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ABSTRACT

Laboratory tests were performed to determime wave energy
absorbing ability of and stxbility characteristics against breakiag
waves of various shaped pre-cast comcrete armor units used for
protective cover layers omn the seaward slopes of rubble=mound break-—
waters and for parallel dykes placed the offshore sides of seawalls.
A new shape of armor umits, & hollow tetrahedron concrete bloek with
a porosity of 25 percentages in the body was proved to have better
characteristics for wave energy absorbing ability and attenuatiom of
wave run-up, as well as for stability against breaking waves also
than tetrapod or other armor units used up-to-date,

EXPERIMENTAL EQUIPMENT AND PROCEDURE
TESTS FOR PROTECTIVE COVER LAYERS OF RUBBLE-MOUND BREAKWATERS

An open wave channel, which is 25 m, long, 2 m. wide, and 1 m.,
deep, was used for the experiments of the protective cover layers
of rubble-mound breskwaters., Waves were generated by a flutter type
wave generating machire, ranging the period T = 1,2 to 1.9 sec.,
the height H = 10 to 24 cm., and the steepness H/L = 0.040 to
0,085, Since the scale ratio between the model and prototype is
approximately 1/20, the heights and periods of the model waves are
scaled up approximately to H = 2 to 4.8 m, and T = 5.4 to 8,5 seoc.
in sea by the use of Froude’s law,

A number of laboratory tests were performed of concrete armor
units such as tetrahedrons, hexabars, tetrapods and hollow tetra—
hedrons made in 1/20 scale ratio to prototype, comparing with
quarry-stone armor units placed pell-mell and with moundsSmade of
wooden plates, The energy absorbing ability of armor umits in these
experiments was determined by use of the resultant forces of max-
imum simul taneous shock pressures“’oxerted by breaking waves om
the vertical walls of composite-type breakwaters, which were mea-
sured by pressure-gauges of strain-gauge type, and also by use of
wave run—up along the vertical walls as well as reflection ratie
from the walls, both of which were measured by visual observatiem,

The shapes and characteristics of the specially shaped armor
blocks used in the tests are shown in Figure 1 and Table 1, The
armor units were in all tests constructed with t?e two layers of
the specially shaped concrete blocks on a 1 t 1 -5 slope, because
it was proved by the tests that the two-layer placing and the 1
l?f slope were the optimum condition for the stability of these
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Fig. 2. Composite breakwater with high vertical wall
(top width of rubble mound B = 10 cm).
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Fig. 3. Composite breakwater with high vertical wall
(B =20cm).
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Fig. 4. Composite breakwater with low vertical wall
(B =0).
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concrete armor units,.

The types of composite breakwaters and rubble-mound break-
waters used in the tests are shown in Figures 2, 3 and 4. The
protective cover layers composed of the two layers of cast concrete
specially shaped armor units were placed in some orderly manner or
pell-mell over a core of quarry-stones, the diameters of which d =
2,8 to T+% cmao

Figs, 2 and 3 are types of composite breakwaters with vertical
walls sufficiently high to prevent overtopping by the test waves,
and Fig. 4 is a type of composite breakwaters with low vertical
walla subjected to overtopping at high water levels., In these low
breakwaters cast concrete blocks are placed up to the crown of the
vertical walls.

TESTS OF PARALLEL DYKES FOR THE PROTECTION OF RUN-UP ON SEAWALLS

A leot of experiments was performed to determine the effect of
parallel dykes, whichﬂ%%ﬁstructed with the two layers of con-
crete tetrapodsand hollow tetrahedrons and placed in front of
seawalls, on the attenuation of wave run-up and of wave pressures
on the seawalls, A wave channel used jin these experiments was 23 m.
long, 1 m. wide, and 1 m, deep, as shown in Fig. 5, and the nearly
overall tength of the channel was covered on the top with semi-
circular duralmin plates for generating winds of various speeds
parallel with the direction of propagation of waves which were
generated by a flutter type wave generator, The speed of revolut-
ion of a wind blower was varied by the use of a vari-pitch
connected with a 15-horse power electriec motor so as to generate
winds of speed up to 20 m./sec.. One typical type of the seawalls
tested is shown in Fig. 6.

The characteristics of waves generated by the flutter type
wave generator were T = 1.2 to 1.9 sec,, H = 8~14 cm., H/L =
0.020~0,070, The wave run-up as well as the behaviors of spray
and overtopping were measured by the use of a 16 millimeter movie
taken at 100 frames per second.

EXPERIMENTAL RESULTS

TESTS FOR THE PROTECTIVE COVER LAYERS OF RUBBLE~MOUND BREAKWATERS(Z)

(a) Test results in composite brecakwaters shown in Figs. 2 and 3
Figs. T, 8, 9 and 10 show maximum simul taneous shock press-

ures exerted by breaking waves of periods T = 1,3 and 1.5 sec, on

the vertical walls of the composite breakwaters shown in Fig. 2.

The states of run-up in breaking waves with T = 1,5 sec.,
H = 16 cm., H/L = 0.060 impinged against the vertical walls placed
on the various kinds of base-mounds are shown in Figs. 11, 12, 13
and 14.

The test results are summarized in Tables 2 and 3, concerning

663



COASTAL ENGINEERING

Speed

| Regulator

-~
250
Fo0 zo
{
T Vart.aal Wall
:g - /
L AN

Hator
joto
- aad S
A -
VS 18§ HP
Fan Motor

Qscilio

o
Wave Generator ml""‘

Plan of Wave Channel

Wave Heght Recardar | « Q<
+ -
39 duraimn plate )/\‘:7vl.n?m ‘.__——«@
‘l ——T - —_—
.é T T L wére
T J ] Generalor

Profile of Wave Channel
Fig. 5. Closed wave channel with a wind blower.

WI_

///Wvlﬂ?%\///

Fig. 6. A Type of sea walls tested, section of a sea
wall and shore at Suma, at Kobe, Japan.

S0~ 60°

. o T @ Hollow Tetreie,
,.F_ﬁ.muo", R=T0" , T w15 O, Totrapeda(¥or.)
30 - ) pode(Eev,)
Yosden Plate s (Rev, Tegrane.
(¢ Trp0) Tz:“’l:;-) B S i Wosden Flate
20
e
A
10 g
= N
Shw i Te -+
o PR iy
L 10™)
\ o
\% 44
—_—
i
0 10 2 3% 4 N e 0 & 9% 100 1w (R
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with the maximum intensities of shock pressures and the resultants
of maximum simultaneous shock pressures exerted on the vertical
walls of the composite breakwaters by the breaking waves, the
heights of wave run—up, the ratioces of wave energy attenuation,
and the stability of the armor units on the seaward slopes of the
base-mounds,

The effect of the specially shaped concrete armor units on
absorbing wave energy was also determined by use of the ratio of
wave energy attenuation, a2, defined as follows.

The momentum per the unit width of the channel transported by
a breaking wave for a period is obtained by p@w , where f is the
density of water, v , the horizontal velocity of a water particle
in a breaking wave, may equal to the celerity of the breaking wave
with sufficient accuracy, and Q is the water mass per unit width of
the channel transported for a period by the breaking wave. If the
breaking wave is assumed that of a solivary wave, @/ and Q are given

by
= (2.28&H (1)

in which g is the acceleration of gravity, and H the height of the

breaking wave, and
Q = 4h? \/gtlﬁo (2)

in which ho is a depth below the still water level at the horigzontal
bottom of the channel.

The resultant of the impulse exerted by the breaking wa e on
unit width of the vertical wall for a period is denoted by_[/ﬁpd?dh
where T is smaller than the period T of the breaking wave, and h the
height from the top of the base-mound up to the highest point of th
wave pressure exerted by the breaking wave, If the ratio of the
resultant of the impulse on the vertical wall to the momentum
transported is denoted by a,

h-z
£, pdh-dh —
Few
S Tpdhdh =0 POw (3)
Substituting Eqs. (1) and (2), into Eq. (3), we obtain

L pdtedh = p-4n5 EE . [228g-aH (4)

The right—hand side of Eq, (4) may be considered the momentum
transported by a breaking wave with a height of aH, Since the net
wave energy Ent acted on the vertical wall by this breaking wave
will be

o<X = |

i 2
Enet = gfg((x H)
the ratio of the net breaking wave energy acting on the vertical
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wall to the total breaking wave energy before impinging against lhe
breakwater should be obtained by the equation

Enet . BPEEH o
E L z — & (5)
58 H
By the use of the experimental data the values of a? were cal-
culated from Eqs. (3) and (5).

From Tables 2 and 3 it is seen that the hollow tetrahedron
armor units constructed with the two layers of cast conerete hollow
tetrahedrons with a porosity of 25 percentages have the optimum
characteristics of wave energy absorbing ability as well as of
stability on the 1 on 1.5 slope, showingespecially 30 to 50 percen~—
tages greater attenuation of the maximum simul taneous shock press—
ures than that due to the tetrapod armor unitse. It is considered
that when the depth hj above the top of a base-mound covered with
specially shaped concrete armor layers is small, the roughness on
the surface of concrete block layers plays a greater role than the
permeability of concrete block layers, on the contrary, the latter
plays a greater role than the former when hg is large, Wave run-up
on the vertical walls of composite breakwaters is also smaller inm
the hollow tetrahedron armor layers than in the tetrapod armor
layers.,

From experiments in the composite breakwaters of such shapes
as shown in Fig. 3, nearly the same trend as shown in Tables 2 and
% was proved.

(b) Tegt results in composite breakwaters with low vertical walls
shown in Fig. 4 Maximum simultaneous shock pressures exerted by
breaking waves on the low vertical walls, up to the top of which
the seaward slopes of the rubble-mound were coversd with concrete
tetrapod or hollow tetrahedron armor units, and the stability of
those armor units on the slopes were measured by making breaking
waves with the periods of T = 1.3 and 1.5 sec. on the slopes in the
three different water levels, These experimental resulis are shown
in Pigs. 15, 16, 17, 18, 19 and 20.

A8 it is known from the Figures, when waves break on the slopes
in the cases of low water level, the magnitudes of shock pressures
exerted by the breaking waves on the vertical walls are nearly the
same in the two different armor units, indicating smadl values, but
in the cases of high water level the effect of the_hollow tetra-—
hedron armor units on the attenustion of wave presgres is disting—
uished, comparing with that of the tetrapod armor units, The
quantity of overtopping in the hollow tetrahedron armor units is
also smaller than that in the tetrapod armor units. The stability
on the slopes was nearly the same in the two armor units.

(c) Test results of parallel dykes for the protection of wave run-up
on sea-wall It was proved from a lot of experiments that if
parallel dykes covered with the two layers of concrete hollow tetra-
hedron or tetrapod armor units were placed in front of seawalls,
wave run-up on the slopes of the seawalls could be reduced to a

667






EXPERIMENTAL STUDIES OF SPECIALLY SHAPED
CONCRETE BLOCKS FOR ABSORBING WAVE ENERGY

‘99070 = "T/H ‘WO 9T = H ‘IIEM TeOT}I8A 3y} uo
saanssaad JOOYSs SNOSUEBINWIE WNWIXEN °*g§T1 * 811
; ool 06 08 oL 09 [0:] oy (24 [ o} ]

N
RN /4/./
...: J /o .Bpn i

¥

[+

a

| | mGhsL 0vr=% |
‘$G0°0 = T/H 'Wd g = H ‘I[eM [BO0N1J9A 313} UO
saangsaad Yooys sNOSUBMWIS WNWIXEW ‘97 *Sid

E)ow o0 o5 o8 o oo o o o5 0 o O
/'

N
/ Y.
/o

/ /W
/ ~]
LV 7;/ ‘Ln %
[+ '3
[

®

wSEE L OL0=Y |

"LG0°0 = TT/H ‘WO AT = H ‘IIBM [EOT}JI9A 8Y3 uo
goamggaad JOOYS SNO3UBRI[NWIS WNWIXBN * 11 *J1d
) om o0 8 o. 09 05 o o o O 0

Z .

N

E ~ //f %
- - [ 4

I \\i\ ° o

o

[N — o
w3 IR1 005= |

‘8%0°0 = I/H ‘WD $T = H ‘TIeM [eOIJJ9A 31} uo
saamssaad YOOUS ShOOUBI[NWIS WNWIXB °CT * 814

G @8 o6 08 oL 9 05 o % o W @
1 N <~

/ :/..
N ™
To

PN

udf /..v N A1
o

SINL OV |

669









COASTAL ENGINEERING

great extent, The tops of the parallel dykes should be high suffi
cient to prevent a large amount of overtopping by the test waves at
the design height of sea level, probably being 0,50 m. or more
above the design sea level,

The effect of the hollow tetrahedron armor units on the
attenustion of wave run-up on the seawall slopes was proved more
prominent tham that due to the tetrapod armor units. Only the two
examples are shown in Figs, 21 and 22 to show the effeot of the
attenuation of wave run-up due to the parallel dykes with the cover
layers oomposed of the hollow tetrahedron armor units. Fig, 21 is
a oase where a depth in ffont of a seawall at the design sea level
is so large that the design waves do not break before arrivimg
the sea-wall, on the contrary Fig. 22 is & ecase where the design
waves bresk at or in front of a sea-wall at the design sea level,

(d4) Stability of the hollow tetrahedron armor units on the slope
of rubble-mounds'® As mentioned above, the hollow tetrahedrom
armor unifs on the slopes of rubble-mounds were proved to be in
genersl miore stable against the attaok of waves than tetrapod
armor units, because of wedge aotion oaused by the upper layer
blocks inversely set into among the lower layer blocks, as well as
of the small up-lift pressures of reoeding waves reduced due te
the hollowness of the blooks. The curves of stability of the
ooncrete hollow tetrahedron armor units were determined from a
number of experiments on the 1 : 15~ slopes of rubble-mounds as
shown in Fig. 23.

(o) Tests of the strength of the concrete hollow tetrahedrom blecks

Several field tests of prototype two-ton condrete hollow
tetrahedron blooks with the porosity of 25 peroentages ( with no
reinforcement ) was performed te know strength against very roughly
dumping in seas by the measures of falling down on gravel layers
and on hollow tetrahedrom blooks from some 3-meter height,

From the tests the conorete hollow tetrahedrom blooks were
confirmed very tough against rough piling up o» hard mutual collid-
ing by storm waves beocause of resisting as Rahmen structures.

CONCLUSIOKS

It is comcluded from the resulis of tests completed up to date
thats

(a) Two layers composed of the oonorete hollow tetrahedron armor
units have better oharacteristies for absorbing wave energy
or wave pressure and for stability against breaking waves
than the other specially shaped ooncrete armor urits whioh
have beem used up te date.

(b) When the twe layers of hollow tetrahedron armor units are

used for proteotive cover layers on the seaward slopes of the
rubble-mound of composite-type breakwaters, it will be
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expected to obtain approximately 30 to 50 percentages greater
attenuation of shock pressures exerted by breaking waves onm
the vertical walls than that due to tetrapod armor units,
When the two layers of hollow tetrahedron armor units are
used for the protective oover layers of parallel dykes locat-
ed in front of sea—walls, the attenuation of wave rum-up on
the slopes of the sea-walls will be obtained to a great
extent and be materially effective to preveant overtopping
from the sea-walls,

The hollowness of a hollow tetrahedron block was proved
optimum in the oase of a porosity of 25 peroentages, from
the view points of wave energy absorbing ability as well as
of the strength of a block.

The two layers of comcrete hollow tetrahedron armoy unitis have
favorable characteristics for stability om 1 om 15 slopes,
because of wedge action caused between the two layers and of
reduction of up-lift pressures caused by reoeding waves,

The number of concrete hollow tetrahedron blooks neoessary
for two-layer placing om a given area is on an average 15
peroentages fewer than that of tetraped blocks with the same
dead weight.

PRACTICAL USES OF HOLLOW TETRAHEDRON ARMOR UNITS

Interim report on the tests of the hollow tetrahedron armox
was first done at the 6th Conference of Coastal Engineering

in Japan held at the begiding of November, 1959. One to two ton

concrete hollow tetrahedron armor units have been in use or partly
under oonstruotion for protective cover layers of rubble—moumd

breakwaters and for wave energy absorbing parallel dykes lecated in
front of sea-walls at several harbors and coasts in Japan., The

effec
units
generated by typhoon at August and September this yesar.,

t of absorbing wave energy of the hollow tetrahedrom armor
will be checked when subjected to attack by heavy storm waves
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