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A Mode) Study of Wave Run-up on Sloping Structures

Abstract

Curves have been developed from leboratory experimsnts which indicate (1)
the effect of different side slope angles of a sloping structure on wave rm-up,
(2) the effect of the parameter wave steepness (H/L) on wave runaup on sloping
structures, (3) the effect of the parameter relative depth (d/L) on wave run-up
on sloping structures, and (L) the effect of structure porosity on wave run-up,
Maximum wave rune-up ococurs, for the range of angles examined, at approximately
30 degrees., As the wave steepmess parameter (H/L) increases, the wave run-up
increases and, as the relative depth parsmster (d/L) decreases the wave runeun
increases,

This report is concerned with a sloping structure model study, with 2
pregentation of the data and with an analysis of the results, The limitations
of this study should be noted, This study only involves the effect of the side
slope on wave run-up on Sloping structures, amd the effects of the two parameters
wave steepness (H/L) and relative depth (d/L) on wave run-up on sloping strme-
tures, Also, t.e wave approach was restricted to the direction perpendiculer to
the axis of the structure,

Introduction

This investigation wae conducted for the primary purpose of determining
evperimentally the effect of side slope angle and structure porosity on wave
TUn-up,

For the sake of this discussion sloping structures will be conatrued as:

1, Breaokwaters

2. Earth dams
3, Embankments along lske {ronts and ocean fronts

Wave run-up on sloping structures is important in the problem of slope
protection in engineering structures exposed to wave action, A large amowunt
of energy is released when a wave peaks up, breaks and runse-up on the sloping
structure, 7This energy becomee apparent in the verticel rise of water and in
the damage caused to sections of ths sloping surface which are inadsquately pro-
tected above the minimum wave run-up slevation,

A particnlar case of major importance is where a breakwater has been con-
structed for ths purpose of quieting the surfacs of the watar in the lee of the
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 emough to overtop
the breakwater and cause large disturbances in the quiet protected area, The
problsn of overtopping is not restricted to breakwaters and is also of major
importance in sarth dam ecnsideration,

A model study was conducted in the wave channsl (figure 1) in the Hydraulios
Laboratory at the University of Californis, Berkelsy, for the pifpome of studjing
the affects of structure side slope angle and structure poroeity on wave runeup,
Paramstaras of wave stoapnses (H/Is.a.nd relative depth (d/L) and their effects
on wave rum-up alao were investigated,
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Laboratory Equipment

The experimsntal equipmsnt consisted of the glass-walled wave channel shown
in Figure 1. The bottom profile of the channel gave an efféect of wawes propa-
gating from deep water into shallow water (where d/L 0.,5). The channel was
1 foot wide, 3 fest high and 60 feet long, with a wave generator at one end and
with a modsl structure at the other emd, A twv channsl Erush recorder recorded
the water surface time history bv means of wire resistancs elements (Morison,

1918).

The modele which were used consisted of (1) a smooth flat surface with s
porosity n = 0%, (2) a epecially constructed box (Figures 3 and 5) 6 fest long
by 0.83 feet wide by 0,30 feet deep filled with 1# inch maximum angular stone
(Flgures L and 5) with a porosity . = 32,6% and (3) the same box Zilled with

well rounded pea gravel (Figures 2 and 3) with a porosity, = 28.9%. Slope
changee by eroaion were prevented in structures 2 and 3 means of wire netting

across the exposed surface (Figures 3 and 5),
Experimental Procedure

The experimental procedure was to

l, Comerate waves for each run, of varlous periods, heights sand lengths in
the channel, and record the surface-time history of the waves on a Brush recordsr,
This was essentially a calibration of the wave channel without a structure in place,

2. Install the smooth surfase type structwre (Figure 10),

3., FKeep depth constant, period constant; wave height constant, wave length
constant and vary the side-slope angls of the strusture for each runy the wave
run~up on the structure was measured using waves which had the same amplitude,
;(:eéiod a.gﬁl lepgth as waves in the origiral calibration of the wave channel (step 1),

gure 8),

L. Repeat etep number 3 with a new pericd, new wave height, and new wave
length (Tables 1, 2 and 3),

5. Measurs wave rum-up, with slope of structure constant, and varying the
wave steepnese (H/L), This investigation was repeated for angles of 15 degrees,
30 degrees and L5 degrees,

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

NN & SRR I cae cnteeT

7. Steps 3, L, 5 end 6 were repested for sach type of stone structure, Data

for all laboratory measuremsnts are summarised in Tables 1, 2, 3,

In each run, a series of about ter waves wan recorded tefore wave reflsctions
from the structure confused the reccrd, The weve run-up on ths structure wss
measurad for these initial waves, The wave machine was stopped and the water
aliowed to become quiet, then the run was repeated, FEach run was repesated thres -
or more times,

Consistency was maintained between runs and tetween measurements on dif-
ferent type structures by the visual surface time history of the waves recorded
on the Brush recorder (Figure 8), By observation of the surface time history c¢f
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the waves, it was found that ths reflected energy of the waves did not appear in
tie record until approximataly after the ninth or tenth wave had impinged upon
the strustiuce,

Wave run-up was defined, and measured, ss the distance from the still water
level to the point where the ontire face of the structure was wetted, Spray,
resulting from breaking wavss, which progressed pastthe point of wave run-up was
not included in the measurement,

Experimsntal. Results

In order to detearmine the effect of the wave steepness (H/1) on wave run-up,
experimente were performed on thre» model structures (porosity m = 0%, porosity =7
28,9%, and porosityss a 32,6%) over a relatively large range of values of H/L,

The angle of alope of the structure was maintained constant for each range of H/L
and for each type of structura (Flgure 12). This condition was investigated for
three different angles; 15 degreeas, 30 degrees and 45 degress (Figures 12, 13 and
1L), Tor the angles of 30 and L5 degrees (Figures 13 and 1l;) there ia an increase
in wave run-up for inereasing values of H/L > 0,03, It is apparent from examina-
tion of these ourves that there is agreater advantage in having structures with
high roughness coeffieients and with relatively large porosity, Undoudbtedly, the
irregularity of these curves, especially with the lower values o E/L, is 4ue to
friction effectz as the waves rush up the slope. Suppleme?t?ry data on tha effect
of roughnese have besn studied recently ir Dermark by Bruun 3), fThere iz a large
percentage decreases in wave run-up, for the sams energy dissipation on the struc-
ture, for structures with large porosity values, It is apparent from the cuwrves
that the free board needed to prevent overtopping of a structure in 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 (20 = 0%, 7L = 28,9% a7 ¢ 32,6%) over a range of angles which embraced
the interval from 15 degrees to 90 degreeas, The relative dspth (4/L) wnd the
wave steepnsss (H/L) wers maintained constant for each range of angls:. The
results are consistent in that the maximmm value for wave run=up cruuirs !n che
vieinity of 30 degrees for each set of expsriments covering this investigation
(Figures 16, 17, 18 and 19), Tt is signifiocant to note here that there is e
decrease in wave run-up for angles smaller than 30 degrees and for angles largsr
than 30 degrees, This fact ia important %g breakwater design where wave run-up is
& major problem, From curremt literaturs ) 1t is the consensuas of opinion that
the slope angle should cover the range of 1 on 1% to 1 on 1-1 3/} which unfortu-
nately very oclosely approximates 30 degrees for both end conditions, Few specific
criteria exist for the determination of aide-slope angles, the main consideration
is in finding an equilibrium slope in the above mentioned rangs,

Also, it is very significant to note in Figure 16 that there was a relatively
large wave run-up (in ones case,7 sz O%) for values of low d/L, H/L and low anglse
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 ensrgy were dissipated
on the structure, The waves were consistent in that they all broke on the struc-
ture slops up to the "ordtilcal® angle of 30 degrses, above 30 degress the wawe
fgnrgad” up the slope without breaking and there was an obvious decline in wave
run-up, As the angle of slops increased there was an increase in reflected wave
energy, consequantly there was a decrease in wave run-up,

Pgure 15 was obtained in order tc detarmine the sffect of the relative dapth
(d/L) on wave run-up, For this particular investigation the slope angle was
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maintained constant for a large range of vaiues of d/L. The wave steepnass (H/L)
alzo was maintained constant, The range of values for d/L covered extremes from

a very small to a value approaching the deep-water ratio of 0,5, In all-eases,
for an inoreasing valus of d/L, there was an obvious decline in wave run-up for the
same amourt of ensrgy dissipation on each type structure,

Figure 11 represents a mode] wave breaking on a parmeable model structure,
The energy of tha modsl wave -:aus dissipated rapidly in a short distance. The
sudden losa in energy wac caused by the water flowing between the particles, The
work done was an absorption cf emergy by the breakwater; conssquently, thers was
a minimm of wave run-up, For model waves breaking on a smooth surface and for the
gane erargy as mentioned above, the energy of the wave was dissipated only ss work
done by the water in climbing to a peek elsvation, Little energy was absorbed by
the structure; consequently, there was a maximum of wave run-up,

Concluaions

The primary aim of the laboratory program was to investigate the effact ¢f
various slope engles and side slope porosity on wave runeup and to investigate
the effect of the parameters H/L and d/L, These data cover reasonable prototype
conditions, The permsable structure was assembled in asuch a mammer as to prevent
a natural squilibrium condition on the side alope for the full range of angles
investigated (15°-90°), Prototype stone for both sizes of modsl stone probably
would sesk an eqailibrium slope smaller than L5 degrees., Nevertheless, the follow=-
ing conclusions may be formed on the basis of this study as follows;

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

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

(6) 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) PFor values of increasing wave steepness (for H/L D 0.03) there is
an increase in wave runeup,

(8) For decreasing valuss of d/L there is an increase in wave run-up,
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Symbols and Notation

Backwash - water or waves thrown back by an obstruction such as a breakwater,
Breakwater - anxyvthing which breaks the force of waves at a particular place,
us forming protection for vessels, stc., A solid structure - usually
of masonry, protecting a harbor, anchorage, or basin from wind and waves,
Bragkwaters ars free standing structures,
Dasp Water - whers depth is greater than one-half the wave length,

apth = vertical distance from still water level.

.

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

Fetch length - In foracasting wavas, the horizontal distance (in a feteh)
over wnich the wind blows,

Median Dismeter - the size of the sieve opening through which 50% of a
sample by weight passes,

R - Vertical rise of wave on structure,

Raflected wave - the wave which 18 returned seaward when a wave impinges
upon a very steep beach or cliff,

Rip Rap - wall of stone thrown together irregularly,
Rubbls - loose, angular, and water<worn stones along a beach,

Shallow water - water in which the depth is less than one=half the wave
length at the partiocular tims,

2¢11)] water level - the surface of the water if all wave action were to cease,

Wave = An osdillatory movemant in the sea which resnlts in an alternats rise
and fall of the surface,

Wave Height - vertical distance betwsen crest and presceding trough,
H

Wave length - horizontal distance bstween successive wave crests measured
69) pervendicular to the creat,

Wave period - the time, in seconds, for a wave crest to traverse a distance
ZT; equal to one wave length,

Wave stsepness ~ the ratio of the wave'!s height to its iength.
(H/L)

Relative depth - the ratio of the depth to the wave length,
(€YD
Wave rise parameter - the ratio of the vertical wave rise in structure te

(R/H) the wsve height,
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Table One

T 1

Run | Breakwater |Composition Depth | Wave Wave | L d | H R
'No. | deg. 8lope of | =d- | Reight | Perdcal £, T | T A
‘ Breakwater £, | <H« -T= .
: i | ft, sec, |
: smooth ' R '
1 |90 ! surdace i0.9 0.170 | 2,75 14,85 0,066{0,012
2 1175 n 0,98 10,170 | 2,75 14,85 | 0,066(0,012
3 |60 | " 0,98 |0,270 | 2,75 |1L.85|0,066/0,012
L LS | " 10,98 {0,170 | 2,75 |1L.85 | 0,066|0,012
5 130 | " 0,98 |0.,170 | 2,75 |1L.85 | 0,066]0,012
6 115 | " 10,98 0,170 | 2.75 [1L.85 | 0.066/0.C12
|
| |
7 |15 Mmoot 10,98 |0,25L | 0,667 | 2,26 | 0,434 ]0.112
8 |30 " 0,98 |0,254 | 0,667 | 2,26 | 0,434|0,112
9 L5 " 0.98 10,254 |0.667 | 2,26 :0,434]0,212
10 | 60 " 0,98 |0.25L | 0.667 | 2,26 | o,k3k|0,112
11 {90 " 0,98 |0.254 | 0,667 | 2,26 10,43L]0.122
1z |20 " 0.98 |c.25L | n,667 | 2,26 O,L3L4|C,112
13 |25 n 0.68 |0.25L |0.667 | 2,26 |0,L43k4|0,112
L |35 n 0,98 |0.254 | 0,667 | 2,26 '0,L34]0,112
|
15 |15 n 0.98 0,307 |1.00 | k30 0,218|0,071 1,1l
16 |20 " 0,58 10,307 |1.00 | L.30 i0,218|0,071 1.79
17 |25 " 0,98 10,307 11,00 | L.30 0.218{0.071 2,12
18 |30 " 0.98 [0.,307 |1,00 | L.30 {0.218 0.071 2.57
19 |35 " 0,98 (0,307 |1.00 | L,30 !0,218{c.071 1,95
20 | LS n 0,98 |0.307 |1.,00 | L.30 0,218)0,071 1.55
22 |90 " 10,98 104307 (1,00 | L.30 0,218/C.071 1.4
| |

Remarkss All runs are the average valuss of three trials or more,
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Table One {Cont'qd,)

Run |Breakwatar |Composition | Depth | Wave Wave L d H Max, R
No, [deg. slope of -d- [Height |Period| ft, | ¥ | I Run-wp | H
[ Breakwater i, -H- «T= =R~
| %, g8, Iy,

i smooth .
23 |15 | sur face 1498 (0,233 |1.33 | 6.63 |0.,1L8(0,035 0,340 [1.46
2L |20 " 0.98 |0.233 |1.33 6,63 |0,148(0,035 [0.koO |1,72
25 |25 " 0.98 0,233 1,33 | 6.63 [0.148(0,035 |0.380 [1,63
26 |30 " 0.98 [0.233 1,33 | 6.63 [0.1L8/0,035 |0.L425 |[1,82
27 |35 | " 0.98 [0.233 [1,33 6,63 10,180,035 |0,375 |[1.61
28 6wo " 0.98 [0.233 (1,33 | 6,63 |0,148(0,035 |0,350 |2.50
% " 0,98 0.233 |1.33 6,683 MO;TNT(0,035 {0,300 |1.29
30 |90 " 0.8 |0.233 (1,33 | 6.63 |0.1L48(0,035 |0,265 (1,1
31 (18 g';g;h 0.98 (0,075 |1,00 | L,30 |0,218(0.017 [0,150 |2,00
32 |15 " 0.98 10,122 |1,00 430 {0,218(0,031 |0,200 |1,52
33 (15 n 0.98 |0,186 1,00 | L,30 |0.218|0,043 |0,250 1,3k
34 (1S " 0.98 |0,228 (1,00 | L.30 |0.,218{0,052 |0.,287 |1.28
3% |15 " 0.98 o.§g7 1,00 | L.30 |0,218/0.096 [0.337 |1,36
3% |18 ] 0.98 [0.263 1,00 |30 [0.218[0.,081 |0.312 1,19
37 |15 " 0.98 (0,285 [1,00 | L.30 |0.218/|0.066 [0.387 [1.29
38 |18 " 0.98 [0.,318 [1,00 L. 30 [0,218{0.074 [0.387 |[1.22
39 |15 " 0.98 (0,329 (1,00 | L.30 [0,218{0,076 |0,425 [1,29
Lo (30 n 0,98 10.307 [1,00 4,30 [ 0,218(0.071 |0.775 |2.52
B T] " 0.98 [0.307 1,00 4,30 {0,218{0,071 |0.675 |[2.20
L2 {30 " 0,98 |0.270 |1,00 L.30 |0.218(0,063 |0,587 |[2.17
L3 |30 " 0.98 [0.,260 |1,00 |L.30 |0,218[0,080 |0.475 |1.83
L {30 " 0.98 10,210 [1,00 | L.30 |0,218]0.0k |O.412 [1.96
L (30 ] 0.98 [0,200 (1,00 |L.30 {0.,218]0,047 [0.300 (1,50
b |30 " 0,98 10,180 [1,00 4,30 {0.21810.042 [0.250 (1,39
47 |30 " 0,98 (0,110 (1,00 | L, 30 |0,218]0.026 [0.150 |1.36
48 130 " 0.98 [0.080 [1.00 |L,30 |0.218{0,019 {0.100 [1.25

Remarkss All runs are the average valumes of three trisls,
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Run | Breakwater |Composition . Depth | Wave | Wave L d |H | Max, R
No, |deg. |slope of -d- " Height |Period | f%t, 1 | I Run-up §

Breakwater ft, = «H= =T= - |

L N, sec, £t

W |Ls mmooth 98 10,342 [1.00 | L.30 |0.218/0.079 (0,675 [1.97
50 LS " 0,98 0,332 |1.00 | L.30 |0.218|0,077 [0.612 11,8L
51 | LS " 0,98 [0.293 1,00 | 4,30 |0.218|0,068 |0,550 |[1.88
52 LS n 10,98 0,267 |1,00 Le30 | 0,21810,062 |0,L00 11,50
53 |LS n 10,98 |0.2L5 [1,00 | L.30 |0.228[0,057 |0.325 |1.33
sL (LS " 10,98 (0,224 [1.,00 | L,30 0.218{0,052 |0.250 |1.12
55 |LS " 0.98 0,185 [1,00 4,30 |0.218 0,043 [0.200 |1.09
56 |LS ] 0.98 [0.1k0 |1.00 L.30 |0.218 (0,033 {0.150 [|1.07
57 LS " 0,98 |0,075 (1,00 130 [C.218(0,017 [0.075 [1,00
58 |30 gjzgzh 1.23 {0,178 |0.70 | 2.50 |o.l92 |0.071 |0.200 |1.12
59 |30 ] 0,98 0,307 ]2.,00 | L.30 |0.228(0,071 [0.783 12.55
60 |30 " 1,12 (0,223 |0,800 | 3,19 [0.351/0.071 |[C.375 |1.68
‘ L—-__J_-___l
Remarks: All runs are the average values of three trials,
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Remarks: All runs are the average values of three trialis,
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Table Two
Run| Breakwater |Composition |Depth | Wave | Wave | L d | B . Max. ' I
No.| deg. slope of ~d= |Height |Period| ft, | T | I Run-up | H
Breakwater £t =Ha- «Tw " wRe= l
| rto Bac, i ﬁo !
1% in, |
1 18 R&X, 2,98 0,170 (2,75 [1k.9 [0.066(0,012 0,100 |0.590
2 | 20 angnlar  |0.98 [0,170 12,75 |19 [0.068|0.012 10,137 |0.808
3 25 stons 0,98 (0,170 2,75 |19 [0.066(0,012 (0,162 |0.95L
L | ] 0,98 [0.170 [2.75 |1L.§ |0.,066(Cc,012 .0.175 |1,03
g | 3% " 0,98 [0.170 [2.75 |1L.9 |0.06610.012 |0.125 |0.738
6 50 " 0,98 10,170 [2.75 |19 [0,066/0.012 !0.125 |0,735
7 17 " 0,98 0,170 2,75 (1.9 |0.066{0.012 (0.137 |0,806
8 90 " 0,98 (0,170 {2,75 |1L,9 |0.,066({0,012 (0.175 |1.03
S 21 " 0,98 (0,307 [1.00 430 |0,218(0,071 0,300 | 0,979
10 | 17 " 0.8 [0.307 1,00 | k.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 | 21 " 0.98 (0,307 (1,00 | L.30 {0,218/0,071 0,350 |1,14
13 | 37 " 0.98 [0.307 |1.00 | L.30 |0.218{0,071 10,337 |1,10
1 | 52 " 0,98 0,307 |1.00 | L.30 |0,218/0,071 (0,325 |1,06
15 | 72 n 0,98 (0,307 [1l.,0C .30 |0.218({0,071 0,287 |0.,935
16 | 90 " 0,98 0,307 [1.00 | L.30 [0,228/0.071 (0,300 0,979
17 |17 " 0,98 |0.254 (0,667 | 2,26 |0.L434(0,112 0,137 |O,5LO
8 | 23 " 0,98 [0.,25L (0,667 | 2,26 |0,L43L4{0,112 [0,150 0,590
15 [ 2 " 0.98 0,254 (0,667 | 2,26 |0, L3Lk|0,112 10,175 0,450
20 | 3% " 0,98 10,254 [0.867 | 2.26 |0.h34|0.,112 [0.225 |0,888
21 | L2 " 0.98 10.25L (0,667 | 2.26 |0.L3Lk|0.112 |0.175 |0.690
22 | L9 " 0,98 10,254 10,667 | 2.26 |0.L3L|0.,112 (0,187 [0.737
23 | 72 " 0.98 0,284 10,667 | 2.26 |0.L434]0.112 (0,175 |0.690f
2l | 90 " 0.98 10,254 0,667 | 2.26 |0.L3i40,212 [0,200 10,788
25 | 32 " 0.98 |0.254 |0,667 | 2,26 |0,i3L0.,112 {0,200 |0,78§
|
26 |17 n 0.98 (0,233 [1,33 6,63 (0,148(0.035 (0,200 |0,859
27 | 20 " 0.98 |0,233 1,33 |é6.63 [0,148|0,035 |0,237 [1.02
28 | 23 " 0.98 |0.233 (1,33  6.63 |0,248(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 n 0.98 |0.233 |[1.33 | 6.63 |0,148/0,035 (0,287 1,23
31 25 " 0,98 [0.233 (1,33 | 6,63 |0.148|0,035 (0,187 |0,802
32 | 60 " 0,98 0,233 [1,33 | 6.63 [0.1L8|0,035 [0.225 |O0,96%
33 | 90 " 0.98 [0.233 |1.,33 | é6.63 |0,148|0,035 [0.200 |O0,859
5L | L8 " 0,98 0,233 (1,33 | é6.63 |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 |0,1k8|0,035 0,287 |1.23
L o ]




Table Two (Contid,)

Run Breakwater |Composition | Depth | Wave | Wave | L d |d Max,
No. [deg,] slope of -d- |Height !Period | £t. T | Run-up -
Breakwater f't. wH= i ~Tes Rw |
L L. ,_Sec. £+,
1% in,
37 |15 max, Ue$8 10,325 (1,00 | L.30 {0,218 0,076 |[C,237
38 |15 angular 0.98 [0.318 (1,00 .30 0,218 {0,074 0,225
39 |15 stone 0,98 0,285 11,00 [L.30 |0.218 (0,066 |0,185
ko |15 " 0,98 [0,263 |1.,00 L4e30 (0,228 0,061 [0,167
2 |18 n 0,98 ({0,247 1,00 L.,30 {0,218 0,056 |0,151
42 |18 " 0.98 10,225 |1.,00 |L.30 |0,2180,052 |0,1L0
L3 |18 " 0,98 |0.186 1,00 L. 30 {0,218 P,043 (0,119
Ly |is ] 0.98 |0.164 (1,00 4.30 {0,21810.037 [0.106
L5 |15 " 0.98 |0.,132 [1.00 |L.30 |0.218|0.031 [0.094
6 |15 " 0,98 0,075 |1,00 4,50 [0,218 {0,017 0,073
7130 n 0,98 0,307 [1,00 4. 30 |0.218 0,071 [0.292
Lo {30 n 0.98 {0,307 |00 L.30 [0,218(0,071 |0.258
L |30 " 0.98 [0.,270 |[1.00 430 10,218 (0,063 10,229
50 |30 n 0.98 (0,260 (1,00 L4.30 0,218 (0,060 0,185
51 (30 " 0.98 |0.210 1,00 41,30 10,218 |0,0L9 [0.172
52 (30 n 0,98 [0,200 [1,00 L.30 10,218 |0.,0L7 |0.154
53 |30 " 0.98 |0.180 (1,00 4,30 [0.218 [0,042 [0,115
5L {30 " 0.98 |0.150 11,00 4,30 10,218{0,035 |0.096
55 |30 " 0.98 0,110 |1,00 .30 {0,218 (0,026 0,078
30 " 0.98 |0.080 [1,00 L. 30 [0,218 10,019 [0,085
57 {45 n 0.98 |0.342 [1.00  [L.30 [0.218[0,079 (0,336
58 LS . " 0,98 04332 (1,00 4,30 (0,218 0,077 |[0,276
g9 (B " 0,98 |0.293 (1,00 430 {0,218 0,068 |0,268
& (L5 " 0,98 |0.267 (1,00 .30 [c.218(0,062 0,258
61 |45 " 0.98 {0,245 1,00 L.3¢ 10,218 0,087 |0.18¢9
K2 L5 " 0.98 (0,224 |1,00 L.30 |0.218(0,052 {0,172
63 (LS " 0.98 |0.18L4 (1,00 1,30 [0.,218 (0,043 (0,146
6L L5 n n.98 |0.,150 1,00 4,30 {0,218(0,035 |[0.109
K5 |45 n 0,98 |[0C,140 |(1.,00 L.30 |0,218(0,033 |0,101
66 |5 n 0,98 0,075 [1,00 30 [0,218{0,017 0,083
7 (50 0,598 | 04307 [1.00 4,30 0,218 (0,071 [0,350
68 |30 112 [0.223 [0.80 13,19 [0,351[0,071 (0,150
69 {30 " 1,23 |0.178 (0,70 2,50 (0,492 0,071 |0,100

- -

Remarkss All runs are the average values of three trials,
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Table Thres

Run : Breakwater | Composition |Depth | Wave Wave 1 d | B Max, R
No. deg, jlope of =d- |Helght |Pericd) 1%, I |T Run-up | B
Breakwater 2t. He ! wT- «R=
fy, 883G, £+,
3 in,
1 117 pea gievel ' u.98 |0,25h [0.6€7 | 2,26 | O.L3k|0.112 | 0,075
2 21 " 0.98 | 0.25L |0.,667 | 2,26 | 0. L34(0.2112 | 0,075
3 2l n 0.98 {0.254 |C.E887 | 2,26 |0 Lxk|o.122 | 0.113
L |27 n 0.98 |0.254 (0,667 | 2,26 |0.,L3L]0.212 | r,125
[ 30 " 0.98 | 0.25L 0,667 | 2,26 |0 L3L4]0,122 | 0,153
/3 35 U 0.98 10.,25L 10,667 | 2,26 |0, L3k4{0.112 | 0,187
7 37 " 0.98 0,254 [0,667 | 2,26 |0, L34(".112 | 0,175
8 L2 " 0.98 |0.,25L (0,667 | 2,26 |C.L3k|0,112 | 0,137
9 5L " 0,98 0,254 (C,667 | 2.26 |0.L3k(0.112 | 0,125
10 190 n 0,98 0,254 [0,887 | 2,26 10,L434u(0,122 | 0,200
1 |i5 " €.98 |0.,307 11,00 Le30 10.218{0,071 |0,27%
12 |23 " 0,98 10,307 |1.00 .30 10,218]0.,071 | 0,275
13 |27 " 0,98 10,307 |1,00 4,30 [0,218(0.071 |0.350
i |2 " 0.98 0,307 |1,00 4o30 | 0,2180,071 | 0,337
5 {33 " 0,98 10,307 1,00 | 430 |0,218]0,071 {0,375
26 (Lo n 0.98 {0,307 (1,00 k.30 [0,21810,071 0,337
7 |L7 n 0.98 (0,307 [1.00 Le30 |0,218(0,071 |0.300
18 (72 " 0,98 [0,307 1,00 130 |0,218(0,071 | 0,225
9 {99 U 0,98 [0.307 |[1.00 a30 [0622810,071 (0,275
20 |17 " 0,98 10,233 1,55 | €.635 |0,3L8]0,C35 0,175 |0.751
21 (20 n 0,58 0,233 [1,33 6.3 [0,.L8(0,035 |C,225 |0,965
22 |24 n 0.98 [C.233 [1,35 6,63 |0,1L48(0,035 [0,262 |1.13
23 |28 " 0.98 [0.233 {1l.3% 6,65 10,148 (0,035 |C.263 [1,12
2L (32 n 0,98 |[0.233 |1.33 6,63 [0,148 (0,035 [0.275 |1.18
25 |26 n 0,98 06233 |1.33 6.63 [0.348(0,035 {0,225 |0,965
26 Lk " 0.98 (0,233 (1,33 6.5 10,180,035 10,225 [0,965
27 154 " 0.98 [0.233 {133 6.53 {0,146 (0,035 |C.iT UeT5%
28 |68 n 0,98 10,233 |1.35 | 6,63 [C,1L8 0,038 [0.225 (0,565
% (%0 " 0.98 |0.233 [1.33 6,83 10,148 (U235 [0.200 |0,838
50 |17 " 0,98 0,170 (2,75 [1ke9 [0.200 0,012 [0.100
31 |23 " 0,98 0,170 2,75 |iL.y [0.060 (0,012 10,100
32 | " 0.98 (0,170 2,75 [Zi.7? [0,000 0,022 [0 1EL
33 |52 n 0,98 [0.170 (2,75 [il9 |0.0H[0.022 [$a173
3L |57 " 0,98 0,170 [2,75 [il9 [0.066(0,022 [C,I38B
35 |43 " 0,98 |0.170 2,75 [ik.§ |0.066(0,012 [0.150
3% |52 " 0,98 10,170 12,75 |ik.9 [0.086 (0,022 0,150
37 (71 " 0,98 |0.17C [2,75 |ile9 |0.U8€ 0,012 0,138
38 190 " 0,98 0,170 12,75 [ik.9 [0.086(0,012 |0,175

Remarkss All runs are the average values of trheee trials,
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Table Three (Cuntid,)

Run | Breakwater |Cemposition |Depth | Wave | Wave L d H Max, R
Yo. |deg, |slope of -d~ |Helght [Pericd| f£t, T ¥ Run up 4
Breakwater £, -He= =T~ -
ft, sec, %,
} in, -
39 (15 pea gravel | J,y8 10,329 |L.00 |[Le30 |0.218{0,076 [0,27% |0,835
o {13 " 0,98 {0,318 |1,00 |L.20 |[0.218/0,07L 10,250 (0,786
I o|1s n 0,98 [0.285 (1,00 |L.30 |0.218|0.086 0,225 10,799
2 (18 " 0,98 |0,263 |1,00 |L,30 |c.218|0,061 |0,175 |~,6€5
Ly |1s " 0,98 10,247 1,00 [Lez0 [0.218|0,086 (0,150 |0,608
Ly 118 " 0,98 (0,225 |1.00 |L.30 [0.218|0,052 [0.137 |0,608
s |15 n 0.98 (0,18 1,00 |[L.30 {C.218{0,0L3 [0.113 [0.809
k6 {15 n 0.98 |0,16L (1,00 |L.30 |C.218{0,037 {0,075 |0.L457
IV n 0.98 10,132 |1.,0¢ |L.30 |C.218|0,031 [0.050 0,379
L8 118 " 0.98 0,075 1,00 |ia30 |C.218[0.017 0,025 10,33k
L |30 " 0,98 (0,307 |1.00 |L.30 [0.,218]0.071 10.300 |0.977
, 150 |30 n 0.98 (0,307 (1.00 |[L.30 {0.218|0,071 [0.300 [0.977
51 |30 " 0,98 10,270 {1.00 |L.30 [0,218{0,063 [0,250 (0.9
52 (30 " 0,98 [0,260 1,00 |[L30 [0,218]0,060 (0,200 {0.770
53 (30 L 0.98 0,210 [1,00 |[L.30 0.218|0.0k |0,175 |0.83L
s |30 " 0,98 0,200 1,00 |L,30 |C.218|0,0L7 [0,150 [0.750
55 130 " 0,98 0,180 1,00 |u.30 [0.2i8|0,0L2 0,125 0,696
56 |50 n 0,88 0,150 [1,00 |30 [0.218(0.035 0,100 0,667
57 (30 n 0.98 0,110 [1.00 |{L.30 |[0.218|0,026 0,063 {0,574
58 |30 n 0,98 (0,080 (1,00 |L.30 |0,218(0,019 (0,030 0,37
59 |45 ] 0,98 j0.3k2 1,00 |L.,30 {0.2i810,079 [0.263 |0.769
45 n 0,98 [0.332 [1.00 |30 |0,218}0.077 (0,230 0,693
61 |15 " 0,98 10,293 [1,00 14., 0,218 10,058 10,200 0,683
62 |LS " 0,98 10,267 1,00 [4,30 [|0.21810.062 |0.175 [0.655
63 |LS n 0,98 0,248 1,00 |k30 0,218[0,057 [0.160 |0.65%
6L L5 n 0,98 0.22L 1,00 |k 20 ]0,218(0,082 0,130 0,580
65 iS5 n 0,98 0,184 1,00 (Lo {0.22810.0L3 0,200 |0.5Ll
66 LS n 0,98 10150 |l,0u |L20 |0,228}0,035 |0,075 0,500
67 L5 n 0,98  [C.1LD 1,00 |b,30  0.218[0.03F 0,063 |0.L50
68  |L5 " 0,98 0,075 |2.,00 Jh.5¢  [0,23810.017  [0.CHT 0,508
€9 |30 oo 1,12 10,223 JC.80 |5.,19 [0,351 (0,071 [0.287 [1.20
70 |30 n 0.98 0,307 1,00 |L.30 [0.218(0.071 [0.L0O 1,30
71 {30 " 1,23 10,178 0,700 (2,50 [0.L32[0.071 [0.367 10,539
1

———

Remarks: All runz are the averages of three trlals,
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FIGURE 2

uysed in model.

~ Sample of well rounded pea gravel

FIGURE 3

Assembled model with pea
gravel in place.

FIGURE 4 - Sample of angular stone used
in model.

FIGURE &

- Assembled modal with angulor
stone in ploce.
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FIGURE 8

- Recording Station.

FIGURE 9

- Determining angle of sioping
structures.

FIGURE 10

- Smooth surface structure and
wave measuring elements.

FIGURE 11

- Model wave breaking on

permeable structure,
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