233 1.33 6.63 0148 0.035 0,350 1.50

0.98 0.233 1.33 6.63 W 0.03 0.300 1.29
30 90 0.98 0.233 1.33 6.63 0.148 0.035 o.265 1,14

nl 3. t 0.98 0.075 1.o0 4.30 0.218 0.017 0.15o 2.00
board

32 1 0.98 0.112 1.00 4.30 0.218 0.031 o.2m 1.52
33 15 0.98 o.3.6 1.oo 4.300.218 0.043 0.250 1.34
34 1%5 0.98 0.225 1.00 4.30 0.218 o.o52 0.287 1.28
3 3 0.98 0.27 1.00 4.30 0.218 0.O6 0.337 1.36
36 15 0.98 0.263 1.00 1L430 o.21 ox~i 0.312 1.19
37 15 0.98 0.285 1.00 4.30 0.218 .66 0.367 1.29
38 1%5 0.98 0.318 1.00 4.30 o.218 o.074 0.387 1.22
39 15 0.98 0.329 1.00 4.30 0.218 0.76 o.425 1. 29

40 30 0.98 0.307 1.00 4.30 0.218 0.071 0.775 2.52
1 30 0.98 0.307 1.00 4.30 0.218 0.071 0.675 2.20
42 30 0.98 0.270 1.00 4.30 0.218 o.o63 o.587 2.17
43 30 0.98 0.260 1.00 4.30 0.218 o.o6 0.1475 1.83
44 30 0.98 0.210 1.OO 4.30 0.218 0.0109 o.I2 1.96

130 f 0.98 0.200 1.00 4.30 0.218 o.01? 0.300 1.50
30 0.98 0.180 2.00 4.30 0.218 0.042 0,250 1.39

47 30 0.98 0.110 2.00 4.30 0.218 0.026 0.15c 1.36
48 30 0.98 0.080 1.00 4.30 0.218 0.019 0.100 1.25

Rermakst All runs are the average vluaes of three trials.
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Table One ,Cont'd.)

Run Breaater Composition Depth Wave Wave L d H Max. ! R
No. deg. slope of -d- Height Period ft. ' L L Run-up

Breakwater ft. -H- -T_ R-
- - _ 

"  sec. _ft'

49 45 U.98 0.342 1.00 4.30 0.218 0.079 0.675 ;1.97

50 45 0.98 0.332 1.00 4.30 0.218 0.077 0.612 11.84
1 45 "0,98 0.293 1,00 4.30 0.218 0.068 C.550 1.88

52 45 O.98 0.267 1.00 4.30 0.218 0.062 o.400 1.50
* 53 45 0.98 o.245 1.00 4.30 0.218 0.057 0.325 1.33

54 45 , 0.98 o.224 1.00 4.30 o218 o.52 0.250 1.12
55 45 0.98 .184 1.00 4.30 0.218 0.043 0.200 1.09
56 45 $ 0.98 0.l O 1.00 4.30 0.218 0.033 0.150 1.07
57 45 " 0.98 0.075 1.00 4.30 0.218 0.017 0.075 1.00

58 30 board 1.23 0.178 0.70 2.50 0.492 0.071 0.200 1.12bard

59 30 0.98 0.307 1.00 4.30 0.218 0.071 0.783 2.55
160 30 1.12 0.223 0.800 3.19 0.351 0.071 0.375 1.68

Remarkst All runs are the average values of three trials.

I
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Table Two

Run Breakwater Coposition Depth Wave Wave L d H Max. fl
No. dog, elope of .- Height Period ft. T 1 Run-up

Breakwater ft. -H- -T-R
ft. se. ft.

I 18 0:.98 0.17C 2.75 14.9 o.o66 0.012 0.100 0 .59t
2 20 angular 0.98 0.17n 2.75 14.9 0.066 0.012 0.137 0. &)
3 25 etone 0.98 0.170 2.75 14.9 0.066 0.012 10.162 0.954
14 31 0.98 0.170 2.75 14.9 0.066 0.012 0.175 1.03
5 36 0.98 0.170 2.75 14.9 o0.66 o.012 .125 0.735

6 • 0,98 0.170 2.75 14.9 0.066 0.012 0.125 0.735
7 77 " 0.98 0,170 2.75 11.9 0066 0o012 0.137 0.8o6
8 90 ,, 0.98 0.170 2.75 14.9 0.066 o.012 0.175 1.03

9 21 0.98 0.307 1.00 4.30 0.218 0.071 0.300 0.979
10 17 " 0.98 0.307 1.00 4.30 0.218 0.071 0.225 0.733
11 24 0.98 0.307 1.00 4.30 0.218 0.071 0,325 1.06
12 31 0.98 0.307 1.00 4.30 0.218 0.071 0.350 1.14
13 37 , 0.98 0.307 1.00 430 0.218 0.071 0.337 1.10
14 52 0.98 0.307 1.00 4.30 0.218 0.071 0.325 i.o6
15 72 0.98 0.307 1.00 4.30 0.218 0.071 0.287 0.935
16 90 0.98 0.307 1.00 4.30 0,218 0.071 10.300 1.979

17 17 0.98 0.254 0.667 2.26 0.434 0.112 0.137 0.541
18 23 * 0.98 0.254 o.667 2.26 0.434 0.112 0.150 0.59
19 29 0.98 0.254 0.667 2.26 0.434 0.212 0.175 0.69
20 35 ,, 0.98 0.254 0.667 2.26 0.434 0.112 0.225 0.88
21 42 0.98 0.254 0.667 2.26 o.434 0.112 0.175 0.691
22 49 0.98 0.254 0.667 2.26 0.434 0.112 0.187 0.737
23 72 0.98 0.254 0.667 2.26 0.434 0.112 0.175 0.690
24 90 0.98 0.254 0.667 2.26 o.434 0.12 0.20 io.788
25 32 0.98 0,254 0.667 2.26 0.43410.112 0.200 10.788

26 17 0.98 0.233 1.33 6.63 o.148 0.035 0.2o0 0.859
27 20 0.98 0.233 1.33 6.63 0.148 O.035 0.237 1.02
28 23 0.98 0.233 1.33 6.63 0.148 0.035 0.250 .1.07
29 28 * 0.98 0.233 1.33 6.63 0.148 0.035 0.287 1.23
30 33 0.98 0.233 1.33 6.63 0.148 0.035 0.287 1.23
31 4 0.98 0.233 1.33 6.63 0.148 0.035 0.187 0.80
32 60 * 0.98 0.233 1.33 6.63 0.148 0.035 0.225 0.965
33 90 0.98 0.233 1.33 6.63 0.148 0.035 0.200 0.859
34 48 0.98 0.233 1.33 6.63 0.148 0.035 0.250 1.07
35 38 0.98 0.233 1.33 6.63 0.148 0.035 0.300 1.29
36 30 * 0.98 0.233 1.33 6.63 0.148 0.035 0.267 1.23

Remarks: All runs are the average values of three trials.
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Table Two (Cont d.)

Rum Breakwater Composition Depth Wave Wave L d H Max.

No. deg. slope of -d- Height 'Period ft. t Run-up
Breakwater ft. -H- -T- -R-

_ ft. Sec. ft,

1j in.

37 15 maze ).98 0.329 1.00 4.30 0.218 0.076 0.237 0.72
38 15 ingular 0.98 0.318 1.00 4.30 0.218 0.074 0 225 0.70
39 15 stone 0.98 0.285 1.00 4.30 0.218 0.066 0..85 0.649
40 15 0.98 0.263 1.00 4.30 C.218 o.o6i 0.167 0.635
1 15 0.98 0.247 '.00 4.30 0.218 0.o56 0.151 0.6
42 15 0.98 0.225 1.00 4.30 0.218 0.052 0.140 0.62c
43 15 " 0.98 0.156 1.00 4.30 0.218 0.043 0.1.9 0.640
44 15 0.98 o.164 1.00 4.30 0.218 0.037 c.lo6 c.646
45 15 0.98 0.132 1.00 4.30 0.218 n.031 0.094 0.712
4615 , 0.98 0.075 1.0 4.3o 0.218 o.017 06073 0.971

,'7 30 0.98 0.307 1.00 4.30 0.218 0.071 0.292 0.953
4Q 30 0.98 0.307 L00 4.30 0.218 0.071 0.258 0.840
49 30 0.98 0.270 1.o 4.30 0.218 0.o63 0.229 0.849
50 30 * 0.98 0.260 1.00 4.30 0.218 0.060 o.185 0.712
5L.3o 0.98 0.210 1.00 4.30 o.218 0,049 0.172 0,81C
52 30 0.98 0.200 1.00 4.30 0.218 0.047 0.154 0.770
53 30 0.98 0.180 1.00 4.30 0.218 0.042 o.115 0.639
54 30 0.98 0.150 1.00 4.30 0.218 0.035 0.096 0.639
55 3o 0.98 0.110 1.0 4.30 0.218 0026 0.078 0.70856 _0 1 0.98 0.080 zIoC 4,30 0,218 C.019 0.055 0.684

57 45 0.98 0.342 1.00 4.30 0.218 0.079 0.336 0.983
58 45 0.98 0.332 1.00 4.30 0.218 0.077 0.276 0.832
59 45 0.98 0.293 1.00 .30 0.218 o.o68 o.268 0.914
60 45 0.98 0.267 1.00 .30 0.218 0.062 0,258 0.968

1 45 0.98 0.245 1.00 4.30 0.218 0.057 0.189 0.772
2 45 0.98 0.224 1.00 4.30 0.218 0.052 0.172 C.76o
3 45 0.98 0.184 1.00 4.30 0.218 0.043 0.146 C.793
4 45 o.98 c.15c 1.oo 4.30 0.218 0.035 O.lo9 C.729
5 45 "0.8 0.140 1.00 4.30 0.218 0.033 0.101 0722

-45 ,98 o.o,75 i 0*7 1,0 C, 0.218 o.o17 0.053 o 1,880

57 30 0.98 0.307 1°00 4.30 0.218 0.071 0.350 1.14
8 30 1.12 0.223 0.80 3.19 0.351 0.071 0.150 0.673
9 30 1.23 0.178 0.70 2.50 0.492 0o071 0.i00 0.563

Remarkag All runs are the average values of three trials.



Table T7nzx

Run B ekater Cormosiion Depth Wave Wave L d H Max. R
No. Ideg. lope of -d- Height Period ft. Z Run-up

Breakwater ft. -- -T--R
f 5 soe. ft,

~in.
1 17 pea gr&vel u.98 0.254 0.667 2.26 o.434 o.112 0.075 0,296
2 21 0.98 0.254 0.667 2.26 043' 0.112 C.075 0.296
3 24 0.98 0.254 0.667 2.26 0.434 0.112 0,113 0.450
4 27 0.98 0.254 o.667 2.26 0.434 0.12 ,.L25 0.43
5 30 0.98 0.254 0.667 2°26 0.434 o.Ia2 0,50. o.591
6 35 (0.98 o.254 0.667 2.26 o.;.34 !2 0oL 87 0.737
7 37 0.98 0.254 0.667 2.26 0.434 '.112 0,175 0.688
8 42 0.98 0.254 0.667 2.26 0.434 0.112 0.137 0.530
9 54 0.98 0,254 0.667 2.26 o.L34 0.112 0.125 1.492
10 90 o.98 0.254 0,667 ,,26 0.43. 0%112 0,20 0.788

11 15 0.98 0.307 1.00 4.30 0.215 0.071 0.275 0.835
* 12 23 0.98 0.307 .00 4.30 0.218 0.071 0,275 0.835

13 27 0,98 0.307 1.00 430 0,218 o,071 0.350 1.14
14 29 0.98 0.307 1.0( 4.30 0.218 0.071 0.337 1Io0
5 33 0.98 0.307 1.00 4.30 0,218 0.071 0,375 1.22

:6 4o 0.98 0.307 1.0o 4.30 0.218 0.071 0-337 1.10
17 47 0.98 0.307 ,.00 4.30 0.218 0.071 0.300 0.978
18 72 0.98 0.307 1.00 L.30 0.218 0,071 0.225 0.734
19 90 198 0.307 1.00 4.30 0. 218 0,071 10.275 0.835

20 17 0.98 0.233 1,33 6,63 0.148 0.035 0,175 0.75i
21 2 0 0,98 0.233 1.33 6.61 0148 0.035 0.225 0.965
22 24 0.98 0.233 1.53 6.A, 0o148 0.035 0.263 1.1323 28 0.98 0.233 1.3' 6.63 0.148 0.035 o,23^ 1,.2
24 32 0.98 0.233 1.33 6,63 0.148 0.035 0.275 1.18
25 26 0,98 0.233 1.33 6.63 0.i48 0m035 0.225 0.965
26 44 0.98 0.233 1.33 6,6- 0.18 o035 0.225 0.965
2- 54 0.98 0.233 1.33 6.63 0.148 0.035 0.75 0.75-1
28 68 0.98 0.233 1.33 6.61 0."-48 0.035 0.225 0965
29 90 0.98 0.233 1,33 6.&3 0.148 u.035 0,200 0.88

3C 17 0.98 0.170 2,75 1.9 oD66 0.0!2 0,>0 0.588
31 23 0.98 0.170 2.75 14.9 0.066 0.012 0,100 0.588

02 .8 0,98 0.170 2.75 J o. Y6. o .o It 0.965
33 32 0.98 0.C170 2.75 14.9 O. 0, 0.0 2 1 1.03
34 :7 0.98 0170 2.75 i.9 o. c66 0.0.2 0.2.8 0.8L2
35 c3 0.98 0.170 2.75 14.9 0.066 0.012 O.50 0.883
36 52 " 0.98 0.170 2.75 i4.9 0.066 0.2 0o.50 0.883
37 71 0.98 0.170 2.75 14.9 o,66 0.012 0,38 0.8'2
33 90 0.98 0.170 2.,5 L4.9 0.066 0.012 0. i5 .0k

Remarksg All runs are the average values of thx-ee tria:,s.



!,5

Table Thzee _ i__rL€

Run Breakwater Coposition Depth Wave Wave L d H Max, R
No. deg. slops of -d- !Height Pericd ft. Rn up I

Breakwater ft. -H- -T- -R-
ft. sec, ft.

e39 15 pea gravel ,. 8 0.329 1.00 4.30 0.218 0.076 0,275 0.835
40 15 0.98 n.318 i.00 4.30 0.218 0.074 0.250 I0.786
41 15 0.98 0.285 1.00 4.30 C.218 0.066 0.225 0.790
42 15 0.98 0,263 i.00 4.,o 0.218 o.o6i C.175 r.665
4 15 0.98 0.247 1.00 4.'O 0.218 0.(56 0.i50 o.6o8
14 15 0.98 0.225 1.o 4.30 C.218 0.052 0.137 o,609

45 15 0.98 0.186 1.O 4.30 C.218 0.043 C,113 0.6o9
46 15 n0.98 o.164 1.o 4.30 C.218 0.037 0.075 o.45747 15 0.98 0.132 1.00 4,30 0.218 0.031 0,050 0.379
48 15 0.98 00o75 1.o 4.3o 0.218 c.017 0.o25 c.334

49 30 0,98 0.307 1.00 4.30 0.218 0.071 0.300 0.977
* 50 30 0.98 0.307 1.00 4.30 0.218 Co071 0.300 0.977

51 30 0,98 0.270 1,00 4,30 0,218 0.063 0.250 0.926
52 30 0.98 0.260 i.00 1.30 0.218 0.060 0.2o0 0.770
53 30 " 0.98 0.210 1.00 4.30 0.218 0.049 0.175 0.834
54 30 0.98 0.200 1.00 4.30 0,218 0.047 0.150 0.750
55 30 0.98 0.180 1.O0 " 30 0.218 0.042 0o125 0.696
56 30 0.98 o.15o 1.0o 4.3o C.218 0.035 o.ioo o.667
57 30 0,98 0,110 1,00 4,30 0.218 0.026 0.063 0.574
58 30 0.98 0.080 1.00 430 C,218 0.019 0.030 0375

59 45 0.98 0.342 1.00 4.30 0,218 0.079 0.263 0.769
60 45 0.98 0.332 1.00 4.30 o, 218 0077 0°230 0.693
61 45 0.98 0.293 1.00 4.to 0.2!8 o.068 0.200 0.683
62 L5 0.98 0.267 1.oo 4. 0.218 o.,:)62 0.175 o.655
6 3 14 0,98 C.245 1.o 4, c 0..8 0.057 .,16o 0. 65.
64 45 0.98 0.224 1,00 4.0 0.218 0.05 .o -S 65 ~ ,,0.98 0.184 1oO 4.',o C.218 0.03 0.100 o.5
66 45 0.98 .i5o zuw 4. o .2:8 0.035 C.075 .5oo
6 7 16" 0.98 c.14u 1.c 4,j0 0.2,18 0.0k 0.063 0.45O
68 45 0 o.98 0.075 4. .4. o.2a8 o.o: o.0- 0.508

69 30 1,12 ,223 .0.80 3.19 0.351 0.071 0.267 1.20
70 30 0.98 0.307 1,00 14.30 0.218 0.o71 o.4o 1i30
71 30 1.23 c.:78 o.,C 2.50 0.492 0.071 t.167 C.939

Remarks? All runa are the averages of three trials.
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FIGURE 2 -Sample of well roinded pea gravel FIGURE 3 -Assembled model with pea
used in model. grovel in place.

FIGUTRE 4 -Sample of angular stone used FIGURE 5 -Assembled modal with angular
in model, stone in place.
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FIGURE 8 -Recording Station. FIGURE 9 -Determining angle of sloping
structures.

FIGURE 10 Smooth surface structure and FIGURE I I -Model wave breaking on

wove mneasuring elements, permeable structure,
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