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Chapter 1

Chapter 1

I ntroduction

1.1 Background

Japan is surrounded by the sea on all sides, asdatisieved growth through the
development of its coastal zones. Various maringcgires have been constructed to
protect lives from threats such as high wavespstrrges, and tsunamis, and to sustain
the benefit brought by marine resources and th&ralaénvironment of the sea.

The 2011 Off the Pacific Coast of Tohoku Earthguakd Tsunami which occurred
on 11 March 2011 took a heavy toll on human lifearMe structures including
breakwaters were also severely dama@atk cause of breakwater failure was scouring
of the rubble foundation and subsoil at the hadide of the breakwater due to
overflow. This was a formerly inconceivable type faflure. It became necessary to
completely reconsider the design method for theakwaters (Ministry of Land,
Infrastructure, Transport and Tourism of Japan [MLR013).

In breakwater design work, it is required to deliee the mass of the armor units to
ensure stability against tsunami overflow. Howeuwbe stability of armor units of
composite breakwaters against tsunami overflovoiclear since this phenomenon was
inconceivable before the Tohoku tsunami in 2011.

Guidelines for Tsunami-Resistant Design of Breakwsa(MLIT, 2013) mention the
Isbash formula (Coastal Engineering Research CEGERC], 1977) as the calculation
method for the required mass of armor units agdswstami overflow. However, there
are practical issues that the required mass iseogitive to variations in the estimated
flow velocity and that the applicability of the bdh formula to the tsunami overflow
remains unclear. Therefore, the establishmentpréetical design method for the armor
units against tsunami is an urgent issue.
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On the other hand, taking a new look at the watilon of the sea area and the
decrease of offshore fishery resources have alsonfie an urgent issue. One example
is the development project for fishing ports andugrds in the western part of the Sea
of Japan. This has been implemented since FY2002dover and increase fishery
resources in the offshore exclusive economic zdiés project implements artificial
nursery reefs for snow crab and flathead flounderetover and increase as resources
on a national government initiative (e.g., Fisheriggency of Japan, Construction
Division, 2007; Nakamura et al., 2008). The nursexgfs are constructed by placing
concrete blocks to a water depth of about 250 m.

Generally, such concrete blocks are placed ons#@ bottom using wire ropes.
However, this method proved uneconomical in the aisleep water because it took a
long time to anchor a floating crane and instadl biocks in such deep water. On the
other hand, though a method of free-fall was deemerk economical, the accuracy of
installation became a problem.

The study addresses the two issues mentioned aklevelopment of a design
method for armor units covering rubble mound of posite breakwaters against
tsunami overflow, and development of an econonucalstruction method of artificial
reefs in deep sea areas. These are taken up andshs as issues related to the design
and construction methods of the concrete blockehich the author is involved.

When considering these issues, laboratory expetsrae essential. Computational
fluid dynamics (CFD) approaches are also becomowepful tools due to advances in
numerical analysis technology and the improvemérnh® performance of computers.
For example, a numerical wave flume based on theF V@ethod, named
CADMAS-SURF (Coastal Development Institute of Teolmgy, 2001) has been
developed and applied to various problems suchaa® wvertopping and wave forces
acting on structures. However, there are still Bw@mples which treat the behavior of
concrete blocks with complex shape in wave andeodirfields using numerical
computation. To deal with the influence of bloclagé directly, it is necessary to set the
grid size very small so that the block shape isagpced. Numerical models based on a
structured grid such as CADMAS-SURF are not a s@alimethod in terms of
computation time because the number of computdtgnds is enormous.

In contrast, models based on an unstructuredegyadble the computation time to be
largely reduced since it is possible to locally divldle the computational grid. An
OpenFOAM CFD model is one of the numerical modelseol on an unstructured grid,
and this is being applied to the field of coastajireering recently (e.g., Jacobsen et al.,
2012; Higuera et al., 2013). To apply this modeh amimerical wave flume, however, it
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is indispensable to validate various items suclvage generation, wave propagation
and deformation, wave breaking, wave force on #ires, and modeling of porous
structures.

1.2 Objective of thisWork

The aim of the study herein is to present noveigieand construction methods for
breakwaters and artificial reefs by introducing ti&D approach. Firstly, a
general-purpose numerical wave flume is developediding an OpenFOAM model.
Then the stability of armor blocks covering a ré@bilound of a composite breakwater
against tsunami overflow is investigated by intradg a CFD approach with associated
laboratory experiments for developing a new prattand accurate design method of
armor concrete blocks. This study also addressestreation of artificial nursery reefs
for snow crabs. The falling behavior of the fislefrblocks in water is investigated by
laboratory experiments and numerical computatiod an accurate and low-cost
placement method by free-fall is developed.

1.3 ThesisOutline

Fig. 1.1 shows a schematic diagram of the resefioeh The outline of the present
thesis is as follows.
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Chapter 1
Introduction

Chapter 2
Development of a versatile numerical wave flume

Chapter 3 & 4 Chapter 6
Stability of armor units Development of a
against tsunami overflow construction method for

artificial reefs in deep sea
Chapter 5

Development of a new
design method for armor
units against tsunami

Chapter 7
Summary and Conclusion

Figure 1.1 : Research flow.

In Chapter 2, a versatile numerical wave flumedsveloped by using an
OpenFOAM model and is validated. Firstly, governiaguations are outlined. The
validation of the water surface profile and wavecéoacting on a structure is performed
through dam-break tests. A wave generation methodeproducing a wavemaker is
presented. The validation of the wave progressiahdeformation and the application
to a flap-piston combined wavemaker are condudisd validation of the modeling of
porous structures, analysis on the wave transmissica sloping breakwater and the
effectiveness of a detached breakwater againsansusre performed.

In Chapter 3, the armor stability against overtoggets caused by tsunami with
rapid water level rise is examined. Hydraulic mod&periments are conducted to
examine the appropriate shapes of armor units spdhe initial impact of the
impingement of water jets. Then a numerical analisperformed. The stability of the
armor blocks is predicted by computing the fluidckbacting on each block.

In Chapter 4, the armor stability against steadgritow of tsunami is investigated.
Hydraulic model experiments with a wide range afditions are conducted to clarify
the key factors for armor stability. A numerical nqoutation method for the
reproduction of the harbor-side flow field is theéeveloped. The failure mechanism of
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the armor units is examined by numerical analysis.

Chapter 5 presents a practical design method oo units against tsunami
overflow. Firstly, the applicability of the Isbastrmula, the conventional method based
on flow velocity is examined. Then a more practidakign method for armor units
based on overflow depth is proposed. The empifarahulae are derived reflecting the
findings obtained by the experiments and numegdoalysis. The validity of the method
is confirmed by comparing the experimental results.

Chapter 6 presents an economical construction adetor artificial reefs in the
deep sea. Firstly, a numerical analysis methodigbarreef blocks falling through water
is investigated. A fish reef block for snow crahisieh falls with stable behavior is then
developed through laboratory experiments and nwaleanalysis. The mechanism that
stabilizes the falling behavior is discussed basedthe numerical results. The
distribution of the placement position is investeghby stochastic model. Also, a quick
estimation method for the placement position isettgyed to determine the release
point of the block in the presence of an ambientenu during actual installation.

Chapter 7 summarizes the thesis and presents @amgisions and suggestions for
future work.
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Chapter 2

Development and Validation of a Versatile Numerical

Wave Flume Using an Unstructured Grid

2.1 Introduction

Design of marine structures has been carried addan hydraulic model experiments
and design formula up to now. Meanwhile, the comapomal fluid dynamics approach
has also become a powerful tool due to the advainceamerical analysis technology
and improvement in the performance of computers. éxample, a numerical wave
flume based on the volume of fluid (VOF) methodmea CADMAS-SURF (Coastal
Development Institute of Technology, 2001) has b#eveloped and applied to various
problems such as wave forces acting on breakwatetavave overtopping of seawalls
(e.g., Nakano et al., 2002; Arimitsu et al., 20B@take et al., 2007; Kawasaki et al.,
2008; Matsumoto, 2009). As for studies dealing veimcrete blocks, there are several
studies which investigate the stability of conctatecks by computing the flow velocity
and pressure field around the blocks (e.g., Okutma.£2003; Arimitsu et al., 2008;
Kondou et al.,, 2009; Matsumoto et al., 2011). Hosvevhe block shapes were not
reproduced in these studies.

On the other hand, the stability of a concreteckldepends on its shape. It is
reported that flat-type armor blocks with largedshave higher stability due to the
reduction of uplift forces acting on the blocks (rguchi et al., 2007; Kubota et al.,
2008). To deal with the influence of the block shalirectly, it is necessary to set the
grid size very small so that the block shape isadpced. The numerical models based
on a structured grid as CADMAS-SURF are not reaalist terms of computation time
because the number of computational grids is enasmo

In contrast, models based on an unstructuredegyadble the computation time to be
largely reduced since it is possible to locally divlle the computational grid. An
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OpenFOAM CFD model is one numerical model whichased on an unstructured grid,
and is now being applied to the field of the coastayineering (e.g., Jacobsen et al.,
2012; Higuera et al., 2013). The OpenFOAM is aldentanage a wide range of
problems since it has features such as dynamic foestionality, a flexible boundary
condition, and easy code customisation. To appéy/rtiodel as a numerical wave flume,
however, it is indispensable to validate vario@sni$ such as wave generation, wave
propagation and deformation, wave breaking, waveefon structures, and modeling of
porous structures.

In this Chapter, a versatile numerical wave fluireedeveloped by using an
OpenFOAM model and it is validated. Firstly, govaghequations of the VOF model
are outlined. The validation of the water surfacefig and wave forces acting on a
structure are confirmed through the dam-break .testeave generation method by
reproducing a wavemaker is then presented. Thelatadn of wave progression and
deformation process is examined. As for the modebihporous structures, analysis on
the wave transmission of a sloping breakwater dmd dffectiveness of a detached
breakwater against tsunami are performed.

2.2 Governing Equations

This study mainly uses the InterFOAM VOF model witthe OpenFOAM which deals
with a flow with a free surface by solving for bo#wr and water. The governing
equations are incompressible Navier-Stokes equati@ncontinuity equation, and the
transport equation of VOF function as shown below:

a/ao—tu+D-(,0UU):—Dp+D-T+,og+a/(DF, (2.1)
0.U =0, (2.2)

oF
= +0.(UF)+0:(U,F (1-F)) =0, 2.3
- 0{UF) +OH{U,F (1-F)) =0 @3)

where, p is the density of the fluid) is the velocity vectorp is the pressure, is the
viscosity stress tensay,is the gravitational acceleration vectoris the surface tension
coefficient, « is the curvature of the interfades the VOF functionl; is the vector in
the normal direction of the interface. The leftesttird term in Eq. (2.3) was introduced
to suppress the numerical diffusion of the VOF fioxt For the details, see Rusche
(2002). The right side fourth term in Eq. (2.1) negents the surface tension by means
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of the continuum surface force model by Brackdi®92). The density of fluigh and
the viscosity coefficient of fluigy are used as the values averaged for each cell as
shown below:

,0 = prater +(1_ F)loair ! (24)

,LI: F:uwater+(1_F)tuair' (25)

2.3 Validation of the Free Surface Capturing Method

Dam break tests are generally used as benchmaskftesvalidation of the numerical
analysis method on the flow field with free surfade bore is generated and it
propagates on a horizontal bottom by opening a ggarating a channel from the state
that water is pooled in one side of the channeteHeeproduction calculations of past
studies which treated dam break tests are perfoanddthe water surface profile and
the pressure on a structure are verified.

231 2-D Dam Break Test for Validation of Water Surface Profile

The validity of this numerical model was confirmiegl reproducing the 2 dimensional
dam break test performed by Janosi et al. (2004).Z-1 shows the experimental setup.
The length of a water colum@ was 38 cm, channel lengthwas 955 cm. Experiments
were conducted by changing the initial height ¢ thater colummd, and the initial
water depth in the channél A bore was generated by opening a gate at thedsp&
m/s, and the propagation of the bore was obseierk, the initial height of the water
columndp = 15 cm, and the initial water depth in the chamhe 1.5 cm were selected
as the target case.

Gate

H=180
150
=15

do

x0=380 x1=9550

unit:mm

Figure 2.1 : Experimental setup for 2-D dam bressit.t
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Table 2.1 shows the dimensions of the computatidomain. It is the same as in
the experiment except for the channel lengthlt was shortened in the numerical
analysis without influencing the result to redube tomputation time. Computation
conditions and physical properties are summarizedable 2.2. To reproduce the
situation where the gate is pulled up at the spdeld5 m/s, the space representing the
gate was replaced stepwise by the fluid cells ftbm bottom every 0.01 seconds as
shown in Fig. 2.2.

Table 2.1 : Dimensions of the computational domain.

Parameter Value
H (m) 0.18
do (M) 0.15
d (m) 0.015
%o (M) 0.38
X1 (M) 1.6175

Table 2.2 : Computation conditions for 2-D dam hresst.

Parameter Value
Grid size AX=A4z=2.5mm
Number of the cells Nx = 800,Nz= 72, Total number of the cels57,600
Time incremenit Automatic control (Maximum Courant number = 0.25)

Discrete scheme of theTVD scheme of second-order accuracy
transport term
Bottom-side, offshore-side, and onshore-side : Np-s
Upper-side : Free inlet/outlet with atmosphericsgree
Turbulence model RNG k-&£ model

Density of water : 1.0xTkg/nt

Kinematic viscosity of water : 1.0xfan%s

Stepwise opened so that the average speed is 4.5 m/
(see Fig. 2.2)

Boundary conditions

Physical properties

Way of gate opening

0.1€
0.14
0.12
0.1
0.08
0.06
0.04

0.02 |
0

Target
—e— Numerical

Gap length of the gate (m)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s

Figure 2.2 : Way of gate opening.

10
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Fig. 2.3 shows a comparison of the water surfaoéil@s obtained by experiment
and numerical computation. The numerical resultagpces the characteristics that (1)
the wave breaks to the back side (gate-side) imaegli after the opening of the gate,
(2) the wave then breaks to the front side, andti{8)impinged water jumps up and
impinges again. However, the water surface prafilenumerical result progresses
slightly earlier than that in the experiment.

0.138% 0.130s
;

0.200s

a2 0.260s

0.330s

0.390s

0.460s

T e i n
. O.52is

Figure 2.3 . Comparison of water surface profilgsft) : Experiment (Janosi et al., 2004).
(Right) : Numerical result.

2.3.2 3-D Dam Break Test for Validation of Hydrodynamic Pressure Acting on a
Sructure

Reproduction of the 3 dimensional dam break tedbpeed by Kleefsman et al. (2005)
was conducted. In this test, the water surfaceilpr@ind the pressure acting on a
rectangle structure when a bore impacts to thetstres were compared. Fig. 2.4 shows
the experimental setup. The flume was 1.0 m inliteagd 3.22 m in length. A rectangle
structure of 0.40 m in width, 0.16 m in length, &hd6 m in height was fixed on the
bottom. The column of water was 1.228 m in lengtd 8.55 m in height. The gate
separating the water column was instantly opendldrcomputation.

The computation conditions and physical properéies shown in Table 2.3. The
measurement position of pressure and water leeedlzwwn in Table 2.4.

11
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Rectangular o=/ Water column
structure

Unit : mm

Figure 2.4 : Experimental setup for 3-D dam bressit.t

Table 2.3 : Computation conditions for 3-D dam krtst.

Parameter Value
Computational domain Height : 1.0 m, Width : 1.0 m, Length : 3.22 m
Grid sizedx 8.0 mm (0 m «x<1.992 m), 12.28 mm (1.992 nx< 3.22 m)
Grid sizedy 20.0 mm
Grid sizedz 5.0 mm (0 m << 0.55 m), 10.0 mm (0.55 mz< 1.0 m)

Nx = 349,Ny= 50,Nz= 116

Total number of the celtls 2,024,200

Time incrementt Automatic control (Maximum Courant number = 0.25)
Discrete scheme of th
transport term

Number of the cells

®IVD scheme of second-order accuracy

Bottom-side, offshore-side, and onshore-side : ljp-s
Upper-side : Free inlet/outlet with atmosphericsgree
Turbulence model RNG k-£ model

Density of water : 1.0xFkg/n?

Kinematic viscosity of water : 1.0xfan?/s

Way of gate opening Instantly opened at tinre0 s

Measurement items Pressure and water surface ieleyatee Table 2.4)

Boundary conditions

Physical properties

Table 2.4 : Measurement positions for the presandewater level.

(a) Pressure ) Wiater surface elevation
x(m) y(m z(m) x(m) y(m)
P1 0.824 0.5 0.025 H1 0.992 0.5
P2 0.824 0.5 0.099 H2 2.606 0.5

P3 0.806 0.5 0.160
P4 0.726 0.5 0.160

Fig. 2.5 shows a comparison of the water surfacdil@s. The numerical result
reasonably reproduces the experimental situati@t the water splashes when it

12
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impacts on the structure.

Fig. 2.6 shows a comparison of the time seriesaiér surface elevation measured
at H1 (ahead of the structure) amt® (in the center of the water column). The water
level atH2 decreases by the opening of the gate until thettim2.5 s. Numerical result
reproduces it well. Then the water level rises énat the timé = 3.0 s and = 3.8 s due
to the reflected wave and the re-reflected wave. fiimerical result underestimates the
re-reflected wave at the time= 3.8 s. As forH1, numerical result overestimates the
water level rising when the reflected wave gets ¢khie structure. However, the overall
trend of the water surface elevation is reprodweeldl

Fig. 2.7 shows a comparison of the time serieghef pressure acting on the
structure. When the bore impacts on the structbhesimpact pressure is generate® At
(lower side of the front face) and2 (upper side of the front face). The maximum
pressure aP1lis about 12,000 Pa in the experiment, while themated value is about
13,000 Pa. As foP2, the experimental value is about 7,500 Pa, wink computed
value is about 6,400 Pa. The pressurd®3andP4 which are on the upper face of the
structure show the maximum value when the reflebtee gets over the structure at the
timet = 2.0 s. There are subtle differences in the pressaround the time= 2.0 s
between experimental and numerical results. Howeter overall trend of the time
series of the pressure is also well reproducedemtmerical computation.

From the above results, the validation of the Bedace capturing method of this
numerical model was confirmed.

13
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Light gray : 0.1<F<0.5
Dark gray : 0.5 <F<1.0

Figure 2.5 : Comparison of water surface profileeft) : Experiment (Kleefsman et al., 2005).
(Right) : Numerical result.

06 H1 06 H2
S |

05 ‘ 05 I\ —— Bxperiment _|

— BExperiment ' \ ------- Numerical
A 0.4
03 Al

------ Numerical
WA
0.1 = o -
il 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (s) The ©

0.4

Water height (r
Water height (r

Figure 2.6 : Comparison of time series of watefegg elevation.
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14000 ——mm Pl e e 10000 ——mmm P2

13000 [ I

12000 9000
__11000 ——— BExperiment __ 8000 —— BExperiment
g 10000 [ oo Numerical g 7000 p—f—F——F—F— Numerical
~ 9000 [ =g 6000 |
© 8000 | g
§ 7000 | § 5000 |
o 6000 @ 4000 F
& 5000 &

4000 | 3000

3000 |- 2000 |

2000

1000 1000 ==

0 0
0 2 3 6 0 2 3 6
Time (s) Time (s)

10000 —— P3 — 10000 —— P 4

9000 9000
8000 — Bxperiment 8000 — Bxperiment
S o00L L i S o0 b L i
a 7000 | Numerical a 7000 | Numerical
o 6000 | o 6000 |
@ 5000 | @ 5000
1%} 1}
D 4000 D 4000 -
O 3000 | O 3000 | -

2000 2000

1000 1000

0 0
0 1 2 3 6 0 1 2 3 6
Time (s) Time (s)

Figure 2.7 : Comparison of time series of pressamethe front and top surface of the
rectangular structure.

2.4 Numerical Analysis of Wave Generation by

Reproducing M otion of Wavemaker

The general methods for generating waves in theenigal wave flume include the
following:
(1) A method to control the flow velocity and the watewel at one end of the
computational domain (wave-making boundary).
(2) A method to control the volume flux density of ati@l source distribution inside
the computational domain (wave-making source).
(3) A method to control the vertically oscillating float the bottom of the wave flume.
(4) A method to control the wavemaker.
The first method is the simplest and easiest wageanerate waves, but it is not
suitable for long-time simulation because the cowjon sometimes becomes unstable
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or re-reflected waves are generated when refleetades reach the wave-making
boundary.

The second method is proposed by Brorsen and mdt€87), which enables wave
generation without re-reflection by combining widh energy dissipation zone. Since
this method sometimes causes a problem in thattdta¢ volume of water in the
computational domain gradually changes in the aafsédong-time simulation, the
countermeasures are examined (e.g., Fujiwara, &048).

The third method also enables wave generationowithe-reflection. This method
has been examined to avoid the re-reflection inatial wave flume by Goda and
Kikuya (1964) and Ohyama et al. (1997). The isduhie method is that the efficiency
of wave generation is low in the case of generadiegp-water waves.

The fourth method is mainly used in the numeriwalve flumes based on the
particle method (e.g., Gomez-Gasteira et al., 200B¢re seem to be no studies which
applied this method in the numerical wave flumeedasn the VOF method so far. This
method has an advantage that direct comparison exgeriment becomes possible.
Thus, the physical phenomena observed in the ewpatal wave flumes can be
analyzed in detail. Also, the total volume of waterthe computational domain is
generally preserved in this method.

In this study, a method to control the wavemalseadopted into the numerical
wave flume based on the VOF method. Fundamentalatains on the wave generation
and wave propagation are performed. In additiopliegtion to a wave generation by
using a flap-piston combined wavemaker is conducted

24.1 Numerical AnalysisMethod

Numerical analysis on wave generation using wavemekconducted by applying the
moving grid functionality included in the OpenFOARodel. Fig. 2.8 shows the
schematic diagram of the computational method. A b@undary corresponding to the
wavemaker is moved at a prescribed speed and thmputational grid around the
wavemaker is also moved and deformed accordingly.
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Grid points are
movable in this region
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Figure 2.8 : Schematic diagram of the wave germratsing wavemaker.

To move the boundary without destroying the comapomal grid, it is necessary
that the grid points be moved smoothly along theioncof the moving boundary. The
moving velocity of each grid point is determined by solving the following Laplace
equation:

O«(y0Ou) =0, (2.6)

where,yis the diffusion coefficient. The moving velocity the boundaries are given as
the boundary conditions. The position of the graahpin the next time step is obtained
by the following equation:

Xpew = X og TUAL, (2.7)

where, X4, Xnew are the grid points before and after the moventginice the diffusion
coefficient can be arbitrary set, it is possiblectmtrol the moving of the grid so as to
keep the quality of the grid. The flux due to thewament of the grid is considered in
the governing equations. Details of this method raemtioned in Jasak and Tukovic
(2007).

2.4.2 Validation of Wave-making Function and Wave Propagation and

Deformation on a Slope
A numerical computation was conducted to validatewave generation method using
a wavemaker and a wave propagation and deform@tiocess. Regular waves and
irregular waves are generated and they propagate stape. In the regular wave test,
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spatial distribution of the wave height is obtained/alidate the wave shoaling process
and the wave breaking limit. In the irregular waest, the frequency spectrum and
wave statistics are obtained to confirm that thigetawaves are properly generated. In
addition, the processes of wave shoaling and wes@king are validated.

Fig. 2.9 shows the schematic layout of the wanmé. A piston-type wavemaker is
located atx = 0 m. A uniform slope of 1/30 is installed betwee= 5.0 m and = 14.0
m. The onshore side from = 14 m is a horizontal bed. The water depth at the
wavemaker is set to 50 cm. Energy dissipation zénoes Cruz et al. (1993) are placed
both ends of the flume. The water surface elevasoneasured at the 18 locations.

: .= :Energydissipation zone

T : Wave gauge

o (T

Figure 2.9 : Schematic layout of the wave flume.

The target wave conditions at the offshore aravshm Table 2.5. In the regular
wave test, the target wave periodlis 1.5 s and the target wave heightstdre 6 cm,
10 cm, and 14 cm. In the irregular test, the MedifBretschneider-Mitsuyasu spectrum
with wave periodTy; = 1.5 s and wave heiglit;s = 6 cm, 10 cm, and 14 cm are
targeted. The signals for driving the wavemakehairregular wave test were obtained
by combining the sinusoidal waves. First, the targpectrum of the wave was
converted to the spectrum of the paddle motion lams of the transfer function. The
frequency components are determined by equallyguigithe frequency range of 0.25 —
4.0 Hz into 500 components. The phase of each coemtavas determined by using a
random number.
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Table 2.5 : Target wave conditions at the offshore.

Regular wave Irregular wave
Spectrum - Modified Bretschneider-Mitsuyasu
Wave period T=15s Tiyz=15s
Wave height H =6, 10, 14 cm His =6, 10, 14 cm

In the computation, the water surface elevatios w@asured at intervals of 0.1 s.
In the regular wave test, the wave height was obthas the average value of 5 waves.
The 6th wave from the beginning of wave generadiod the following four waves were
used since their wave heights were almost constanthe irregular wave test, the
frequency spectrum and the wave statistics werlyzath using a time series of water
surface elevation. The data for 204.8 seconds fremimet = 90 s were used.

To examine the influence of the computational gtie¢ 3 kinds of grids shown in
Table 2.6 were used. The grid size of Grid s= 4z = 2 cm, and that of Grid 2 &
=2cm,A4z =1 cm. Grid 3 is made by subdividing Grid 2 amduhe still-water level

into Ax = 4z = 1 cm. Table 2.7 shows the computation conditiangl physical
properties.

Table 2.6 : Computational grid.

Grid size Number of the cells
Grid 1 AXx=2cmdz=2cm 42,027
Grid 2 AXx=2cmdz=1cm 84,065

z=0.4~0.7m: AXx=1cm,Az=1cm

Grid 3 Otherwise Ax=1cm,4z= 2 cm

118,535

Table 2.7 : Computation conditions.
Parameters Values
Automatic control
(Maximum Courant number is 0.25)

Time incremenidt

Discrete scheme of TVD scheme of second-order accuracy

transport term

Bottom-side, offshore-side, and onshore-side : lyp-s
Upper-side : Free inlet/outlet with atmosphericsgrae
Turbulence model RNG k-£ model

Density of water : 1.0xTkg/n?

Kinematic viscosity of water : 1.0xfan’/s

Boundary conditions

Physical properties

The result of the regular wave test is shown belelg. 2.10 shows the spatial
distribution of the wave height. The wave heighdtrlbbution was calculated by using
the nonlinear shoaling coefficient by Shuto (19a49l the breaking limit was calculated
by using the breaker index by Goda (2010), bothadse shown in the figure. The
breaker index by Goda (2010) is expressed as fellow
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i:i{l—ex;{—l.ﬂ(} 1lta‘iﬁ3<9)}} A= 0.1, (2.8)
h, h/L L

where,Hy, is the limiting breaker heighhy, is the water depth,o is the wave length in
deep water, an@is the bottom slope. In Grid 1 which is the coarggid, the numerical
result favorably reproduces the situation that waeight becomes larger by shoaling as
it propagates through the slope. The position efwlave breaking almost agrees with
that from Goda (2010). In Grid 2, which is madesoypdividing Grid 1 into half in the
vertical direction, the wave distribution is in gbagreement with the theory in the case
of H = 6 cm which is a non-breaking wave. However,ttheng of the wave breaking
obviously earlier in the cases bHf= 10 cm and 14 cm. Jacobsen et al. (2012) pointed
out that the large aspect ratio of the grid caasgsickening of the wave breaking in the
computation using the VOF method within the Open®D#odel. This result shows
the same tendency. The result of Grid 3 whose asatg around the still-water level is
1:1 is slightly better than that of Grid 1.
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Figure 2.10 : Spatial distribution of wave heightregular wave. (a) : Grid 1, (b) : Grid2, (c) :
Grid 3. “Theo” is the wave height calculated usthg shoaling coefficient by Shuto (1974).
“Breaking limit” is the wave height of the breakitiguit by Goda (2010).

The result of the irregular wave test is showrobeln the irregular wave test, Grid
1 and Grid 2 were used. Fig. 2.11 shows the frequespectrum in front of the
wavemakerxX = 1.0 m). All numerical results agreed favorabiyhvthe target spectrum.
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Figure 2.11 : Frequency spectrum of irregular wéag: Grid 1, (b) : Grid 2.

Fig. 2.12 shows the spatial distribution of thgngicant wave height. The wave
distribution calculated by means of the Goda’'sgatar wave model (Goda, 1975) is
also shown in the figure. The result of Grid 1 oefuces the Goda’s model acceptably
well. However, in the cases éfi3= 10 cm and 14 cm, the numerical result tends to
underestimate the wave height by about 10% at tis¢tipn where the wave breaking
occurs. On the other hand, the numerical resukexgmwell with that by the Goda’s
model in the case dfly3 = 6 cm, where wave breaking does not occur. Thaltse of
Grid 2 are almost same as that of Grid 1, but thgree of underestimation of wave

height is a little larger than that of Grid 1. Tieshe same as the trend that was seen in
the regular wave test.
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Figure 2.12 : Spatial distribution of wave heightroegular wave. (a) : Grid 1, (b) : Grid 2.

The time series of total volume of water in thenpotational domain is shown in
Fig. 2.13. The time change rate of the total volwheater is largest in the casehdiss
= 14 cm. However, the change in the total voluméhecomputation time of 300 s (=
200Ty3) is less than 0.1%. Therefore, it was confirmeat the total volume of water is
almost completely conserved.
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Figure 2.13 : Time series of total volume of watethe computational domain in the irregular
wave test. (a) : Grid 1, (b) : Grid 2.

2.5 Modeing and Validation of Permeable Structures by
Porous Model

Porous materials such as wave-dissipating condsketeks and rubble mounds are
frequently used in marine structures including kvesters. Part of the wave energy is
dissipated due to the complicated spaces formedhbyblocks and stones. It is
important to properly evaluate the effect of thpeeous structures in a numerical wave
flume. However, reproducing the individual shape tbé blocks and stones is
impractical in terms of computation time. Accordijga porous model is used to
reproduce these structures. In the following, nucaéranalysis on the wave

transmission coefficient of a sloping breakwated &ine effectiveness of a detached
breakwater against tsunami are conducted to corthernvalidity of the porous model

by comparing with experimental results.

251 Numerical Analysis Method
In the porous model incorporated in the OpenFOA, hydraulic flow resistance in
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the porous medium is expressed by a D-F relatiprstishown below:
R=-(aU+p|u|u), (2.9)

where, R is the hydraulic flow resistancé] is the flow velocity,a is the laminar
resistance coefficient, anflis the turbulent resistance coefficient. In thisdy, these
coefficients were obtained by using the empiricainfulae by Engelund (1953) as
follows:

=, (2.10)

where, v is the kinematic viscosity of wated, is the characteristic diameter of the
porous materiak) is the porosity, andp and/% are the material constants.

The porous model originally incorporated in thee®BOAM has a problem that it
does not satisfy the mass conservation in the steéace flow with porous body as
pointed out by Jansen et al. (2014). Thus, the eea® modified to satisfy the mass
conservation in reference to Jansen et al. (2004¢. modified code was used in the
following validation tests in this Chapter.

2.5.2 Validation of Wave Transmission Coefficient of a Sloping Breakwater

The validation of the porous model was examine@dayparing the wave transmission
coefficient of a sloping breakwater. Experimentsenearried out using a 30 m long, 0.5
m wide and 1.0 m deep wave flume equipped withstopitype wavemaker. Fig. 2.14
shows the schematic layout of the wave flume. Akwneater was installed on a slope of
1/30. The water depth was 50 cm at the offshore-kifrizontal bottom and 20 cm at
the center of the breakwater.
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Figure 2.14 : Schematic layout of the wave flume.

The three shapes of breakwaters shown in Fig. @€® used. Breakwater-A is a
trapezoid shape with a crown width of 20 cm, a erdweight of 10 cm, and a slope
angle of 1:3/4. Breakwater-B is a trapezoid shaple avwidened crown width of 30 cm.
Breakwater-C is a rectangular shape with a crowdiwof 20 cm and a crown height of
15 cm.

Breakwater-A Breakwater-B
280 SJ&()
— N 7 g = WD ok
1:30 7 i — 1:30 T -

Breakwater-C

IK
-

350

200

Unit : mm

Figure 2.15 : Cross-section of the breakwaters.

Two different sizes of tetrapods (mass 118 g @@ and stones (mass 8 g) were
used as the component materials of the breakwaldrs. specifications of these
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materials are shown in Table 2.8.

Table 2.8 : Specifications of the component mattefibreakwaters.

Tetrapods (Small) Tetrapods (Large) Stones
Mass 118¢g 294 g 80¢g
Volume 51.2 crh 128 cnd 3.04 cm
Density 2.30 g/crh 2.30 g/cr 2.63 g/cn
Porosity 50% 50% 46%

Regular waves with two wave periods% 1.5 s and 2.0 s) and four wave heights
(H=3cm, 5cm, 7 cm, and 9 cm) were used. Thesdittoms were set so that wave
breaking and wave overtopping did not occur. Ptminstalling the breakwater, the
wave heights at the breakwater were calibrated. $ats of two wave gauges were
positioned on the offshore horizontal bottom (tveuges around = 4.0 m) and at the
center of the breakwater (two gauges aroxnd 11 m). The spacing of each pair of
wave gauges was set to one fourth of the wave helngiThe wave height and wave
period were obtained as the average values of SesvaVhe 6th wave from the
beginning of wave generation and the following fauztves were used since their wave
heights were almost constant. The incident wavghteind wave period were obtained
by averaging the wave heights and periods meashyethe two wave gauges. A
calibration curve which is the relationship betwéas wave heights at the offshore side
and that at the position of the breakwater wasioétafor each wave period. In the tests
with a breakwater, the incident wave height atliheakwater was estimated from the
offshore wave height using the calibration curve.

The breakwater was covered with wire mesh so ttimtblocks or stones did not
move during wave action. The transmission wavesweeasured at the two locations
behind the breakwater apart from the center ofotieakwater with distances of 1.0 m
and 2.0 m. Two wave gauges were positioned at k@etion with a spacing of one
fourth of the wave length. The transmission wavigtitevas obtained by averaging the
incident wave heights measured at the two locatibhe wave transmission coefficient
Kt was obtained by the following equation:

K; ::—T, (2.11)
where, Hy is the transmission wave height aHdis the incident wave height at the
breakwater.

Tests were conducted by changing the shapes dirdakwater and the component
materials as shown in Table 2.9.
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Table 2.9 : Test cases.

Case Component material Shape of breakwater
Case 1 Tetrapods (Small) Breakwater-A (Trapezoid)
Case 2 Tetrapods (Small) Breakwater-B (Trapezoid)
Case 3 Tetrapods (Small) Breakwater-C (Rectangle)
Case 4 Tetrapods (Large) Breakwater-A (Trapezoid)
Case 5 Stones Breakwater-A (Trapezoid)
Case 6 Stones Breakwater-C (Rectangle)

Fig. 2.16 shows a schematic layout of the numkrieave flume. The
computational domain is a 2 dimensional domainp2k length and 0.8 m in height.
Bathymetry and the water depth were the same donditas in the hydraulic model
experiment. Waves were generated by controllingviréically oscillating flow at the
bottom of the wave flume. An inlet of 1.0 m-longsyarovided on the offshore bottom.
Waves were generated by giving a predetermined flie at this inlet. The flow rate
was determined from the wave generating efficiebgy Goda (1964). An energy
dissipation zone was set at the offshore end ofitinee to dissipate the reflected waves
from the structure.

= 1 :Energy dissipation zone

=== Inflow port for wave generation
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Figure 2.16 : Schematic layout of the numerical evelume.

Table 2.10 shows the computation conditions angbkiphl properties. Table 2.11
shows the specifications for the porous model. ifiaerial constantsy and 4 were
determined by referring to Kondo and Takeda (19&3jlibration of the wave height
and measurement of the transmission coefficienewenducted in the same manner as
in the experiment.
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Table 2.10 : Computation conditions.

Parameter Value
Grid size Ax=2cm,A4z=1cm
Number of the cells Nx = 1250,Nz= 90, Total number of celts 74,000
Time increment Automatic control (Maximum Courant number = 0.25)

Discrete scheme of theTVD scheme of second-order accuracy

transport term

Bottom-side, offshore-side, and onshore-side : p-s
Upper-side : Free inlet/outlet with atmosphericsgree
Turbulence model RNG k-£ model

Density of water : 1.0xFkg/n?

Kinematic viscosity of water : 1.0xfan?/s

Boundary conditions

Physical properties

Table 2.11 : Specifications for the porous model.
Tetrapods  Tetrapods Stones

(Small) (Large)
Characteristic diameter 3.71cm 5.04 cm 1.80 cm
Porosityn 50% 50% 46%
ap 2100 2100 1500
5 2.2 2.2 3.6
Laminar resistance coefficient 0.76 0.41 3.45
Turbulent resistance coefficiefit 237.0 174.6 1111.0
Inertia coefficieniCy 1.2 1.2 1.2

A comparison of the wave transmission coefficiemtsthe experiment and the
computation is shown in Fig.2.17. Fig. 2.17(a) skawe results of the breakwater
composed of tetrapods. The transmission coeffidigrtecreases as the wave steepness
H/L increases. As for the influence of the width oé threakwater, the transmission
coefficient in Case 2 of wider breakwater is snrdife@n that of Case 1 as a whole. As
for the influence of the block size, the transnaestcoefficient in Case 4 of larger
blocks is smaller than that of Case 1 as a whdie. tfansmission coefficient in Case 3
is the largest because the rectangle breakwater{Gei narrowest. Numerical results
reproduce these trends favorably in the experiméMmsen compared in detail, the
transmission coefficients in the numerical resalts slightly smaller than those in the
experiments. In addition, the degree of changeha ttansmission coefficients with
respect to change in the wave steepness is largee inumerical computation.

Fig. 2.17(b) shows the results of the breakwabengosed of stones. As in the case
of the tetrapods, the transmission coefficient eéases as the wave steepness increases.
The transmission coefficient in Case 6 of the mgi@a breakwater is larger than that in
Case 5 of the trapezoidal breakwater. The transmnissoefficients in the cases of
stones are smaller than those of tetrapods. Thisdause that the stones have a smaller

29



Chapter 2

diameter and smaller porosity than tetrapods. Nigakeresults agree well with the

experimental ones in the cases of stones.

@ : Case 1 (Tetrapod 117.8 g, Breakwater — A)
A : Case 2 (Tetrapod 117.8 g, Breakwater — B)
M : Case 3 (Tetrapod 117.8 g, Breakwater — C)
® : Case 4 (Tetrapod 294.4 g, Breakwater — A)
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Figure 2.17 : Comparison of wave transmission aeciefit. Horizontal axidH/L represents the
wave steepness at the breakwater.

The overall underestimate of the transmission fooeft in the case of the
tetrapods is considered to be solved by tuningmhéerial constantay and % in the
porous model. As for the overestimate of the inflee of the wave steepness, it is
considered that there is still room for consideratin the calculation formula for the
resistance coefficientg andgS. As another formulation for the andg, van Gent (1995)
proposed the following formulae using tK€ number:
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3 42! ﬂ:ﬂo[l"'

75)1-n1
d2

w7 q (2.12)
where,KC = unT / (nd), uy, is the maximum oscillating flow velocity, adds the period

of the oscillation. According to this formulae, thesistance coefficient decreases as the
wave steepness increases since K& number increases as the wave steepness
increases. Therefore, using this expression isidered to qualitatively improve the
computation results. It is necessary to furthedtior the value of the material

constants and the formulation of the resistancicmmts.

25.3 Validation of Effectiveness of a Detached Breakwater against Tsunami

The hydraulic model experiment on the effectiverefsa detached breakwater against
tsunami performed by Hanzawa et al. (2012) is mypced by numerical computation.

Fig.2.18 shows the schematic layout of the wavendluA piston type wavemaker was

used to generate a solitary wave. A vertical distion of the wave pressure acting on a
seawall was measured. They investigated the effswss of a detached breakwater
installed in front of the seawall by comparing thiave pressure on the seawall in the
presence or absence of the breakwater.

Fig. 2.19 shows the cross-section of the detabheakwater and the measurement
position of wave pressure on the seawall. The tdethbreakwater was composed of
tetrapods of mass 59 g. The crown height was sétdm above the still-water level.
Two water levels with an offshore water depthof 43 cm and 40 cm were used. A
solitary wave was generated whose wave height vaasrb at St.1.
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Figure 2.18 : Schematic layout of the wave flunfimng Hanzawa et al., 2012)
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Figure 2.19 : (Left) : Cross-section of the detachecakwater. (Right) : Measurement position
of wave pressure. (from Hanzawa et al., 2012)

In the numerical computation, the layout of thevevdlume was the same as the
hydraulic model experiment. In this validation, thigh-tide case ohy = 43 cm was
selected for comparison. A solitary wave was gdedrhy the method of controlling the
wavemaker. The drive signal of the paddle was detexd by means of the method by
Goring and Raichlen (1981). However, since the ageghwave height using the stroke
determined by this method was about 0.5 cm smdilem the target value, the stroke
was adjusted so that the computed wave height agvitl the target value.

Table 2.12 shows the computation conditions. Tomputational grid size was
basically set to 1 cm. It was subdivided into G around the detached breakwater and
the seawall as shown in Fig. 2.20. The materials@risa, and % for the porous
model were determined by referring to Kondo andetiak(1983).
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Table 2.12 : Computation conditions.
Parameter Value
Around breakwater and seawallx = 0.5 cm,4z= 0.5 cm
Otherwise Ax=1cm,4z=1 cm
Time incremenit Automatic control (Maximum Courant number = 0.25)
Discrete scheme of the
transport term

Grid size

TVD scheme of second-order accuracy

Bottom-side, offshore-side, and onshore-side : Np-s
Upper-side : Free inlet/outlet with atmosphericsgrege
Turbulence model RNG k-£ model

Density of water : 1.0xFkg/n?

Kinematic viscosity of water : 1.0xfan’/s
Specifications of Mass = 59 g, Characteristic diameter 2.95 cm,
tetrapods Porosityn = 50%

Material constants a0=210Q [=2.2

Laminar resistance coefficiept= 1.21

Turbulent resistance coefficiefit= 298.3
Inertia coefficient Cu=1.2

Boundary conditions

Physical properties

Resistance coefficients

Figure 2.20 : Computational grid around the detddireakwater.

Fig. 2.21 shows a comparison of measured and cmpime series of water
surface elevation without seawall and detachedkiarater. The numerical result well
reproduces the increase in the wave height by stgpalhe wave height at the =
12.25 m around the wave breaking limit is aboutrilarger in the computation than
that in the experiment. The reduction of the waeglht due to the wave breaking is
reproduced well. Fig. 2.22 shows the water sur&deeation with detached breakwater.
The overall trend is reasonably reproduced. Howekiercomputed wave height behind
the breakwater at= 12.15 m underestimates compared to the expetahessult. Also,
the computed reflected wave from the detached lbratk overestimates compared to
the experimental result. As for the cause of tltserepancies, it is considered that the
resistance coefficients in the porous model arddoge. Further investigation is needed
for the improvement of the accuracy of the numégoanputation.
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Figure 2.21 : Comparison of time series of watefame elevation (without seawall, without
detached breakwateln, = 43 cm). (a) : Experiment (Hanzawa et al., 2018).: Numerical

result.
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Figure 2.22 : Comparison of time series of waterfage elevation (without seawall, with
detached breakwateln, = 43 cm). (a) : Experiment (Hanzawa et al., 201B).: Numerical

result.
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Fig. 2.23 shows a comparison of the measured angpgted maximum wave
pressuremax on the seawall. The valy®.axis defined as the maximum wave pressure
of the time series for each point. The numericaliteagrees well with the experimental
one in the case without breakwater. On the othendhahe numerical result
underestimates the wave pressure when there sa&water. This is presumed to be the
result of the overestimate of the resistance dubdaletached breakwater in the porous
model as mentioned above.

® Exp. (without D.B.)
—— Num. (without D.B.)
© Exp. (with D.B.)
Num. (with D.B.)

o
o [ 1 ]
@ ! (1]

0 500 1000 1500

pmax (Pa)

Figure 2.23 : Comparison of wave pressure actintherseawall.

2.6 Closure

This Chapter developed and validated a versatilmenical wave flume using an
OpenFOAM model which is based on an unstructurédl gihe main conclusions are
shown below:

1. The validation of the water surface profile and wderces acting on a structure
were confirmed through dam-break tests.

2. Wave generation methods by reproducing a wavemaieee presented. Regular
waves and irregular waves were generated accurhielhis method. Numerical
results well reproduced wave shoalifidne position of the wave breaking of the
regular wave almost agreed with that from Goda @20The aspect ratio of the
computational grid should be 1:1 when wave brealongurs. The deformation
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process of irregular wave on the slope was reprediucceptably. The computed
wave height in the surf zone was underestimateddout 10% compared with that
by the Goda’s model (Goda, 1975).

3. One feature of the wave generation method usingmdneemaker is that the total
volume of water in the computational domain wasseowed well. This is an
advantage in performing a long-time simulation. Wufe challenge will be to
introduce a function of active generating-absortforgong-time simulation.

4. The validation of the porous model was examined doynparing the wave
transmission coefficient of a sloping breakwatehne Toverall trend of the wave
transmission coefficient was reproduced by numedomputationFurther study is
required on the value of the material constantshi& porous model and the
formulation of resistance coefficients for the imypement in accuracy.

5. As for the porous model, the validation of effeetiess of a detached breakwater
against tsunami was also examined. The propagatica solitary wave and the
pressure acting on the seawall were reproduced Welever, the resistance due to
the detached breakwater in the porous model tetalbd overestimated. The need
for further investigation on the material constamés also shown in this test.
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Chapter 3

Sability of Armor Units Covering Rubble Mound of
Composite Breakwaters against Overtopping Jet
Caused by Tsunami with Rapid Water Level Rise

3.1 Introduction

The 2011 Off the Pacific Coast of Tohoku Earthquagenami which occurred on 11
March 2011 took a heavy toll of human lives. Margstrictures including breakwaters
were also severely damaged. One of the causesakwater failure was scouring of
the rubble foundation and subsoil on the harbog-sicthe breakwaters due to overflow.
This was a formerly inconceivable type of failufieherefore, it became necessary to
completely reconsider the design method for bretdmsa (Ministry of Land,
Infrastructure, Transport and Tourism of Japan [JLR013).

As a countermeasure against a large tsunami irfutinee, a resilient breakwater
against tsunami is requested. One possible methatie placement of a widened
protection mound using additional rubble stonesirzblihe breakwater to prevent
sliding of the caisson (MLIT, 2013; Fisheries Aggrd Japan, Fisheries Infrastructure
Department, 2014). Installing armor units on thébte mound on the harbor-side
would also be required to prevent scouring arotned'ibble mound (Fig. 3.1).
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Tsunami \ Armor units

Widened protection

Figure 3.1 : Schematic diagram of the resilienakveater.

In the design work, it is required to determine thass of the armor units which is
needed to ensure the stability against tsunamifloverin past studies on the stability
of armor units against tsunami, Iwasaki et al. @98nd Tanimoto et al. (1988)
experimentally investigated the stability of arnumits installed on submerged mounds
in the open sections of a tsunami breakwater aggfiovs. In addition, Sakakiyama and
Matsuyama (2011), Hanzawa et al. (2012) conduckgerenents on the stability of
wave-dissipating blocks of sloping breakwaters @gihched breakwaters. However, the
stability of armor units in composite breakwateggiast tsunami overflow is not clear
since this phenomenon was inconceivable beforddheku tsunami in 2011.

Guidelines for Tsunami-Resistant Design of Bredlkwsa(MLIT, 2013) mentioned
the Isbash formula (Coastal Engineering ResearchteCCERC], 1977) as the
calculation method for the required mass of theoaraomits against tsunami overflow.
However, there are practical issues that the reduirass is too sensitive to variations in
the estimated flow velocity and that the appliaabibf the Isbash formula to the
tsunami overflow is not validated enough. This gtadns to clarify the stability of the
armor units against tsunami overflow and propopeaatical design method.

Two types of tsunami are considered in this studgn investigating the stability of
armor units against tsunami overflow. One is aasoirwith a rapid water level rise, the
other is a steady overflow. As an example of thenéy: It was reported that soliton
fission was generated in Kuji bay during the Tohédwnami in 2011, and the crest of
the wave broke on the offshore side of the breadémvat the Port of Kuji where it
flowed over the breakwater as a breaking bore ([fadlai et al., 2011; Kashima and
Hirayama, 2013). Also, it was reported that theewv&tvel rose rapidly at the offshore
breakwaters of the Port of Sendai-Shiogama andPtré of Soma during the same
tsunami according to the numerical simulation (Klggama et al., 2013). According to
this simulation, the speed of the water level viss about 1 m/s as an order. When a
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breaking bore or a tsunami with a steep front ktdmreakwaters, the water level in
front of the caisson rises rapidly and the overémpwater rigorously impinges into the
harbor-side.

On the other hand, the speed of the water leselat the North Hattaro Breakwater
(middle section) at the Port of Hachinohe was On@ as an order according to
Higashiyama et al. (2013). In such a case, it @atrdated as a steady phenomenon.

In this Chapter, the armor stability is examingdiast overtopping jets caused by a
tsunami with rapid water level rise. Hydraulic mb@xperiments are conducted to
examine the appropriate shapes of armor units spdhe initial impact of the
impingement of the water jets. An improvement mdtfar the structure for enhancing
the stability is also proposed. A numerical analysialso performed. The stability of
the armor blocks is predicted by computing thedffiarce acting on each block.

3.2 Hydraulic Model Experiment on Armor Sability

3.21 Experimental Method
Experiments were carried out using a 40 m long, wide and 1.2 m deep wave flume.
The model scale was set to 1/50. Fig. 3.2 showsc¢hematic layout of the wave flume.
The breakwater model was placed on the 1/30 bosiope. An example of the cross
section of the breakwater is shown in Fig. 3.3. Experiments were conducted by
changing the shape, mass, and arrangement methld afmor units at the harbor-side
of the breakwater as shown in Table 3.1. Armor esoaf weight 8 g, two kinds of
flat-type armor blocks, and wave-dissipating bloakh various weights were used.
Since the experiments are concentrated on therstadeling of the stability of the
armor units against initial impact by the overtoppet, the tsunami was generated with
a piston type wavemaker to reproduce a single hafnpater. The wave paddle was
pushed forward for 5 s with a half cycle of sinagsdimotion. Four tsunami waves with
different heights were prepared by varying theksrof the wave paddle. The strokes
for the four tsunami waves were 39.0 cm, 58.5 ofn3 @m, and 78.0 cm, respectively
(hereafter referred to as Tsunamis A, B, C, andeBpectively). In the stability tests,
four tsunami wave were generated in this order.drngor units and rubble mound were
not rebuilt after tsunami attack with each heidfite cross-sectional shape before and
after each tsunami attack was measured by usiogagtaphy profiler in the case of the
armor stones. In the case of the concrete blotles,number of moved blocks was
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Figure 3.3 : Example of the cross-section of theakwater.
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Table 3.1 : Experimental conditions of harbor-sadeor layers. Values in brackets represent the
converted values to the prototype scale.

Armor unit Mass Arrangement method
Armor stone 8g(1lt) 2 layers
Flat-type armor block A 2 units in the crown section
ype afr 130g (1621 < us! W SEEH
o N ) 4 units in the crown section
- \ 244 g (30.51) 2 units in the crown section
Flat-type armor block B 33 g (4.1 9 3 units in the crown section
/‘Cﬁ}:} 659 (8.11) 2 units in the crown section
b 129 g (16.2 1) 2 units in the crown section
Wave-dissipating block 2 layers
; 116 g (14.51) Y ,
¢ 2 layers, Reinforced at the toe
2309 (28.81) 2 layers

3.22 Experimental Result
3.2.2.1 Characteristics of the tsunami
Fig. 3.4 shows a time series of water surface é@vain the case of Tsunami D before
installing the breakwater model. As the tsunamigpesses, the front of the wave
becomes steep and the wave begins to split. Theémoax water level at WG4 is 12.3
cm (6.15 m in the prototype scale). A time seriésvater surface elevations after
installing the breakwater in the case of Tsunans Bhown in Fig. 3.5. The duration of
the overflow of tsunami is about 4 s (28 s in thet@ype scale) and the maximum
overflow depth is 14.0 cm (7.0 m in the prototypals). A time series of water surface
elevation for each tsunami measured at WG4 is shiowhig. 3.6. The maximum
overflow depth of each tsunami is shown in Tabi 3.

A snapshot of the overflow jet impinging on to terbor-side is shown in Fig. 3.7.
The water jet inflows from near the shoulder of shape, and then flows into the seabed
along the slope.
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Figure 3.4 : Time series of water surface elevabefore installing the breakwater. Stroke of the
wavemaker is 78 cm (Tsunami D).
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Figure 3.5 : Time series of water surface elevadifiar installing the breakwater. Stroke of the
wavemaker is 78 cm (Tsunami D).
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Figure 3.6 : Time series of water surface elevatbreach tsunami wave after installing the
breakwater measured at WG4.

Table 3.2 : Maximum overflow depth of each tsunawvalues in brackets represent the
converted values to the prototype scale.

Tsunami Stroke Maximum overflow depth
Tsunami A 39.0cm 4.2 cm (2.12 m)
Tsunami B 58.5cm 8.9cm (4.47 m)
Tsunami C 66.3 cm 11.0 cm (5.52 m)
Tsunami D 78.0 cm 14.1 cm (7.05 m)

Fig. 3.7 : Snapshot of the overflow jet (Tsunami D)

3.2.2.2 Stability of the armor stones
Fig. 3.8 shows the cross sectional change in theohaide mound covered with armor
stones. The damage began after Tsunami B. AftenafeuD, the armor stones at the
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slope section were largely scattered and the ruktolees under the armor stones were
also scoured out in this case as shown in Fig. 3.9.
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Figure 3.8 : Cross sectional change in the harlgerfsound covered with the armor stones.

Figure 3.9 : Damage to the armor stones after Tauba

3.2.2.3 Stability of the flat-type armor blocks
In the case of the concrete blocks, almost no damagurred from Tsunamis A, B, and
C. The following describes the results of Tsunamirlless otherwise stated.

The results of armor block A are shown in Fig.03.lh the cases of armor block A
with 2 blocks in the crown section (Fig. 3.10(afi&110(b)), serious damage was seen
to concentrate at the shoulder of the slope fon Bates of blocks (130 g and 244 g). In
the case of the blocks of mass 130 g, the toe efstbpe was also damaged. As the
failure situation of the blocks, when a vortex, ethivas generated by the impingement
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of water jet onto the harbor-side water surfacesspd through above the block, the
blocks on the slope section lifted and washed aWaye this phenomenon was not
observed in the experiments using the steady @verdif tsunami, it is a phenomenon
specific to the case of a tsunami with rapid wadeel rise.

In the case of armor block A with a wider crowrctg@n (4 units in the crown
section), overtopped water impinged on to the creaction. Many blocks on the crown
section were damaged, whereas the blocks arountb¢éhevere stable (Fig. 3.10(c)).
This results shows that the impingement positiothef overtopped water is important
for the armor stability.

Figure 3.10 : Experimental results of the armorcklé. (a) : Mass 130 g, 2 units in the crown
section. (b) : Mass 244 g, 2 units in the crownrtisac (c) : Mass 130 g, 4 units in the crown
section.

The results of armor block B are shown in Fig13Rlock B of mass 129 g was
stable. The armor blocks B of mass 65 g and 33@ sthyed stable on the main part of
the mound, although the toe of the slope was dadthdgeugh sliding. Comparing to
armor block A, the stability of armor block B wasviously higher. The main feature of
armor block B is the five large holes as shownabl& 3.1. The large holes in the block
contribute to a higher stability against wave attdue to the reduction of the uplift
force (Hamaguchi et al., 2007; Kubota et al., 2008)e experimental results proved
that the large holes are also effective in an imipig tsunami as well as wind waves.
The mechanism of stabilization due to the holed bd investigated by numerical
analysis in the next section.
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. T

Figure 3.11 : Experimental results of the armorchkl®. (a) : Mass 33 g, 3 units in the crown
section. (b) : Mass 65 g, 2 units in the crownisect(c) : Mass 129 g, 2 units in the crown
section.

3.2.2.4 Stability of the wave-dissipating blocks

The results of the wave-dissipating blocks are shmwFig. 3.12. The wave-dissipating
blocks of mass 230 g were stable. In the caseeoblibcks of mass 116 g, the main part
of the mound stayed stable though the toe of thgesivas damaged. When the vortex
passed through above the blocks at the slope seat&light lifting-up was observed.

In the cases of the wave-dissipating blocks, tassidered that the blocks on the
slope section are resistant due to their interlugkivhereas the blocks at the toe are
relatively unstable since there is no support kethilem. Therefore, to enhance the
stability, armor blocks A of mass 244 g were addislly placed at the toe of the slope
as reinforcement to the wave-dissipating blockenaés 116 g. As the result, the whole
unit kept stable as shown in Fig. 3.13.
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(b)

Figure 3.12 : Experimental results of the waveigdeting blocks. (a) : Mass 116 g. (b) : Mass
230 g. Placed in two layers.

Figure 3.13 : Experimental results of the waveigiting blocks of mass 116 g reinforced by
the armor block A of mass 244 g at the toe.

3.3 Numerical Analysis on Tsunami Overtopping Caisson

3.31 Numerical AnalysisMethod

A multiphase flow solver using the VOF method witlihe OpenFOAM CFD model
was used to reproduce the tsunami overtopping dies@n. The governing equations
were the Navier-Stokes equation, the continuitya¢ign, and the transport equation of
VOF function. This VOF method within the OpenFOAMNI\s&d both the air and water
phases. The density of fluid and the viscosity ficieht of fluid were used as the values
averaged for each cell.

The finite Volume Method with an unstructured gwds used. The PISO method
was used for the calculation of the Navier-Stokgsadon. The TVD scheme of
second-order accuracy was used for the discredizati the transport term. The Euler
implicit method was used for the time integratioethod, and time increment was
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automatically controlled so that the maximum Couraumber might be kept less than
0.25. The RNG e turbulence model was used. The rubble mound watelad as a
porous structure. The hydraulic flow resistaiRtén the porous medium was expressed
by a D-F relationship as shown below:

R :—(au +,6’|u|u), (3.1)

where,a is the laminar resistance coefficient ghis the turbulent resistance coefficient.
These coefficients were obtained by using the d@ogbiformulae from Engelund (1953)
as follows:

1-n1
n d’

2 /B = :Bo (3-2)
where, v is the kinematic viscosity of wateat,is a nominal diameter of the stomeis
the porosity, andr, and/ are the material constants. The porosity of tbaesstructure
n was set to 0.4 and the nominal diameter of theestbwas set to 14.3 mm. The
material constantey and 4 were set to 1500 and 3.6, respectively, refertingfondo
and Takeda (1983).

A tsunami was generated by extruding a wall boand=rresponding to the
wavemaker at a prescribed speed as well as inxperienents. The computational grid
around the wavemaker was moved along with the meweraf the wavemaker. This
was done by using a dynamic mesh functionality gdaand Tukovic, 2007)
implemented in the OpenFOAM.

A bird’s-eye view of the computational grid arouthe breakwater is shown in Fig.
3.14. The grid was subdivided into four stageswé-tlimensional calculation was done
in Regions 1 and 2, a three-dimensional calculatias done in Regions 3 and 4 around
the blocks. The grid size in tlzedirection and the direction of Region 1 were set to 1
cm (50 cm in the prototype scale). The grid of Radt was subdivided into one-eighth.
This was subdivided in thedirection in Region 3 so that the grid size inyrdirection
became about 1 cm, and further subdivided inytd@ection into one-eighth in Region
4,
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Region 1

Region 2
(2-D)

Region 3
3-D)
B

Region 4
(3-D)

Figure 3.14 : Bird's-eye view of computational gacbund the breakwater.

3.3.2 Numerical Result of Water Surface Profile

Fig. 3.15 shows a comparison of the computed tienees of water surface elevations
with the measured ones. The numerical results atalyrreproduced the measured ones.
A comparison of the impinging water jet is shownFig. 3.16. The numerical result
reproduced the situation that the overtopped watpmged onto the harbor-side water
surface while involving air and that vortices wgenerated on both sides of the water
jet.

12 ¢ — Experiment
10 + WaGl1 SN )
— g | — Numerical
St
(e 4 -
2 -
0 1l L 1 L
-2

time (s)

Figure 3.15(a) : Comparison of the computed andsorea time series of water surface
elevation before installing the breakwater.
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Figure 3.15(b) : Comparison of the computed and sunesl time series of water surface
elevation after installing the breakwater.

Figure 3.16 : Comparison of the impinging jet. fl.efExperiment. (Right) : Numerical result.
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3.4 Numerical Analysis on Sability of Armor Blocks

34.1 Effect of Holesin Armor Blocks

The effect of the holes in the armor blocks was @erically examined by comparing the
fluid force acting on armor block B and the blockhesut holes. The fluid force was
obtained by integrating the pressure around thekbsurface. The armor block B of
mass 65 g was used. The block without holes useth& comparison has the same
outer dimensions as block B. Fig. 3.17 shows a gauh of fluid forces when a
counterclockwise vortex was passing through abbgétock. The direction of the fluid
force changed counterclockwise along with the pgessd the vortex. This corresponds
to the behavior of the blocks observed in the a@rpamnts. Comparing the results of the
block without holes, the fluid force in the direstiaway from the slope was reduced to
about a half by providing the holes.

FylW F./W

Figure 3.17 : Hodograph of fluid forces acting e block. (Left) : Armor block B. (Right) :
Armor block without holesw : Underwater weight of the block.

Fig. 3.18 shows the iso-pressure lines around lihek® when the fluid forces take their
maximum value in the direction away from the sloplke pressure difference between
the top and bottom surfaces of block B is smalantthat of the block without holes.
These results clarify the reason why block B shohigtt stability against the water jet
in the experiments.
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Figure 3.18 : Iso-pressure line around the blockft] : Armor block B. (Right) : Armor block
without holes.

3.4.2 Estimation of Amount of Lifting-up of Armor Blocks

The amount of lifting-up of the block was estimat®d using the time series of fluid
force acting on the block obtained from the nunarmomputation. In this analysis,
only the fluid force, the buoyant force, and théf-aeight were considered. Other
forces such as the friction force between the ldogkre disregarded. The definition of
the coordinate system is shown in Fig. 34X%xis andZ-axis are set to the tangential
and normal direction of the slope, respectivelye Heceleration, velocity, and position

in the normal direction of the slope can be wriHBndZZ/ dt*, dz/dt, Z, respectively.

The following equation of motion was solved to cédte the displacement of the block:
mdzz _
dt®
where,m is the mass of the block; is the sum of the fluid force, buoyancy, and the
gravitational force in th& direction. The acceleration, velocity, and positiof the
block at the time + At are expressed as Eg. (3.4), Eq. (3.5), and Eg), (®spectively
by using the values at the timeHere, the fact that the block does not move betwv
initial position is taken into account.
P

t+At)

E , (3.3)

, if Z,) #0
dz _|] m : (3.4)

2 +, - F +,
A e | ma 2202 otz =g
m 0
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dz d’z
+

dz  _ | dty dtq , (3.5)
dt t+At 2
o) max| 92 492 p o] itz =0
dty df o )
_ dz
Z(t+At) - max( Z(t) +E(t) At,oj . (36)
The initial conditions are given as follows:
2

d_ZZ =0, 9z 0, Zio) = 0. (3.7)
dt* (t=0) dt (=0

The position of the block in the normal directidntloe slope is obtained by solving the

above equations sequentially fram= 0. Fig. 3.20 shows an example of calculated

results. In this case, no lifting-up was observed dmor block B because the total
forceFz did not exceed 0. On the other hand, the blockawit holes was lifted 61 mm.

Figure 3.19 : Coordinate system used for the estomaf the amount of lifting-up.
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Figure 3.20 : Example of the calculation resulthsf lifting-up of the block.

By using this method, the stability of armor unias predicted. The amount of
lifting-up was analyzed in the cases shown in TaBl8 and compared to the
experimental results. Armor block A was used in&3a% and 2, while armor block B
was used in Case 3. The results are shown in Eid. & the experiments, the damage
occurred at the slope section in Cases 1 and 2. iAlthe calculations, lifting-up above
the height of the block occurred in these casesth@rother hand, in Case 3, damage
did not occur in the experiment. Similarly, lifttagp of the block did not occur in the
calculation. It can be said that the numerical cotaton agreed with the experimental
results qualitatively. However, the position of th@mage obtained by the numerical
computation was different from the experimentalutss Therefore in the future, the
applicability of this model will have to be imprate
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Table 3.3 : Analyzed cases of the lifting-up ofdis.

Armor unit Mass Arrangement method
Case 1 Armor block A 244 g 2 units in the crowntisec
Case 2 Armor block A 130 g 2 units in the crowntisec
Case 3 Armor block B 65 g 2 units in the crown isect
Case 1l
100
_ 80 ] Height of
g 60 block
: J
g 40
S aeaa. B 1 .
20 |—|
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
@ ® 6 ®3 @0
Case 2
200
— 150
£
£
< 100
©
£
N 50
0 i
@ ® ® ® 03 @0
Case 3
100
80
£
E 60
)
g 40
N
20 Tttt ttttmmmse-
0 .

9®DEPG® @R @O

Figure 3.21 : Comparison of experimental and nucatdamage to the armor blocks.
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3.5 Closure

This chapter presented the findings of the hydcamodel experiments and numerical
analysis on the stability of various types of armaits against overtopping jet caused
by a tsunami with rapid water level rise. The m@onclusions are shown below:

1. When the tsunami with rapid water level rise oveped the breakwater and
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impinged onto the harbor-side water surface, theemjat generated vortices. The
armor units received uplift forces when the vonpassed through above the armor
units.

2. Armor stones were easily removed by the overtopphgf tsunami.

3. Damage to armor units was dependent on the posifi@t impact.

4. The flat-type armor block with large holes showeghhstability against the water
jet in the experiments. Numerical analysis revedlet the holes in the blocks
reduce the uplift force acting on the block and rowe the stability against an
Impinging water jet.

5. Reinforcement by placing the heavier blocks aldrgtoe of the slope enhanced the
total stability of the armor layer.

6. The wave profile of the tsunami and the impingiagwere accurately reproduced
by numerical computation based on the VOF method.

7. The stability of the armor blocks was predictedlig@ai@/ely by numerical analysis
which took the 3-dimensional shape of the block mtcount.

Since the present study in this chapter is a $irsp in the understanding of armor
stability against tsunami overflow, the results mag limited to particular cases.
Therefore, further studies should be conductedasihe with respect to the following
points. Firstly, the influence of the period of ttseinami (or duration of the overflow)
on stability should be investigated. The periodthed tsunami was not varied in this
study partly because of the limitation of the s&o&f the wavemaker. Also, the
influence of the shape of tsunami, for example, ibeaking bore, or a tsunami with
soliton fission, should be examined. The influentéhe dimensions of the harbor-side
mound and the harbor-side water level will alsanygortant for armor stability.
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Chapter 4

Sability of Armor Units Covering Rubble Mound of
Composite Breakwaters against Steady Overflow of

Tsunami

4.1 Introduction

In the previous chapter, the armor stability waaneixed focusing on the initial impact
of an overtopping jet caused by a tsunami withdapater level rise. The appropriate
shape of armor units against the impinging jet wessented and an improvement
method of the structure for enhancing the stabiliag also presented.

It is required to clarify the stability of armonits for a wide range of conditions
when developing a design method for armor unitansgasunami overflow. As the
conditions of the tsunami, it is necessary to atersthe situation where the overflow
continues for the long time of several minutes @gesal tens of minutes, which was
observed during the Great East Japan Earthqua@lin

In this chapter, the armor stability is examingdiast a steady overflow of tsunami.
A wide range of conditions of hydraulic model exp®nts are conducted to clarify the
key factors affecting the armor stability. A nuncati computation method is
investigated to reproduce the flow field behind thheakwater during the steady
overflow. The failure mechanism of armor units Ien investigated by numerical
analysis.

4.2 Hydraulic Model Experiment on Armor Sability

421 Experimental Method
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4.2.1.1 Experimental equipment

Experiments were conducted in a 50 m long, 1.0 gdewand 1.5 m deep wave flume.
Fig. 4.1 shows the schematic layout of the flumehdkizontal mortar seabed was
partitioned into two sections along the length, arlokeakwater model was installed in
one 50 cm wide waterway. A submersible pump anchdigie port were located on the
harbor-side and sea-side of the breakwater modglentively to generate a steady
overflow. The capacity of the pump was 4/min. A water level difference was

generated between the inside and outside of trekwager by operating the pump. The
height of the sea-side water level could be changgdrarying the height of the

overflow weir installed on the sea-side of the kvester model. The height of the

overflow weir could be varied in a range of 0 to&f. A vent hole with a diameter of

about 25 mm was provided in the partition wall eldmhind the caisson as shown in
Fig. 4.2 to maintain the space between the caiasdnthe overflow nappe in ambient
atmospheric pressure conditions.

Side view
50.0
16.0 |
Partition wall Wale absofber | |
B 2| S
\ \Discharge ®ort
Plan view Breakwater
Overflow Weir Discharge port Partition wall Subinarsible nuri
DUl pump
\\ \ =7 P =

L W
(] - UHNN
' Horizontal bed g.c 160 L8 49 | 41

Figure 4.1 : Schematic layout of the wave flume.

3

unit: m

Figure 4.2 : Vent hole provided in the partitionliwa
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4.2.1.2 Breakwater cross section

An example of the cross section of the breakwatshown in Fig. 4.3. The model scale
was 1/50. Experiments were conducted by changiaeghiape of the harbor-side rubble
mound, the harbor-side water level, and the shapenaass of the armor units. Two
kinds of flat-type armor blocks and wave-dissipatilocks as shown in Table 4.1 were
used. The caisson model was made of wood and wed fvith a weight so that it
would not move through tsunami action since thislgtwas focused on the stability of
the armor units.

Armor units

h=260 or 300

Armoriiti ’L :
AL

Rubble mound 0.8~4.0g:

unit: mm
Figure 4.3 : Example of the cross-section of theakwater.

Table 4.1 : Armor units used in the experimentdu&& in brackets represent the converted
values to the prototype scale.

Armor unit Mass
17g (2.2t
Flat-type armor block A 35 g §4 4 t;
6y 64 g (7.61)

= 136 g (16.9 1)

254 g (31.7 1)
Flat-type armor block B 16 g (2.01)
C“,}..\ 33g(4.11)
(= o 64 g (8.01)

—o 123 g (15.4 1)
Wave-dissipating block 619 (7.61)

122 g (15.3 1)
¢ 2 235 g (29.4 1)
, 637 g (79.7 1)

4.2.1.3 Tsunami conditions

The duration time of the steady overflow of tsunavas set to 127 s (15 minutes in the
prototype scale). The duration times at the typiosadakwaters during the Tohoku
tsunami on March, 11th in 2011 computed by the STadel (Tomita and Kakinuma,

2005) were 716 s at the North Breakwater at theé BbHachinohe, 123 s at the
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Offshore Breakwater at the Port of Sendai-Shiogaara 328 s at the Offshore
Breakwater at the Port of Soma, according to Hiyasha et al. (2013). Compared to
these, the duration time of this study is rathagleetting.

4.2.1.4 Calibration method for tsunami

Prior to conducting the stability tests, the walevels inside and outside of the
breakwater in steady state were examined. The vewets were measured at the 3
locations on the sea-side and the 3 locations erm#nbor-side as shown in Figure 4.4.
The height of the overflow weir and the initial watevel were determined so that the
sea-side and harbor-side water levels in steadg sta@ncided with the target values.
The water levels at WG1 (2 m on the offshore sidenfthe front of the caisson) and
WGS5 (2 m on the onshore side from the rear entl@thaisson) were used for matching
by considering the spatial uniformity. As it tookaut 60 s until the water level
achieved a steady state from the start of operati@egpump, the total operation time of
the pump was set to 187 s (= 127 s + 60 s).

Sea side Harbor side
1000 | 1000 | 318 | 1000 1000 | 1000
WG1 WG2 WG3 WG4 WGH WG6
] i
unit: mm

Figure 4.4 : Measurement locations of water level.

4.2.1.5 Method for the stability tests

The stability limits of the armor units were exaetnby increasing the overflow depth
in increments of 1 cm (0.5 m in the prototype scal@e overflow depth was defined as
the difference between the sea-side water leveltla@drest height of the caisson. The
section was not rebuilt after tsunami attack witicte overflow depth. The number of
the moved armor units was counted as an accumutatedber. The damage to armor
units were defined using the relative dama&@e(Van der Meer, 1988), which is the
actual number of displaced units related to thetlwaf one nominal diametdd,. The
nominal diameteDy, is the cube root of the volume of the armor unithis studyNp =
0.3 was applied as the criterion of damage.

422 Experimental Result
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4.2.2.1 Feature of the damage by tsunami overflow

Figure 4.5 shows snapshots of the tsunami overitothie experiment. As soon as the
armor blocks on the slope section were washed ase@yring of the rubble mound
progressed rapidly and reached to the sea bottdmmabout 1 minute (7 minutes in
the prototype scale). Though the widened proteatising additional stones exhibits a
function to delay scouring, the damage expandgiafi the armor units are washed
away and the rubble mound is exposed. This is dnthe features of damage by
tsunami overflow. This also suggests the importai@eccurate estimation of the armor
stability.

Figure 4.5 : Snapshots of tsunami overflow. (ay :s2conds after the beginning of overflow.
(b) : 87 seconds after the beginning of overflow.

4.2.2.2 Influence of harbor-side water level

The impingement position of the overflow jet wilhange with various factors such as
the shape of the harbor-side mound and the overflepth. The influence of the
impingement position on armor stability was exardibg changing the crown width of
the harbor-side mound. Fig. 4.6(a) shows an exawoiplliee stability test results. In this
condition, the overflow jet impinged on the slogtton when the number of armor
units on the crown section was one or two, wheitgagpinged on the crown section in
the case of more than four units on the crown sectfhe cases in which the jet
impinged on the slope section showed higher staliian the cases of impingement on
the crown section. This shows that the impingenpasition largely affects the armor
stability. The effect of the impingement positioepeénded on the structural conditions
such as the shape of the armor units and the meserabsence of widened protection.
Thus, it is necessary to incorporate properly #fisct into the estimation of the armor
stability.
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Figure 4.6 : (a) : Influence of impingement positian the overflow depth at stability limit. (b)
Influence of harbor-side water level on the overfldepth at stability limit.

4.2.2.3 Influence of harbor-side water level

When a tsunami overflows the caisson, the discldavggter from the rear end of the
caisson accelerates during the freefall above ttenvsurface, and decelerates under the
water surface due to diffusion. Therefore, theibtalof armor units should decrease as
the crown height of the caisson above the harlow-giater level increases. Also, it
should increase as the submerged depth above i@ amits increases. Fig. 4.6(b)
shows a comparison of the stability test resultéh wivo different harbor-side water
levels. On the whole, the results of deep-wateesatowed higher stability than those
of shallow-water cases.

4.2.2.4 Failure modes of armor units

Two failure modes for flat-type armor blocks welleserved in the experiments. One
was an overturning mode in which armor blocks n#e impingement position
overturned. The other was a sliding mode in whithha blocks on the slope section
slid together. Fig. 4.7 shows the relationship leetvthe nominal diameter of the armor
block D, and the overflow deptim; at the occurrence of damage. In the cases of
overturning mode, overflow depth at the occurresicdamage was almost proportional
to the nominal diametdd,. On the other hand, in the cases of sliding maded only
small dependence dd.. These results suggest that enlargement of thek Isiae causes
an increase in the acting force as much as theaserin the resistance force with regard
to the sliding mode. For the wave-dissipating bfgpcdmost every failure pattern was
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that of blocks near the impingement position baelisplaced individually.

[y
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Overturning mode
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Figure 4.7 : Relationship between the nominal diemend the overflow depth at the
occurrence of damage by each failure mode.

4.2.2.5 Performance of the wave-dissipating cordniicks

A characteristic of the wave-dissipating blockstalled in the two layers is that
scouring is hard to progress rapidly even when nidogks displaced. Fig. 4.8 shows
an example of the experimental result. The blodksass 122 g were placed in two
layers. The damage began to occuh;at 6 cm. Ath; = 7 ¢cm, no scouring occurred
though a lot of blocks fell down. Ak = 8 cm, The deformation of the mound was slight
though the damage to the blocks progressed. Waaipdting blocks are considered to
have such a toughness for the following reasonslt (thkes a longer time before the
rubble stones are exposed since they are covetbdwo layers. (2) Displaced blocks
piled up behind the impingement position preverd frogress of the scouring by
staying interlocked without being washed away. Auaj the rapid progress of scouring
is important from the viewpoint of resilience obeeakwater in the prevention of large
scattering of the caisson (Arikawa et al. 2013)e Whdened protection mound covered
with wave-dissipating blocks may provide such reste.
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Overflow depth : 6 cm

1 block damaged
No scouring occurred

Overflow depth : 7 cm

Many blocks damaged
No scouring occurred

Overflow depth : 8 cm

Many blocks damaged
Scouring occurred slightly

Figure 4.8 : Example of the progress of damagaérncase of wave-dissipating blocks placed in
two layers. The blocks of mass 122 g were used.

4.3 Numerical Analysison Tsunami Overtopping Caisson

As mentioned above, two failure modes were obsemvale experiments. The failure
mechanism was investigated in detail by numericallyasis. First, the computation
method of the flow field at the harbor-side of theakwater was investigated. The
method was validated by comparing the measured camiputed flow field. The
stability of the armor units was then investigabydcomputing the hydrodynamic force
acting on each armor unit.

4.3.1 Numerical AnalysisMethod

With regard to the numerical computation of thentsui overtopping the caisson, the
VOF method implemented in the OpenFOAM model adtiyareproduced the
laboratory experiment of a tsunami generated byaeewaker as described in Chapter 3.
In the case of the steady overflow of tsunami, hakecomputation results using the
volume of fluid (VOF) method did not reproduce weile to the excessive entrainment
of air into the impinging jet as shown in Fig. 4B¥icker et al. (2013) pointed out that
this model overestimates the eddy viscosity ataihevater interface, and that it can be
improved by neglecting all the turbulence in thepdiase. In this study, the overflow jet
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above the water surface and the flow field on tabbr-side were solved separately as
shown in Fig. 4.10 to avoid excessive entrainméairo

'I
Tl

i

I
f

Figure 4.9 : Preliminary computation result by ¥W@F method. (Left) : Experiment. (Right) :
Computation.

Figure 4.10 : Schematic diagram of the numericalyais method.

4.3.1.1 Calculation method for the overflow nappedal on empirical formulae
Two methods were examined for the calculation efdlierflow nappe above the water
surface. One is a simple method based on some ieaipgiormulae, the other is the
numerical method based on the VOF model. The forhar an advantage that the
calculation done immediately though the applicabib limited to rectangular caissons.
The latter is suited to caissons with complicateabes.

Firstly, the simple method using empirical formauia shown below. The definition
of each symbol is shown in Fig. 4.11. The overfldischarge per unit widtly is
calculated by using the Hom-ma formula (Hom-ma,0t94

q=0.351,/2gh, (4.1)

where, h; is the overflow depthg is the gravitational acceleration. The applicable
condition of this formula i$1/B. < 1/2. The effect of the approaching veloaitycan be
disregarded ih;/hy < 0.5 (Hom-ma, 1940a). The water depth above #igson at the
rear end of the caissoh, and the cross sectional averaged flow velociyare
calculated according to Hom-ma (1940a) as showovbel
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Figure 4.11 : Definition of the symbols used in taculation of the overflow nappe based on
empirical formulae.

Applying the Bernoulli's theorem to Sections | dhglields the following relation:

2
n - Z+h+ﬁ

, (4.2)
P9 29

where,z is the height measured from the top of the caigsg@ris the pressure, ang,
is the flow velocity. The overflow discharge is obtained by integrating the flow

velocity u) as follows:
f P
— (2 | 4-
g=1,/29| h— z=—= | d. (4.3)
{ \/ ( pg]

If the pressure distributiop, is given,h, can be calculated using Eq. (4.1) and (4.3).
The pressure distribution is assumed as the fatigwiiangular distribution:

p(z)=pg(h-4 for b/2s = {
p(2)=pgz for 0< = k2 '

(4.4)

This means that hydrostatic pressure is assumegebgrtthe water surface and hy/2
and that the pressure decreases linearly to thesatmeric pressure at the bottom. Using
Eq. (4.1), Eq. (4.3), and Eq. (4.4), the followrmuation is obtained:

0.35h,/ 29 =J79{-%[\/( h-h)’ -fﬁ}m%} (4.5)

The relationship betweem and h; is solved numerically with Newton’s method as
follows:

h,=0.42h. (4.6)

If another pressure distributiqn, is assumed as shown in Eq. (4.7), the relationship
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betweerh; andh; is calculated as shown in Eqg. (4.8).

p(z)=po(h-7 for 2h/3< = §
, 4.7)
p(z)=pgz for 0< =213

h, =0.44h . (4.8)

In this study, the following relationship was usednsidering its suitability to the
experimental results:

h,=0.4%. (4.9)

The center of trajectory of the overtopped watexswihen obtained under the
following assumptions:
(1) The overtopped water discharges horizontally froerear end of the caisson at the
flow velocityu,=q/ h;.
(2) The trajectory of the overflow nappe above the wsieface is a parabola.
The landing position of the overtopped water ontihebor-side water surfack,, and
the flow velocityug, Ug, are calculated as follows:

L=, [Ath/2) (4.10)

g

Uo=U,, Uy=420(d+ h/2). (4.11)

The width of the water jet at the harbor-side watefaceho, is calculated as:

-9
h=-l. (4.12)

z0

4.3.1.2 Calculation method for the overflow nappsedal on the VOF method

As the simple method mentioned above is applicahlg to rectangular caissons, the
numerical method based on the VOF model shouldsbd in the cases of caissons with
complicated shapes. Fig. 4.12 shows a schematjcadiimof the calculation method for

the overflow nappe based on the VOF model. The floveris generated by water

flowing into the computational domain from the bifse bottom boundary. In this

method, the flow rate needs to be determined lay &md error as the offshore water
level matches the target value.
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Inflow from sea
bed

Free-outflow and
atmospheric pressure

Figure 4.12 : Schematic diagram of the calculatieeihod for the overflow nappe based on the
VOF model.

4.3.1.3 Calculation method for the flow field undlee water surface

The flow field under the water surface on the haside was solved by a single-phase
numerical model. An incompressible flow solver witthe OpenFOAM was used. The
governing equations were the Reynolds-Averaged éledtiokes (RANS) equation and
the continuity equation. The Finite Volume Methodhwan unstructured grid was used
to reproduce the complicated shape of the armarkbld~ig. 4.13 shows the schematic
diagram of the computational method. The landingjitmm of the overtopped watég
and the flow velocityuo, Ug; at the harbor-side water surface were given asdemy
conditions. These values were obtained by prelimicalculation as mentioned above.
The water surface on the harbor-side was assumadixed boundary.

r== _‘I : Computational domain

|

Velocity obtained by
preliminary calculation

Fixed water surface
(slip condition)

[

Pressure difference due to Rubble mound is modeled
the difference of water levels as porous structure

Figure 4.13 : Schematic diagram of the computati@thod for the flow field under the water
surface.
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The rubble mound was modeled as a porous struttiueproduce the seepage flow
under the caisson. The pressure difference dusetwvater level difference between the
inside and outside of breakwater was given at leottts of the computational domain.
The hydraulic flow resistanc® in the porous medium was expressed by a D-F
relationship as shown below:

R=-(aU+p|ulV), (4.13)

where,U is the flow velocity vectorg is the laminar resistance coefficient, gh the
turbulent resistance coefficient. These coeffigentre expressed using the empirical
formulae from Engelund (1953) as follows:
3
1-n) v 1-n
( ) B=5

n? d?’ n

le, (4.14)

where, v is the kinematic viscosity of watet,is the characteristic diameter of the stone,
n is the porosity, andn and /% are the material constants. The material constaets
investigated in the preliminary experiment. Theatienship between the pressure
difference and the discharge of the seepage wasnebt in the experiment, and the
constants were determined @s= 2100 and% = 1.5. The characteristic diameteand
the porosityn are determined by measurement cass 0.0115 m andn = 0.39,
respectively.

The computation of the flow field was conductedcinss-sectional 2-dimensions.
The standard grid size was set to 2 mm. In thescaBeomputing the hydrodynamic
forces acting on the armor blocks, the grid wasisutbed into 3-dimensions. The grid
size around the block was set to about 1 mm so tthatblock shapes could be
reproduced in detail.

A Reynolds stress model (RSM) by Launder et &78) was used as a relatively
high accuracy turbulence model among the RANS nspdaice the degree of diffusion
of the impinging jet was influenced by the turbdemmodel. Also, there was a problem
that excessive turbulence was generated on thacguof the rubble mound when the jet
flowed along the rubble mound. In this study, thebtilence inside the rubble mound
was set to zero as a countermeasure for this probldese effects on flow field are
discussed later.

432 Numerical Result of Flow Field of Harbor-side

The validity of this numerical method was confirm®&dcomparing the computed flow
field of harbor-side with the measured one. Tha/fl@locity in two axesX andz) was
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measured for 20 seconds using an electromagnetientumeter after the flow field
became steady state. The average velocity for 20ngs was compared with the
computed value. Measurement was conducted usirgs-sextions in the presence or
absence of the widened protection mound as showkigin4.14. The overflow depth
was set to 5 cm and 9 cm. The vertical distributbthe horizontal component of flow
velocity were compared at two measurement lines.

Line 1 Line 2 Line 1 Line 2

unit:mm unit:mm

Figure 4.14 : Cross-sections of the breakwater tisethe comparison of flow field. (Left) :
With widened protection. (Right) : Without widenprbtection.

Table 4.2 shows the test cases. Case 0 is a stiarake for comparison. The results
of Case 1, Case 2, and Case 3 were compared vathothCase 0 to examine the
influence of the calculation method on the overfloappe, the influence of the
turbulence model, and the influence of the modiitra of the turbulence model by
removing turbulence inside the mound, respectively.

Table 4.2 : Test cases for the comparison of fliehd f

Calculation method for the Zero turbulence inside
Turbulence model
overflow nappe mound
Case 0 Empirical formula RSM On
Case 1 VOF method RSM On
Case 2 Empirical formula Standardk-¢ On
Case 3 Empirical formula RSM Off

Fig. 4.15 shows a comparison of the results ofeCasnd Case 0 to examine the
influence of the calculation methods for the owesflnappe. The flow fields of both
Case 1 and Case 0 show good agreement with theuradagalues for all conditions.
Therefore, both empirical formula and VOF methoel @pplicable for the calculation of
the overflow nappe.
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O: Numerical result (Case 0 : Empirical)
A: Numerical result (Case 1 : VOF)

Figure 4.15 : Comparison of flow fields obtained thg different calculation methods for the
overflow nappe.

Fig. 4.16 shows a comparison of the results of @aaed Case 0 to examine the
influence of the turbulence models. Comparing tecity on line 1 at the overflow
depth of 5 cm, the RSM reproduces the peak valdkeotelocity and its position better
than the standarki& model.
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Line 1 Line 2 Line 1 Line 2

Water level

005 | & Height of
rublple mognd

02 0 02040608 1 02 0 02040608 1 -04 0 04081216 2 -04 0 0408 1216 2
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(a) Without widened protection, h1=5cm (b) Without widened protection, h1=9cm

[J: Measured value
O: Numerical result (Case 0 : RSM)
A: Numerical result (Case 2 : Standard k-€)

Figure 4.16 : Comparison of flow fields obtainedtbg different turbulence models.

Fig. 4.17 shows a comparison of the results ofeCasnd Case 0 to examine the
influence of the modification of the turbulence rably removing turbulence inside the
mound. In the case of no modification, the peaktjpwsof the flow locates away from
the mound compared to the measured result. Thigestig that the turbulence generated
at the boundary of the mound is excessive. The fieddmodel that the turbulence
inside the rubble mound is set to zero favorabpraduces the water jet flowing along
the mound.

Line 1 Line 2 Line 1

Water level

VHeight of
rubble mound

02 0 02 040608 1 -02 0 02040608 1 -040 04081216 2 04 0 04 08 12 16 2
Ux (m/s) Ux (m/s) Ux (m/s) Ux (m/s)

(a) With widened protection, h1=5cm (b) With widened protection, h1=9cm

: Measured value

O: Numerical result (Case 0 : Zero turbulence inside mound)

A: Numerical result (Case 3 : No modification)
Figure 4.17 : Comparison of flow fields obtainedthg presence or absence of the modification
of the turbulence model by removing the turbuleinsgde mound.
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4.4  Numerical Analysison Sability of Armor Blocks

441 Analysisof Sability against Overturning

The stability of the armor blocks was analyzed tase the fluid force acting on each
block. The fluid force was obtained by integratthg pressure around the block surface.
An experimental case was selected where the owejlbimpinged on the shoulder of
the mound. Fig. 4.18 shows the schematic layouhefbreakwater selected for the
analysis. The armor block A of mass 254 g was usifd.4.19 shows the experimental
results of this case. When the overflow depth wasmh the blocks at the shoulder
(block No. 3) were overturned. Fig. 4.20 showsdbmputed flow field and fluid force
acting on each block. A large force is acting o ttock at the shoulder (block No. 3).
The stability of this block was judged by the bakmf moment. In this analysis, only
the fluid force, the buoyant force, and the selfglie were considered while other
forces such as the friction force between blockeeveisregarded. The condition of the
occurrence of overturning was expressed as follows:

Fa,+Fa +M,>(p,-p,)Voa, (4.15)

where,Fy is the horizontal hydrodynamic forck, is the vertical hydrodynamic force,
My is the moment due to the hydrodynamic foseanday are the arm lengtig, is the
density of the watery is the density of the block, andis the volume of the armor
block (see Fig. 4.21). The resistance moment, wisiche right hand side of Eq. (4.15)
was calculated to be 49.0 N-mm in this case. Medewtihe acting moment, which is
the left hand side of Eq. (4.15), was calculated¢o42.4 N-mm when the overflow
depth was 4 cm, and 54.8 N-mm when the overflowthdes 5 cm. Thus, this result
agreed with the experimental one.

unit:mm

Figure 4.18 : Schematic layout of the breakwatertf® analysis of armor stability against
overturning mode.
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h, =4 cm : Stable

Figure 4.19 : Failure situation of the armor blogk®verturning mode. Armor blocks A of the
mass 254 g were used.

U1 (m/s)
08 i

94,08 12 o
O

cm.

CoG

Figure 4.21 : Definition of the symbols used foe tnalysis of the balance of moment of the
block.

Further validation is required, but this analysigygested that the failure of the
armor units in the overturning mode could be exgdiby the balance of the moment
acting on the block.

79



Chapter 4

4.4.2 Analysisof Sability against Sliding

The stability of armor blocks against sliding modas examined. Firstly, a balance of
force in the normal direction of the mound was odem®ed for each block. The
condition where the block lifts up was expressetbhsws:

N, >W cosé, (4.16)

where,N; is the fluid force in the normal direction acting thei-th block, W is the
underwater weight of the block. If the block does Iift up, the difference between the
left and right side of Eq. (4.16) becomes the ieadbrce from the mound..

A balance of the total tangential force of all tbéocks located below the
impingement position was then considered. The ¢ammdwhere the blocks slides was
expressed as follows:

Y (T+Wsing)>> (4 R) (4.17)

where,T; is the fluid force in the tangential directioniagton thei-th block, 4 is the
friction coefficient. The resistance due to theeitdcking between the block and stones
was included in the friction force. The frictionefbcient of each block was determined
by tuning. The coefficient of the block at the tfedhe mound was set to 0.6 regardless
of the block shape as the block at the toe wasedlamn a mortar seabed in the
experiments. The left and right side of Eq. (4.4@pw the total sliding force and the
total resistance force, respectively.

Fig. 4.22 shows an example of the schematic lapbuihe breakwater for the
analysis. In this case, the armor blocks B of n®3g were used. The computed sliding
force and resistance force of each block in the cdghe overflow depth of 6 cm are
shown in Table 4.3. A large force in the tangerdia¢ction of the mound was acting on
block No.5 which was located near the impingemesitmpn of the overflow jet. Also,

a large force was acting on block No. 11 which \eaated at the toe of the mound.
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339
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Figure 4.22 : Schematic layout of the breakwatertfe analysis of armor stability against
sliding mode.

Table 4.3 : Example of the computed sliding forod eesistance force of each block. The armor
blocks B of mass 33 g were used. The overflow defts 6 cm.

Sliding Resistance

W N; Ti R
No. (N) (N) (N (N )7 f(()lil(;e f(()lil(;e
3 0.182 0.031 -0.046 0.132 1.0 0.035 0.132
4 0.182 -0.022 -0.027 0.185 1.0 0.055 0.185
5 0.182 0.027 0.266 0.136 1.0 0.347 0.136
6 0.182 0.088 0.143 0.074 1.0 0.224 0.074
7 0.182 0.049 0.060 0.114 1.0 0.142 0.114
8 0.182 0.019 0.016 0.144 1.0 0.097 0.144
9 0.182 0.005 -0.002 0.157 1.0 0.080 0.157
10 0.182 -0.005 -0.019 0.168 1.0 0.062 0.168
11 0.182 0.015 0.167 0.167 0.6 0.167 0.100

The stability of the armor blocks was investigatesihg these forces. The sliding
forces were larger than the resistance forces lmcke No. 5 to No. 7 which were
located near the impingement position. The slidorge on block No. 11 at the toe also
exceeded the resistance force. The resistancesfoveee larger for the other blocks.
Therefore, the stability against sliding shouldumged by the balance of the total force
of blocks No.5 to No. 10. The total sliding forcasvcalculated to be 0.952 N and the
total resistance force was calculated to be 0.75&MMch means sliding occurs in this
calculation. Actually, blocks on the slope sectdhd not slide in the experiment when
the overflow depth was 6 cm, though the blockshat tbe slid. When the overflow
depth was 8 cm, all the blocks below the impingenpasition slid together as shown
in Fig. 4.23.
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10 11

Figure 4.23 : Failure situation of the armor blogksliding mode. Armor blocks B of the mass
33 g were used. Overflow depth was 8 cm.

This analysis was conducted for many cases. Fagt ghows a comparison of the
computed and experimented overflow depths at theuroence of damage. The
computed results almost agreed with the experirhemtas. Therefore, this analysis
suggested that the failure of the armor units edhding mode could be explained by
the balance of the total force of the blocks ondlloge section.

12
Armor block A2

[¢) (/1 = 0.85)
£

8 oo \‘\ N\
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occurrence of damage (cm)
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occurrence of damage (cm)

Experimented overflow depth at the

Figure 4.24 : Comparison of the computed and erpmried overflow depth at the occurrence
of damage.

45 Closure

This chapter presented the findings of the hydcamlodel experiments and numerical
analysis on the stability of armor units againsteady overflow of tsunami. The main
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conclusions are shown below:

1. Two important factors for armor stability were faljmamely the impingement
position of the overflow jet and the harbor-siddevdevel.

2. Two failure modes of overturning and sliding weteserved in the experiments.
Numerical analysis revealed that the stability weedicted by the balance of the
moment of a block in the case of overturning mddethe sliding mode, it was
necessary to consider the balance of forces dhablocks on the slope.

3. Wave-dissipating blocks installed in two layerswhd a toughness against tsunami,
namely, scouring was hard to progress rapidly ewden many blocks were
displaced.

4. The harbor-side flow field was favorably reprodudgdthe following numerical
computation method:

(1) The overflow nappe above the water surface and flihe field on the
harbor-side were solved separately to avoid exeessitrainment of air.

(2) The calculation of the overflow nappe above theewatrface was carried out
by either a simple method based on empirical foanarl a numerical method
using a VOF model.

(3) The RSM was used as a turbulence model for the atanpn of the
harbor-side flow field. The turbulence inside tlwble mound was set to zero
to avoid excessive generation of turbulence astinace of the mound.
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Chapter 5

Development of Design Method for Armor Units

against Tsunami Overflow

5.1 Introduction

Establishment of an accurate prediction methodafwnor stability against tsunami
overflow is an urgent issue. The Isbash formulaa&ial Engineering Research Center
[CERC], 1977) is mentioned in the Guidelines foruff@mi-Resistant Design of
Breakwaters (Ministry of Land, Infrastructure, Tsgort and Tourism of Japan, 2013)
as the method to estimate the required mass of raumibss against tsunami. This
formula is expressed as follows:

M = L - (5.1)
489°y°(S - 1) (coP - sird)

where,M is the mass of the armor unjt,is the density of the armor unid, is the flow
velocity near the armor unig, is the gravitational accelerationjs the Isbash constant,
S is the specific gravity of the armor unit with pest to water, and is the angle of
slope. The Isbash constant indicates the stalwhtthe armor unity = 0.86 for the
exposed stones and= 1.20 for the embedded stones are shown by CHBTY].

The required mass calculated by this formula @pprtional to the sixth power of
the flow velocity. This causes a practical probk@it the required mass is too sensitive
to variations in the estimated flow velocity. Algbe Isbash constant is required to be
set properly because the required mass variev@rsa proportion to the sixth power of
the Isbash constant. For concrete blocks= 1.08 has been applied previously
regardless of the kind of block shape. This values based on experiments using
tetrapods conducted by Iwasaki et al. (1984), @nd not appropriate for use of the
same value to all blocks since the Isbash constapends on the block shape. For
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example, Sakunaka and Arikawa (2013) obtainedghash constants of the two kinds
of flat-type armor blocks (shown in Table 5.4) frdahe results of hydraulic model
experiments. They showed that 1.04 to 1.18 for armor block A aiyd= 1.27 to 1.33
for armor block B. In addition, the applicability the Isbash formula to the tsunami
overflow in which a fast flow acts locally on armanits has not been sufficiently
validated.

In this chapter, the applicability of the Isbasinnfula against tsunami overflow is
examined. A more practical design method for armuts based on overflow depth is
then developed.

5.2 Applicability of the Isbash Formula on Evaluating the

Armor Sability against Tsunami Overflow

521 Applicability to the Armor Stones

Firstly, hydraulic model experiments are condudtedrasp the damage of armor stones.
Then the flow field is computed and the Isbash taomisis obtained from Eq. (5.1) by
using the velocity near the armor stones. The egbpility of the Isbash formula is
examined from the relationship between the Isbaststant and the damage to armor
stones.

Experiments on stability of armor stones were cmhed targeting a steady
overflow of tsunami. The equipment was the saméhas shown in Chapter 4. The
overflow was generated using a submersible pump. mbdel scale was 1/50. Two
cross-sections, presence or absence of the widewetection mound, were
experimented as shown in Fig. 5.1. Armor stonewnads 8 g (1 t in the prototype scale)
were used. The height of the overflow depth wass€tcm and 4 cm (1 mand 2 m in
the prototype scale, respectively). The duratioretof the steady overflow of tsunami
was set to 127 s (15 minutes in the prototype kcalee test cases are summarized in
Table 5.1.
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~ Armor stone (mass : 8 g)

Measurement line unit:mm unit:mm

Figure 5.1 : Cross-section of the tested breakwdtesft) : Without widened protection.
(Right) : With widened protection.

Table 5.1 : Test cases on the stability of armamness. Values in brackets represent the converted
values to the prototype scale.
Case Widened protection mound Overflow ddpth

Case 1 Absence 2cm (1 m)
Case 2 Absence 4cm (2 m)
Case 3 Presence 2cm (1 m)
Case 4 Presence 4cm (2 m)

Flow fields on the harbor side were computed feyrttethod mentioned in Chapter
4. The VOF model was used for the calculation & tiverflow nappe. The rubble
mound and the armor stones are modeled as porouguses. The parameters and
physical properties are shown in Table 5.2. Theoaigt distribution on the
measurement line set along the mound was obtaifleel.distribution of the Isbash
constant was then calculated backward from theststhiarmula. In this study, the flow
velocity U in the Isbash formula was defined as the absehiige of the flow velocity.
Measurement height of the flow velocity was setlt6 cm (75 cm in the prototype
scale) above the mound referring to Arikawa e(2013).

Table 5.2 : Parameters and physical propertieth@®porous model.

Parameters Rubble stones Armor stones
Representative diametdi(m) 0.0115 0.018
Porosityn 0.39 0.46
Io) 2100 2100
B 1.5 1.5
Laminar resistance coefficient 2.4x10 4.8x10
Turbulent resistance coefficiefit 1.3x16 4.6x10

Fig. 5.2 shows snapshots of the experiments danmbafter the tsunami overflow.
Fig. 5.3 shows the computed flow fields and theritistion of the Isbash constants on
the measurement line. In Case 1, only a few arrtwres around the shoulder of the
mound moved. The Isbash constant was largest ahih@der and the maximum value
was 0.81. In Case 2, a lot of armor stones aron@dhoulder and slope section moved
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and the rubble stones under the armor stones pattgsed at the slope section. The
Isbash constant showed a maximum value of 1.1Beaslbpe section. In Case 3, a lot
of armor stones around the shoulder moved andutiide stones were exposed slightly.
The Isbash constant showed a maximum value of d.20e shoulder. In Case 4, a lot
of armor stones moved and the rubble stones wetesalbured. The maximum Isbash
constant was 1.39 at the slope section. The daméage cases with widened protection
mound were larger than those without it. This issidered to be because the
overtopped water impinges on the mound more sgveet to the heightening of the

mound.

The results showed that the location where theaslsbconstant was large
corresponded to the damaged area of the stoneatid®ship between the Isbash
constant and the damage to armor stones is sunedag Table. 5.3. The degree of the
stone damage can be classified by using the Ist@sstant ofy = 0.86 and/ = 1.20 as
thresholds, and this agrees with the results op#st study.

Ty

Figure 5.2 : Snapshots of the experiments durirtyadter the tsunami overflow. (@) : Case 1.
(b) : Case 2. (c) : Case 3. (d) : Case 4.
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Figure 5.3 : Computed flow fields and the distribat of the Isbash constants on the
measurement line. (a) : Case 1. (b) : Case 2.Gepe 3. (d) : Case 4.

Table 5.3 : Relationship between the Isbash conatahthe damage of armor stones.

Isbash constant Damage of armor stones
Around 0.86 Armor stones move slightly
0.86 - 1.20 Armor stones move heavily and rubldees are exposed
More than 1.20 Armor stones move heavily and rubtiees are also scoured

5.2.2 Applicability to the Concrete Blocks

Applicability of the Isbash formula to the concrdtiecks was verified by applying to
the experimental results described in Chapter 4.I$hash constant for each armor unit
was calculated backward using the Isbash formuia.flow velocity used in the Isbash
formula was obtained by numerical computation. Expents were conducted by
changing the shape of the harbor-side rubble mathedyarbor-side water level, and the
shape and mass of the armor units as describedebdibe 34 cases were selected to
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include a wide range of conditions as shown in @d&b#i. The impingement position in
the table was determined by whether the computed flelocity is maximum on the
crown section or on the slope section.

Table 5.4 : Stability test casdd,is the crown widthh is the harbor-side water levéi, is the
overflow depth.

i h; at Impinge-
Armor unit Mass W|den¢d B h stability rgengt
protection - "
limit position
61g — 45.0 cm 26 cm 5cm
Wave- — 30.0 cm 26 cm 4 cm
dissipating 199 — 45.0 cm 26 cm 7cm Crown
Block 9 — 30.0 cm 26 cm 6cm  section
> 235 g — 45.0 cm 26 cm 9cm
— 30.0 cm 26 cm 7cm
619 — 15.0 cm 26 cm 5cm Slope
122 g — 15.0 cm 26 cm 6 cm section
235¢g — 15.0cm 26 cm 8cm
— 46.9 cm 26 cm 5cm
Flat-type 64 g o 15.9cm 26 cm 3cm
armor block o 21.1cm 30 cm 3cm Crown
A — 37.5¢cm 26 cm 7cm  section
6\ . 254 g o 16.5 cm 26 cm 4 cm
- o 24.5 cm 30cm 7 cm

4

)Y
\.’/'\QJ 17 g — 31.6 cm 30 cm 5cm
— 46.9 cm 26 cm 5cm

64 g o 10.7 cm 26 cm 6 cm Slope
o 10.7 cm 30 cm 6 cm section
254 g — 21.5cm 30 cm 9cm
o 8.5cm 30 cm 9cm
16 g — 35.8cm 26 cm 6 cm
Flat-type o 15.5cm 26 cm 3cm
armor block 33 — 43.5cm 26 cm 7cm
B 9 o 19.4 cm 26 cm 4 cm Crown
(‘.\‘\ 64 g o 243cm  26cm 5cm  section
(™ \(J — 50.5 cm 26 cm 8cm

(Y
5’\4 123 g o 30.5cm  26cm 7 cm
O

30.5cm 30 cm 9cm
— 14.9 cm 26 cm 5cm

339 — 24.4 cm 30 cm 6 cm
Slope
o 9.9cm 26 cm 7cm section
64 g 0 12.4 cm 30 cm 8cm
123 g o 9.0cm 26 cm 7cm
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Maximum velocity position

U byg

- 0.9xUmax

Measurement line

Figure 5.4 : Definition of width of water jet.

In the case of concrete blocks, since the fagt fosupposed to act only on the part
of the block, the influence of the width of the wemajet on the Isbash constant was
examined. The definition of the width of the wajet by is shown in Fig. 5.4. The
distribution of the flow velocity in the normal dction of the mound is obtained at the
location of the maximum velocity on the measurenier®t The width of the water jet
bgo was defined as the range of the more than 90%eofrtaximum flow velocity in the
normal direction of the mound. The width of the evajet bgy divided by the block
lengthD is written as the relative width of water jet hadter.

Fig. 5.5 shows the relationship between the radawidth of the water jet and the
Isbash constant obtained by backward calculation using Isbash wanCERC, 1977).
The Isbash constants tend to be larger as theveelaidth of the water jet decreases. In
particular, this tendency is remarkable in the adsthe wave-dissipating blocks. Also,
the trend with the Isbash constants varies depgrahrthe impingement position of the
water jet. The Isbash constants when the jet ingsran the slope section are larger as a
whole. This suggests that the Isbash formula témdserestimate the effect of the slope
angle in the cases of concrete blocks. The reamahit will be discussed later.

In addition, the Isbash constants of the flat-tgp@or blocks vary widely when the
jet impinges on the slope section. The Isbash fansubased on the balance of moment
acting on a single stone, whereas the flat-typeoarnohlocks sometimes moves as a
group in a sliding failure mode when the jet im@agn the slope section. This implies
that the calculation result with the Isbash formedaies widely when it is applied to the
sliding failure mode.
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Figure 5.5 : Isbash constantalculated backward using formula by CERC (1977).

523

Discussion on the Formulation of the | shash For mula

The effect of the slope angle is discussed basdhbeoformulation of the Isbash formula.
Isbash (1932) derived the following equation of thedance of moment acting on a
stone located on a slope as shown in Fig. 5.6.

%kpwuzazﬂfaﬂpr—pw) a"@sin@[ﬁ%—( aj:(,or -p,) & gcos?Bg, (5.2)

where Kk is the shape factog is the density of the stong, is the density of watet) is
the flow velocity,a is the stone diametefl,is the angle of the slopéa is the height of
the rotation axis from the slope, aéa is the height of the acting position of the fluid
force measured from the rotation axis. Eq. (5.2)nplified as follows:

Figure 5.6 : Model of balance of the moment by $b@ 932).
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U= ?1‘(\/29(3 —1)\/_3\/0039—(1— Z) sid. (5.3)

If {< 0.5, the moment due to the tangential componéntscown weight acts in a
direction to rotate the stone. Whereas, it actstabilize the stone i > 0.5. By
assuming thaf’'= 0.5 on average, Eq. (5.3) becomes as follows:

_ - -1
U=Y,29(S-1)v alcos , Y—\/;, (5.4)

where,Y is the Isbash constant for the embedded stomeadtdetermined thaft = 1.20
from the results of experiments. Assuming thatdtume is a sphere of diametgrEq.
(5.4) is rewritten as:

M = PY° . (5.5)
489°Y°( S -1 ( co¥)

In Eqg. (5.5), the Isbash constant is denotedyae distinguish it from the Isbash
constanty in Eq. (5.1). Thus, Eq. (5.5) derived by Isbas®3@) and Eq. (5.1) by CERC
(1977) have different expressions for the effecthef slope angle. The Isbash formula
by CERC (1977) corresponds to that tde O in Eqg. (5.3). In other words, the
difference between the two formulae is in how tleght of the axis of rotation is
assumed.

The ratios of the required mass of the armor wnita slope to that on a horizontal
plane which are calculated by using two formulae strown in Fig. 5.7. The effect of
the slope angle in the formula by CERC (1977) igdathan that by Isbash (1932). For
example, when the slope angle is 1:2, the ratimaisulated as about 1.4 according to
the formula by Isbash (1932), whereas it becomestalil according to the formula by
CERC (1977).
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Figure 5.7 : Effect of the slope angle on the dalion of the required mass of armor units.

Fig. 5.8 shows the Isbash constdbf each armor unit obtained by backward
calculation using Eq. (5.5). Since the Isbash @it is regardless of the slope angle,
the effect of the slope angle is properly takew iatcount in Eq. (5.5). The reason is
considered that’= 0.5 is closer to the actual situation thédn 0 in the case of the
concrete blocks. The range of variation in the $bbeonstany¥ of the wave-dissipating
blocks is about £10%, and that of the flat-type @rimocks is about £20%.

7 v20%

-20%

A : Impingement on slope section

O : Impingement on crown section

0 0.1 0.2 0.3 0.4 0.5 0.6
bgy/D

Figure 5.8 : Isbash constantalculated backward using formula by Isbash (1932)

When calculating the required mass of the armats wsing the Isbash formula in
the design work, the use of Eq. (5.5) by Isbasl32)@nd the Isbash constahshown
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in Fig.5.8 will enable the calculation more accehathan the conventional method.

524 Exampleof the Design Calculation

An example of the design calculation of the reqliineass of the armor units by the

above method is shown below. The assumed crosesedit the breakwater and the

water level of tsunami are shown in Fig. 5.9. Thsson is 15.0 m in height and 15.0 m
in width. The rubble mound is 3.0 m in thicknessg ahe widened protection mound

with thickness of 5.0 m and crown width of 5.0 nplaced there on. The water depth
on the sea-side and harbor-side are 21.5 m andi5@spectively. The overflow depth

becomes 3.5 m. Flat-type armor block B is usedoteecthe harbor-side mound. The

specification of the block is shown in Table 5.5efe are 4 masses of the block, 2 t, 4 t,
8 t, and 16 t. Stability is examined for each mass.

The crown width of the widened protection mounttésited as a fixed value in this
example, though it should be normally varied cqroesling to the size of the armor
blocks. In addition, the computation of the flowldl is conducted in the absence of the
armor blocks for simplicity.

,,,,,,,,,,,,,,,,, =— Measurement line

21.5

unit:m

Figure 5.9 : Cross-section of the breakwater.

Table 5.5 : Specification of the blocks (Flat-tygyenor block B)

Type Mass \Volume Block length Block height
M (1) Vv (m’) D (m) H (m)
2t 2.045 0.889 1.86 0.670
4t 4.073 1.771 2.34 0.842
8t 8.078 3.512 2.94 1.058
16t 16.102 7.001 3.70 1.332

Firstly, distribution of the flow velocity alonghé rubble mound is obtained by
conducting a numerical computation of the flowdielFig. 5.10 shows the harbor-side
flow field and the distribution of the flow velogitalong the mound. The maximum
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flow velocity is 5.70 m/s on the slope section. Midth of the water jebg, is then
obtained from the flow velocity distribution in thrmal direction of the slope at the
location of maximum flow velocity. It is obtained lago= 1.44 m as shown in Fig. 5.11.
Thus the relative width of the water jet for eadbck size becomelsyo/D = 0.77, 0.62,
0.49, and 0.39, respectively. The Isbash constanbiained by using Fig. 5.8 &s=
0.86, 1.02, 1.14, and 1.24, respectively. The e@mstfor 2 t and 4 t blocks were
obtained by linear extrapolation. The required msas=lculated as 10.08 t, 3.72 t, 1.88
t, and 1.14 t, respectively by using Eq. (5.5).r€fare, it is judged as unstable for the 2
t block, whereas it is judged as stable for theckdolarger than 4 t. Table 5.6
summarizes the above descriptions. It is conclutiatl a block of 4 ton or more is
required to ensure stability against this condition

IUI (m/s)
2.5 5
[ 7
0 10 6 | Uy =5-70 (M/5s)
5
g af
E 5|
o
2+
1 -
0
0 5 10 15 20 25
x (m)

Figure 5.10 : Computed harbor-side flow field anldwf velocity distribution on the
measurement line.

bay =144 (m)
1 1
7
6 1 1
___________ Lt 09XUpg
5
E 4
=3
2
1
0 1
-2 1 0 1 2 3 4 5
z (m)

Figure 5.11 : Width of water jdi.
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0 01 02 03 04 05 06 07 08 09
beo /D

Figure 5.12 : Isbash constantor each block size.

Table 5.6 : Calculation result of the required mass

2t 4t 8t 16t Remarks
Block masaM (t) 2.045 4.073 8.078 16.102
Specific gravityS 2.233
Block lengthD (m) 1.86 2.34 2.94 3.70
Maximum flow velocityU (m/s) 5.70 Fig. 5.10
Water jet widthbgo (M) 1.44 Fig. 5.11
Relative water jet widthgy/D 0.77 0.62 0.49 0.39
Isbash constant 0.86 1.02 1.14 1.24 Fig. 5.12
Angle of slopef (deg) 26.6
Required mashl g, (t) 10.08 3.72 1.88 1.14 Eg. (5.5)
Judgement N.G. O.K. O.K. O.K.

5.3 Proposal of a Novel Sability Verification M ethod for
Armor Units Based on Overflow Depth

5.3.1 Derivation of Evaluation Formulafor Armor Sability

In the previous section, the applicability of tisbdsh formula against tsunami overflow

was examined, and some suggestions for a more adecdesign were presented.

However, there are still some issues to use trastsbbormula as shown below:

1. It requires a lot of labor and time to obtain tHewf velocity by numerical
computation.

2. The flow velocity near the armor units varies gseaepending on the numerical
analysis method as pointed out by Sunakawa e2@1.4(.
Thus, a new stability verification method was deped based on the findings of
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experiments and numerical analysis. The basic ganseshown below. Firstly, the
overflow depth is used to represent the externaef@cting on the armor units. This
will enable the calculation more easily and robusiitan the conventional method using
flow velocity. Two formulae are used corresponditmgthe two failure modes of
overturning and sliding. The overflow depth of 8tability limit corresponding to each
failure mode is obtained and the final stabilityiliis determined by the severer one. In
addition, the influence of the impingement positairthe water jet and the influence of
the harbor-side water level are taken into accoliney are the key factors for armor
stability.
The developed formulae are shown below:
(Overturning mode)

h o -¢[B &L
5-70 Ng, f[L,qj, (5.6)
(Sliding mode)
(Sr+l)s: N52 =f (d—éj for ELS 1.1, (5-7)

where,h; is the overflow depth§ is the specific gravity of the armor unit with pest

to water,D, is the nominal diameter of the armor ur8tjs the slope length of the
harbor-side mound\ls; andNs, are the stability number8 is the crown width of the
harbor-side mound, is the impingement position of the overflow jdt,is the crown
height of the caisson above the harbor-side watezl| andd, is the submerged depth
above the armor units. The definition of these disi@ns are shown in Fig. 5.13. The
impingement positioh is calculated assuming that the trajectory ofvilager below the
water surface is a straight line:

qu

L=L,+ o, (5.8)

where, Ly is the landing position of the overtopped watertba harbor-side water
surface, anduoy, Ug; are the flow velocities on the harbor-side waterfaxe. These
values are calculated by the method mentioned aph 4 (see 4.3.1).

Stability numbersNg and Ng are functions ofB/L and d./d;, which are the
parameters representing the impingement positicth the harbor-side water level
respectively. The stability is determined only hy. £5.6) ifB/L is larger than 1.1 since
failure by sliding mode does not occur when thertbew jet impinges on the crown
section. Similarly, the stability of wave-dissipagi blocks is determined only by Eq.
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(5.6).

For the overturning mode, the overflow depthrepresents the acting force on
armor units, whereas the nominal diameter of aromots D, represents the resistance
force as shown in Eq. (5.6). For the sliding mamtethe other hand, the slope len&h
is used to represent the resistance force as shovay. (5.7). This is because the
resistance force should be represented by the lerigth of the blocks on the slope
since the blocks on the slope section slide togethe whole in the sliding mode. As a
result, the overflow depth of the stability limit the sliding mode is not dependent on
the block size as can be seen from Eg. (5.6), valset®at in the overturning mode is
proportional to the block size. This correspondthwhe experimental results described
above (see Fig. 5.14).

LS v

Figure 5.13 : Definition of the dimensions usedhia stability verification method.

11 Overturning mode
o 10 [ h=26cm p
2 = 9T Armorblock B ¢ o} ’:’“'::J
e g8 ¢ -
S = 7F
o @ 6| ©
O ©
o E 57 o
s 8 4t o
"E s 37T O Overturning mode
< i | ® Sliding mode %
0 L L
0 1 2 3 4 5 6

Nominal diameter D, (cm)

Figure 5.14 : Relationship between the nominal éi@m and the overflow depth at the
occurrence of damage by each failure mode. (Reshesend.2.2.)

53.2 Determination of Sability Numbersfor Armor Units

The stability numberdNg; and N, for each block were determined through the
experimental results. Fig. 5.15(a) shows the imfb@eof the impingement position by

plotting the stability numbeXs; againsB/L. The conditions on harbor-side water depth
are almost at the same levd/@l; = 0.47 to 0.66). The damaged data with sliding enod
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is excluded in the figure to reveal the stabilityit of overturning mode. The stability
limit is expressed in a single line as a functibmt. regardless of the mass of the block.
Also, the difference in the stability due to thepingement position appears clearly. Fig.
5.15(b) shows the influence of the harbor-side whieel by plotting theNs; against
d./di. The data on the conditionsBAL > 1.0 is shown. The stability tends to increase as
d./d; increased.

Fig. 5.16 shows the stability numbelks; and Ng for flat-type armor blocks
determined through all the test results. Differdamés are used according to tB4. in
Fig. 5.16(a). WhenB/L is between 0.8 and 1.0, the value is obtained ibgat
interpolation. The stability number for the wavesipating block is shown in Fig. 5.17.
In the case of the wave-dissipating block, theusrice of the impingement position was
different from the case of the flat-type armor lBi&cNamely, the cases in which the jet
impinged on the crown section showed higher stghifian the cases of impingement
on the slope section. This result was reflectatienstability number.

(a) (b)
4 o\ 4 o\

h =26cm =°2) h =26cm 22

35 ' 35 o’
d/d1 = 0.47~0.66 o B/LZ 1.0 YO .
§ 3 Armor block B Q 3 [ AmmorblockB d &’
< 25 ° @ : Damaged ;TT 25 LN 8 o
5 ® o O:Stable s ° o 0
L, e o o® Q o o ® o
= o of : = 2 ° ® B

o ]
= 15 %, 0 "c@e o < 315 N, Bo
" oo o 50 00 ©0 O Oo 1 o 08 N -
L1 ®© o o ° oo 0o ° & 2:‘, 1 o Q@ 55 @ : Damaged
° ° ° ° Q@ O:Stable

0.5 e 0.5 S
(Damaged data by sliding is eliminated) (Damaged data by sliding is eliminated)
0 L L L L 0 L L L L L L L

0 0.5 1 15 2 25 -0.5 0 0.5 1 1.5 2 2.5 3 3.5
B/L d,/d,

Figure 5.15: (a) : Influence &L onNg. (b) :
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Figure 5.16 : Stability numbers for flat-type arnfmbocks. (a) Ng (for overturning mode). (b) :
Ng (for sliding mode).
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Figure 5.17 : Stability numbé\g, for wave-dissipating block.
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5.3.3 Comparison with Experimental Results

Fig. 5.18 shows a comparison of the estimated mwerdepth of stability limit with the
damaged overflow depth in the experiments. Thenaséd results are on the safe side
as a whole, and they show good agreement for ladltiré modes.

(Experimental conditions)

Flat type armor block A:  d,/d, =0.47~297, B/L=0.38~2.13
Flat-type armor block B:  d,/d; =-0.04~3.04, B/L=0.26~3.03
Wave-dissipating block: d,/d; =-0.51~2.33, B/L=0.46~3.76

—
S 14 |
g o
§ 12t ° g
5 oo °
§ — 10 A a ?:Ai‘ o
g g o&@
- B’ s | ﬂ%‘:“e
o
© & o s
< £ 6| satent
T O et A : Armor block A (Overturning mode)
c a | s, 9% A : Armor block A (Sliding mode)
g a8 O : Armor block B (Overturning mode)
b 2 L @ : Armor block B (Sliding mode)
L% [0 :Wave-dissipating block

0 L

0O 2 4 6 8 10 12 14
Calculated h ; at stability limit (cm)

Figure 5.18 : Comparison of calculated and expartagkoverflow depth of the stability limit.

534 Exampleof the Design Calculation

An example of the design calculation of the reqlimass of the armor units by the
above method is shown below. The assumed crosesadit the breakwater and the
water level of tsunami are the same as those ums#uteiprevious section. Though the
crown width was treated as a fixed value in themgda of the Isbash formula for
simplicity, the actual length is used in this exé&andhe crown width is calculated as
the length of two blocks.

Firstly, the dimensionk,;, di, dy, B, L, andSwhich are used in the calculation are
obtained. The dimensions except for the impingempeosition L are obtained
immediately from the cross-section of the breakwated the water level of tsunami.
The impingement positioh is calculated by using the empirical formulae lagwa in
Table 5.7. The parametBfL for each block mass (2t, 4t, 8, 16 t) is atdias 0.36,
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0.46, 0.59, and 0.75. Thus they are the conditibas the overflow jet impinges on
slope section. The paramet®fd; for each block mass is obtained as 2.11, 2.08,1.9
and 1.89, respectively.

Table 5.7 : Specifications used for the designutaton.

2t 4t 8t 16t Remarks
Mass of blockM (t) 2.045 4.073 8078 16.102
\Volume of blockV (m?) 0.889 1.771 3512 7.001
Block lengthD (m) 1.86 2.34 2.94 3.70
Block heightH (m) 0.670 0.842 1.058 1.332
Overflow depthh; (m) 3.50
d; (m) 3.00
d; (m) 6.33 6.16 5.94 5.67
Crown widthB (m) 3.77 4.73 5.93 7.45
Slope lengtls (m) 19.39 19.77 20.26 20.86
Overflow discharge (m*/s/m) 10.15 Eq. (4.1)
h, (m) 1.58 Eq. (4.9)
U, (m/s) 6.42 u=q/h,
Lo (m) 5.65 Eqg. (4.10)
Uy (M/S) 6.42 Eg. (4.11)
Uy (M/s) 8.62 Eqg. (4.11)
L (m) 10.36 10.24  10.07 9.87 Eq. (5.8)

Stability against overturning is verified. The gliam of the stability number for the
flat-type armor block B against overturning (Figl&(a)) is used. They/d; andhy/(S -
1)D,, which are obtained by the design conditions,lagtgd on the diagram and the
stability of the block is judged by comparing tHetgoint and the curve in the diagram.
If the plot point is under the curve ®fs, the block is judged as stable. In these
conditions, the curve foB/L=0.8 is used for comparison. The results are shown i
Table 5.8 and Fig. 5.19. It is judged as unstattelfe block of 2 t, whereas stable for
the blocks larger than 4 t against overturning mode

Table 5.8 : Verification result of the stabilityagst overturning.

2t 4t 8t 16t Remarks
B/L 0.36 0.46 0.59 0.75
dx/dy 2.11 2.05 1.98 1.89
D, (M) 0962 1.210 1520 1.913 D,=V"
Ns: = h/(S-1)D, 2.95 2.35 1.87 1.48
Ng (Diagram of stability number) 2.41 2.39 2.38 2.35
Judgement (overturning) N.G. O.K. O.K. O.K.
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Figure 5.19 : Verification result of the stabiligainst overturning.

Stability against sliding is then verified. Theagiam of the stability number for
flat-type armor block B against sliding (Fig. 5.tP(is used. The same procedure as
that for overturning is performed. The results sttewn in Table 5.9 and Fig. 5.20. It is

judged as stable for all the blocks against sligimggle.
By combining the judgement against two failure emdt is concluded that a block

of 4 t or more is required to ensure stability.

Table 5.9 : Verification result of the stabilityagst sliding.

2t 41 8t 16t Remarks

B/L 0.36 0.46 0.59 0.75

dy/dy 2.11 2.05 1.98 1.89

Slope lengtls (m) 19.39 19.77 20.26 20.86

Ng = h/(S-1)S 0.146 0.144 0.140 0.136

Ns (Diagram of stability number) 0.159 0.156 0.153 150

Judgement (sliding) O.K. O.K. O.K. O.K.

Judgement (overall) N.G. O.K. O.K. O.K.
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Figure 5.20 : Verification result of the stabiligainst sliding.

54 Closure

This chapter examined the applicability of the Bb&ormula, which is the conventional
design method for the armor units based on the Wel@city, against tsunami overflow.

Also a more practical design method was preserited.main conclusions are shown
below:

1.

4.

The applicability of the Isbash formula by CERC {IP against armor stones has
been confirmed from the result that the relatiopdetween the Isbash constant
and the degree of damage to armor stones almastdgrith that in the past study.
In the case of concrete blocks, the Isbash constepénds on the width of the
water jet.

The formula by CERC (1977) tends to overestimagesibpe effect in the case of
concrete blocks. The formula by Isbash (1932) takesslope effect into account
more properly.

A new practical design method of the armor unitaiagf tsunami overflow has
been proposed. The features of the method aretlosving: (1) Overflow depth is
used to represent the external force and this eadbé calculation more easily and
robustly than the conventional method using flooegiy. (2) Two formulae are
used corresponding to the two failure modes of toveing and sliding. (3) The
influence of the impingement position of the wajielr and the influence of the
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harbor-side water level are taken into account.

5. The validity of the new method was confirmed by pamning with the experimental
results.

6. Examples of design calculation of the armor unigsershown for two method. One
is the Isbash formula by Isbash (1932) with the o$ethe Isbash constant
considering the width of the water jet. The otherthe newly proposed method
using overflow depth.
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Chapter 6

Development of Economical Construction Method for

Artificial Reefsin Deep SeaArea

6.1 Introduction

Production in fisheries has been declining in Japaparticular, production in offshore
fishing which accounts for 40% of the total fishipgpbduction has declined by nearly
40% in the 10-year period from 1994, and the dgweknt of fisheries in offshore areas
has become an urgent matter (Nakamura et al., 2@®)w crabs support a valuable
commercial fishery as a luxury food in Japan. Thoulge snow crab catch in the
western part of the Sea of Japan had reached 1%®3@0before 1970, it decreased
sharply to 2,000 tons in the early 1990s. In regeats, it is steadily recovering thanks
to imposed catch limits (Fisheries Agency of Jafesources Enhancement Promotion
Department, 2013). For the purpose of a relialtevery to a higher level, the Fisheries
Agency of Japan has been constructing artificiasexy reefs for snow crabs since 2007
(Fisheries Agency of Japan, Construction Divis@®07 ; Nakamura et al., 2008).

The roles of the nursery reefs for snow crabst@rensure their feeding grounds,
hiding places, and spawning grounds. The nursezfsrare configured by installing
concrete blocks on the sea bottom at regular iateras shown in Fig. 6.1. The planned
reefs are within a 2 km square on the basis ofdgimip size of the snow crabs
(Fisheries Agency of Japan, Fisheries InfrastreciDepartment, 2008). The installed
interval of blocks is about 250 m to prevent emtfyrawlers. The installation depth is
about 250 m, corresponding to the depth of the kersaow crab habitat. The blocks
used for the nursery reefs should satisfy the ¥alg conditions (Fisheries Agency of
Japan, Fisheries Infrastructure Department, 20@8) The height of the block should
be more than 3 m so that a fishfinder can recogiiz®) The block should have a

108



Chapter 6

enough weight so as not to be moved by a trawl (3tThe block should be of a
structure so that settlement and embedding doescwmir. (4) The block should be
stable against ocean currents. Snow crabs wererveloséo reside in blocks in a
remotely operated vehicle (ROV) survey conductedtbyet al. (2008). Such blocks
should have a wall structure around the bottom supdhe accuracy for placement
position is required to be within 30 m in radiuswanrd the planned position.

u o 9w w2k ow s ow oapy 2km

o @ a =] B o 3 B o a

Figure 6.1 : A schematic diagram of the nursery feesnow crabs (from Fisheries Agency of
Japan, 2007).

Fish reef blocks in shallow areas are usually peeopfrom a ship to land on the sea
bottom in a range from about 30-100 m deep. Tharacy of placement often becomes
a problem (Matsumi and Seyama, 1988). Because diffisult to ensure placement
accuracy in a 30 m radius in deep water of abo0OtrA%y a free-fall method, placing
each block suspended by wire ropes has been adoppest construction (Inada et al.,
2009). However, this method is time-consuming andconomical at depths of more
than 250 m. To ensure that the free-fall methodlavbe possible, the block must be of
a shape that falls with stable behavior in watésoAthe placement position of the block
in the presence of an ambient current must be giedale so as to determine the release
point.

In this chapter, a new fish reef block ensuringuaate placement by free fall is
developed to enable a more economical constructianursery reefs for snow crabs.
Firstly, numerical analysis method of the fish rebklocks with complicated
3-dimensional shapes falling through water is itigased by applying the numerical
method mentioned in Chapter 2. A fish reef bloaksimow crabs which falls with stable
behavior is then developed by laboratory experisiearid numerical analysis. The
mechanism that stabilizes the falling behavior iscassed based on the numerical
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results. The distribution of the placement positi@rinvestigated by stochastic model.
Finally, a quick estimation method for the placetnawsition is developed to determine
the release point of the block in the presence rofambient current during actual
installation.

6.2 Numerical Analysison Behavior of Fish Reef Blocks
with Complicated 3-Dimensional Shapes Falling

through Water

6.21 Numerical AnalysisMethod of Falling Behavior

The falling behavior of the blocks was analyzedcbynputing the fluid field coupled

with the movement of a rigid body. The OpenFOAM CHKiwdel was used. The
governing equations for the fluid domain consist tfe 3-D incompressible

Navier-Stokes equation and the continuity equafianr.the rigid body, the equations of
motion for the translation and rotation are solvédfinite-volume method and an

unstructured grid subdivided around the rigid baahe used. The dynamic mesh
functionality (Jasak and Tukovic, 2007) equippeth@ OpenFOAM are used. At every
time step, fluid domain and the motion of the rigiddy are calculated alternately.
Computational grid of the fluid domain is deformaidng with the movement of the
rigid body.

6.2.2 Validation of Numerical Analysis M ethod
The validity of this numerical analysis method wasamined. First, experiment and
numerical analysis of the falling behavior of a Z¥inder in water tank by Ushijima et
al. (2003) were reproduced. The experimental setighown in Fig. 6.2. Dimensions
and physical properties are shown in Table 6.1.
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Figure 6.2 : Experimental setup for the falling &eibr of a 2-D cylinder (From Ushijima et al.,

2003).

Table 6.1 : Dimensions and physical propertiestiercomputation of the falling behavior of a
2-D cylinder.

Parameters Values
Tank width : B 100 mm
Tank height : H 150 mm
Horizontal position of cylinder : w 15 mm
Vertical position of cylinder : h 100 mm
Diameter of cylinder : d 20 mm
Density of cylinder p 1200 kg/nd
Density of water p,, 1000 kg/m
Kinematic viscosity of waterv 1.0x10° mP/s

The computation was performed with three differgnt sizes to examine the
influence of the grid size. Each computational ggidhown in Fig. 6.3. Grid 2 and Grid
3 are obtained by subdividing the Grid 1 into 12 4/4, respectively. The number of
the cells of each grid is 3520, 14080, and 5632€pectively.

(@) Grid 1 (b) Grid 2 (c) Grid 3
Figure 6.3 : Computational grids for the analydithe falling behavior of a 2-D cylinder.
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A comparison of the computed falling tracks witle texperimental and numerical
results by Ushijima et al. (2003) is shown in F8gd. The numerical results reproduce
the overall trend which the cylinder moves awayrfrihe side wall in the middle of the
fall. The final horizontal positiow/d is about 1.25 in the case of the coarsest gridd(Gr
1), which is smaller than the results by Ushijimale(2003). The result using the finest
grid (Grid 3) is about 1.9, which is a reasonaldig when compared with the results
in the literature.

6.0 6.0 ———T——r—
50 50F
q 6 experiment
| ° Grid1 e computation
4.0 ° Grid 2 el
- ® Grid 3
<30 | 2 a0
> =
20 20k
1.0 1.0k " 4
P
O 00
0.0 1 1 1 1 1 1 1 0.0 4 i " | 1 i i
0.0 05 1.0 1.5 20 25 3.0 3.5 4.0
0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 </d

x/d

Figure 6.4 : Comparison of the falling track ofiogler. (Left) : Computed results in this study.
(Right) : Results by Ushijima et al. (2003).

As another validation case, computation of théniglbehavior of a coin-shaped
thin cylinder was conducted to confirm whether siéng motion during free-fall could
be reproduced. A schematic diagram of the communtatidomain and the dimensions
and physical properties are shown in Fig. 6.5 amdblel 6.2, respectively. The
computational grid is subdivided around the cylmde shown in Fig. 6.6. The number
of grid cells is 52,788. An angular velocity @f = 10 deg/s is given to the cylinder as
the initial condition to give the small disturbance
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Lz

\ 4

Figure 6.5 : Schematic diagram of the numericallysm of the falling behavior of a
coin-shaped cylinder.

Table 6.2 : Dimensions and physical propertiestiercomputation of the falling behavior of a
coin-shaped cylinder.

Parameters Values
Width of tank : L, = L, 100 mm
Height of tank : L 250 mm
Vertical position of cylinder : h 200 mm
Diameter of cylinder : d 10 mm
Thickness of cylinder : t 1 mm
Density of cylinder p 2300 kg/n
Density of water py 1000 kg/m

Kinematic viscosity of wateru 1.0x10° né/s

Figure 6.6 : Computational grid for the analysisaoin-shaped cylinder.

Computed falling track is shown in Fig. 6.7. Timéerval of display is 0.02 s. As
the result shows the swing motion during free-falljs computational method
confirmed that it could reproduce such phenomenon.
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Figure 6.7 : Computed falling track of a coin-stapglinder.

The numerical analysis of the falling behavioraofish reef block was conducted.
The validity of the computational method was exadiby comparing the falling tracks
and velocities with experimental results. The asialyvas performed using a developed
block shape (Fig. 6.12(b)) as described below. ddmputation was performed with
three different grid sizes since the grid sizexigeeted to affect the computational result.
The computational grid is subdivided around thecklas shown in Fig. 6.8. The

number of the cells in each grid is about 129,600Grid 1, about 162,000 for Grid 2,
and 453,000 for Grid 3, respectively.

,,,,,

‘‘‘‘‘

(a) Grid 1 (b) Grid 2 (c)em’
Figure 6.8 : Computational grids for the analydithe falling behavior of a fish reef block.
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For comparison with the experimental results,dhputation was conducted with
a scale of 1/60 as well as the model experimenseritied below. Dimensions and
physical properties are shown in Table 6.3. An &argeelocity of«y, = 1 rad/s is given
to the block as the initial condition to give theal disturbance.

Table 6.3 : Dimensions and physical propertiestiercomputation of the falling behavior of a
fish reef block.

Parameters Values Values
(model scale) (prototype scale)

Width of tank : L = L, 60 cm 36'm
Height of tank : L 200 cm 120 m
Falling height : h 160 cm 96 m
Density of cylinder p 2300 kg/nd 2300 kg/m
Density of water p,, 1000 kg/nd 1000 kg/m
Kinematic viscosity of waterv 1.0x10° /s 1.0x10 m?/s

The computed falling tracks are shown in Fig. 818 experimental results are also
shown in the figure. The time interval of displaydi.2 s. In the numerical result with the
coarsest grid (Grid 1), the block began to slidehe left, and the inclination also
became large. The falling track is displayed orgyto the middle in this case because
the computation stopped halfway. Since the comjmmak grid around the block
deforms along the movement of the block in thishuodt a very small cell occurs
locally when the deformation of the grid becomesltoge. As a result, the computation
sometimes stops due to the limitation of the Couramber. In the case of Grid 2, the
swing motion reproduced though its amplitude isresemated. In the case of the finest
grid (Grid 3), the amplitude of the swing motionsmaller than that of Grid 2 and
almost agrees with the experimental result.
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(a) Grid 1 (b) Grid 2 (c) Grid 3 (d) Eeriment
Figure 6.9 : Comparison of the falling behaviottw fish reef block. Time interval of display is
0.2s.

Fig. 6.10 shows a comparison of the settling vglo@he settling velocity in the
experiment is the average velocity obtained from time taken to pass through each
interval of 0.2 m in the vertical direction. Thengputation results almost agree with the
experimental one regardless of the computationdl gr
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Figure 6.10 : Comparison of the settling velocity.

The above results showed that the present nurhedocmputation method
reproduces the falling behavior of the fish reefchkl with its complicated 3-dimensional
shape. Since it was found that the sufficienthefgrid was necessary to reproduce the
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falling behavior accurately, the finest grid (G8His used in the following.

6.3 Development of Fish Reef Block Ensuring Accurate

Placement

6.3.1 Laboratory Experiment

Model experiments were conducted to decide a fueddah shape of block which
would fall with stable behavior in water. Fig. 6 ddows the setup of the experiments in
quiescent water. The model scale was 1/60. A watde of 1.0 m square and 2.3 m high
was used. The water depth was 2.0 m (120 m in tbitype scale). The model block
made of mortar was released gently from just utidewater surface. The behavior of
the block was recorded with two video cameras fromo orthogonal directions.
Horizontal lines every 20 cm were marked on thelsvaf the tank to measure the
vertical position and orientation of the blocksnfréhe video images.

zZy e

X L
6) 2.0m
Cn-cp-1-—- @
camera {:>_ 'l

A A
& ,’/ Am

camera @ 3
1.0m

Figure 6.11 : Setup for the experiment in quiesoater.

Several kinds of model blocks with frame strucsuneere tested, for example cubic,
prismoid and circular cylinder, etc. The cubic tygf®wn in Fig. 6.12(a) (hereafter the
“Base model”) was selected as it fell without rmtatand the amplitude of rolling
motion was smallest among them. The block was ingmdoy numerical analysis as
mentioned below and shown in Fig. 6.12(b) (heredfte “Improved model”) was also
tested. The feature of the “Improved model” is thdéra shelf areas attached to the
upper and lower frames to act as stabilizers. €btstwith the “Improved model” were
repeated more than 100 times to investigate thdagmibstic distribution of the
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placement position.

' —
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Figure 6.12 : Shapes of the blocks. (a) : Base in@a)e: Improved model.

Because the falling behavior is influenced by #mebient current during actual
construction, experiments in a flow field were atemducted. The experimental setup is
depicted in Fig. 6.13. A submersible pump was Ifestan a flume (50 m long, 1.0 m
wide, and 1.3 m deep) to generate a steady floe.Water depth was about 0.85 m (51
m in the prototype scale). The target flow veloeitys 5 cm/s (0.39 m/s in the prototype
scale) and vertically uniform. This velocity compesids approximately to the current in
the assumed sea area measured by Ito et al. (Z0@®flow velocity was confirmed by
using an electromagnetic current meter before #per@ments. The behavior of the
block was recorded from the side of the flume wvatlvideo camera. The “Improved
model” was used and the tests were also repeatesltimen 100 times.

| upstream weir screen (0.39m/s)
N observation area downstream weir

— h=0.85m( 51m ) underwater pump

T flow velocity = 0.05m/s ‘Model scale = 1/60 ‘
\
\
\
\
\
\
\

Figure 6.13 : Setup for the experiment in flowdiel
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Examples of the falling behavior of the block tak®y video camera are shown in
Fig. 6.14. In the quiescent-water experiment, tloekbfell almost straight with limited
swinging and swaying from side to side. In the fifi@ld experiment, it fell almost
linearly to the downstream side. The block landedieally in all the tests. The block
should land on its bottom on the sea bed to functi® a nursery reef. Fig. 6.15 shows
the falling tracks of the center of gravity of thimck. The horizontal displacement at
the bottom (at a depth of 120 m in the prototyp@swp to 8.8 cm (5.3 m in the
prototype scale) in the quiescent-water experimbenthe flow-field experiment, the
average placement position was 8.5 cm (5.1 m iptb®type scale) to the downstream
side. The placement variation at the bottom (a¢pttd of 51 m in the prototype) from
the average placement position was +2.9 cm (x1.7inmthe prototype scale).
Considering that the accuracy requested for planensewithin a range of 30 m in
radius, the developed block can be expected tefgdhis accuracy, although the water
depth in the experiment is shallower than the ptanwater depth, and the ambient
current may exceed 0.4 m/s, occasionally.

= i —
(o) BB ()

—— -

w——

Figure 6.14 : Examples of falling behavior of tHedk téken by video camera. (a) : In quiescent
water. (b) : In flow field. Time interval of displas 0.2 s.
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Figure 6.15 : Falling tracks of the block. (a) dumiescent water. (b) : In flow field.

6.3.2 Sabilization of Falling Behavior by Improving the Block Shape

The features of the “Improved model” is the extnalsareas attached to the upper and
lower frames to act as stabilizers as shown in €it2. The effect of these stabilizers
was investigated. Fig. 6.16 shows the comparisotm@fcomputed falling behavior of
the “Improved model” and the “Base model”’. The ekpental results are also shown
in Fig. 6.16. The amplitude of the swing motion baen reduced by the stabilizers. The
amplitude of the swing motion is overpredicted fioe “Base model”, but the falling
behavior of the “Improved model” is well predicted.
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Improved model Base model

Computation Experiment Computation Experiment

Figure 6.16 : Comparison of the falling behaviortlud “Improved model” and “Base model”.
Time interval of display is 0.2 s.

The reduced swing motion of the “Improved modeBults in the increased settling
velocity. The horizontal displacement of the “Imped model” by the ambient current
will be reduced with the decrease of the settlingatdon. The reduced amplitude of the
swing motion also implies that the distribution garof the placement position will be
smaller, and the probability of landing on the lildottom on the sea bed will be larger.
Therefore, the block should be shaped in such athatythe block settles downward as
fast as possible with minimum swing motion and mimm horizontal displacement
from the ambient current. Fig. 6.17 shows a conspariof the computed settling
velocities and the rotating angles of the “Improveddel” and the “Base model”. Fig.
6.17(a) shows the settling velocity increase assalt of the stabilizers. Fig. 6.17(b)
shows that the rotating angle of the “Improved niibdeless than 10°, whereas the
“Base model” may rotate up to 45°.
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Figure 6.17 : Comparison of the (a) settling velesiand (b) rotation angles.

The mechanism of stabilization due to the staditiavas investigated by analyzing
the pressure and velocity fields. Fig. 6.18 shdvesdpatial distribution of the dynamic
pressure, which is defined as the difference batwbe computed total pressure and
hydrostatic pressure. The cross section of thekhlsee Fig. 6.12) in the plaiye= 0 is
shown in white. The stabilizers decrease the dyoapmessure around the upper
stabilizer in the wake zones, accordingly the upgtabilizer is pulled upward. This
suggest that the upper stabilizer has the effecsupipressing the block inclines as
shown in Fig. 6.19.
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Figure 6.19 : Schematic diagram of the stabilizatiae to the upper stabilizer

Fig. 6.20 shows the spatial distribution of thegmtude of the velocity. The
stabilizers make the flow field more symmetric abthe diagonal members of the
block. The symmetry of the flow field around theda® model” is broken soon after
release. The diagonal member on the right sidaefBase model” is out of the wake
zone at time = 0.6 s (4.2 s in the prototype scale). For thesgure distribution dt=
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0.6 s, a large restoring moment is acting on tagatal member on the right side of the
“Base model”. The block then rotates in the opgoditection at = 1.0 s. This suggests
that the lower stabilizer may stabilize the fallinghavior by maintaining a symmetric

]
Improved model I

U] (m/s)

wake zone.

02 04 0.6
IR ARt s AR~ Ty

t=0.2s - t=04s t=06s t=08s t=10s
Figure 6.20 : Spatial distribution of velocity matgie.

Hydrodynamic stability was analyzed by using tbenputed hydrodynamic forces
in steady flow. To keep a stable falling behavibe center of pressure defined below
must be above the center of gravity. The centgre$sure is defined as the point on a
body where the total pressure field acts, causifogyae and no moment about that point.
Fig. 6.21 shows the center of pressure at eaclteariglow. The center of pressure of
the “Base model” lowers to near the center of dyaat an angle of 30°, whereas it is
located higher on the whole in the “Improved model”
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Center of pressure
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Figure 6.21 : Position of center of pressure.

6.3.3 Influence of Initial Posture on Falling Behavior

Because the block may be released in a tilted postu actual construction, the
influence of the initial posture on falling behavisas investigated numerically. Block
tilts of 2, 5, and 10° were specified as the ihitiandition. The other conditions of the
computation were the same as before (see TableFdd3)6.22 shows the falling tracks
and rotation angles. The swing amplitude and mtatingle do not increase as much as
the increased initial tilt. The maximum horizontigplacement and maximum rotating
angle for the case of 10° of tilt is about 0.05310(m in the prototype scale) and 20°,
respectively. The stabilizers reduce the effectirofial tilt on subsequent falling
behavior.

(a) (b)
0 0
-0.2 -0.2
-04 -04
-0.6 -0.6
E os E o8
N N
-1 -1
-1.2 T 2deg -1.2
----5deg
14 - 10deg 14
-1.6 : : | -1.6
-01 005 O 005 01 -60 -40 -20 0 20 40 60
x (m) Rotation angle 8y (deg)

Figure 6.22 : Influence of initial posture on (a)iihg tracks and (b) rotation angles.
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6.3.4 Prediction of the Distribution of Placement Position by Sochastic Model
Placement in the water at a depth of 250 m could b®oobtained because of the
limitations of the water-tank size. The variatidnptacement position was investigated
using a stochastic model. The stochastic model bysivni and Kimura (1992) was
applied. The model assumes that the horizontalatisment of the settling block at a
given elevation follows the Gaussian distributiomhich is independent of block
elevation. The model also assumes a Markov-chanoryhwith respect to horizontal
displacement, where the next state depends onthewrurrent state without regard to
the preceding sequence of events.

First, the probabilistic distributions of the hmontal displacemenftx and Ay
between the two elevations were investigated byyaimg the experimental data. Fig.
6.23 shows the standard deviation (SDN\rfandAy as a function of elevation The
elevation spacing\z was 0.2 m (12 m in the prototype scale). The nbpead SD is
plotted in Fig. 6.23 by dividing it by the lengthtbe blockL, which was 5.5 cm (3.3 m
in prototype scale). The SD is found to be almosistant independent of its elevation.
Because the average of the normalized SD in thefileld experiments was 0.101 and
slightly smaller than 0.131 in the quiescent-watgperiment, the ambient current
tended to reduce the horizontal displacement vanat
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Figure 6.23 : Standard deviation of the non-dimamai horizontal displacement/L andAy/L.
(a) : In quiescent water. (b) : In flow field.

Secondly, the distributions @fx and Ay in the quiescent-water experiment were
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confirmed based on whether approximation by a Gansdistribution could be done.
Fig. 6.24 shows examples of the results. The meduevof the Gaussian distribution
was set to zero and the SD was set to the meaa wrathe quiescent-water experiments
which was 0.131. It can be seen that the Gausssnbdtion fitted reasonably well
with the measured distributions.

According to the Markov-chain theory, if the prbbay distributions of the
horizontal positiorf(x) atz = z; andAx (written asg(x)) are givenf(x) atz =z, + Az can
be obtained as follows:

f(x)

Also, g(x) is a Gaussian distribution written as

9(X)=—— exp[—M] , 6.2)

T g(p- % 1R dy. (6.1)

Z=70+AZ_J-XO:—00 zg

2m2 20'2

where, 1 is the mean value (= 0.0), amdis the SD (= 0.131). The distribution of the
horizontal position at arbitrary elevations can bletained by solving Eg. (6.1)
sequentially fronz = 0. Fig. 6.25 shows the calculated results in ganson with the
experimental results. This model reproduces theiloigion spreading with the block
falling distance. In a water depth of 252 m, thegeof 99% nonexceedance probability
is predicted to be +5.1 m. Because the accuracyestgd for placement is a range
within 30 m in radius, the distribution range reésg from the swing motion of the
block in still water is found to be small enough.
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Figure 6.25 : Probabilistic distribution of the fzmntal position.

6.4 Development of Quick Estimation Method for the

Placement Position

Placement of the blocks can be done in the follgvsiteps:
1. The floating crane navigates slowly near the reldasation.
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2. Flow at the site is measured using an Acoustic Bapgpurrent Profiler (ADCP).
3. The release point is calculated accounting forergiocity and flow conditions.
4. The block is released.

It is necessary to forecast the placement posdigokly because the release point
needs to be determined on the floating crane. Binepatational method based on the
Navier-Stokes equation is not suited for such apliegtion. Therefore, a quick
estimation method was developed for field applarzi

6.4.1 Estimation Method for Averaged Placement Position

To reduce the computational time, the hydrodynafarce acting on the block was

evaluated using the hydrodynamic force coefficienstead of computing the pressure
field based on the Navier-Stokes equation. In @mfditthe rotational motion of the

block was neglected since the rotational motionctcte considered not to influence on
the average placement position so much.

Fig. 6.26(a) shows the coordinate system for #leutation. Kumagai et al.(2004)
proposed a prediction method for the falling bebawf a block. In their method, the
hydrodynamic force acting on the block was evaliaby using the drag-force
coefficient. In this study, transverse hydrodynafoices were included to predict the
transverse block motion.

The equation of motion is written as :

(M +pwkmv)%:F+(M—pwv)g, (6.3)
whereM is the mass of the bloclg, is the density of watek, is the added mass
coefficient, V is the volume of the blocky, is the velocity of the blockF is the
hydrodynamic force, and is the gravitational acceleration vector actingvdeard.
The hydrodynamic force is expressed as

1 1 1
F=2Cop AV 1+-Cp, Av [ m+=Cp, AV ['n, (6.4)

V, =V, "V, (6.5)

whereCp, C., andCs are the hydrodynamic force coefficientg,is the flow velocityy,

is the flow velocity relative to the moving blockseg Fig. 6.26(b))A is the
representative area of the block (= 16.1F ammodel scale), which is defined as the
projected area viewed from tlzeaxis, andl, m, andn are the unit vectors. The flow
velocity does not include the wave-induced velobigégause the flow velocity used for
the prediction during actual construction is anrage value for tens of seconds of the
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velocity measured by ADCP. The vectas in the direction of the relative flow velocity,
andm is defined as the vector perpendiculad @ndn, with n defined as the vector

perpendicular to the relative flow vectgrand thez-axis. Thereforel, m, andn can be
expressed as follows:
v

|:m, (6.6)
(kxv,)xv,
m= )T 6.7)
(kxv,)xv,
_kxv,
n_|k><vr|' (6.8)

where k is the unit vector in the direction of theaxis. The hydrodynamic force
coefficientsCp, C., and Cs are obtained beforehand by the method which well b
described below. The coefficients depend on thection of the relative flow velocity.
The direction is expressed by the two angi&sand &4, where8, is the angle between
the relative flow velocity and theaxis, andé, is the angle between tlxeaxis and the
component of the relative velocity in tkg-plane, as shown in Fig. 6.26(c). Eq. (6.3) is
solved using the Newmar-method, which is an implicit time-marching methddhe
values ofCp, C., and Cs are updated at every time step after computatiothe
direction of the relative flow velocity;.

(b) (©)
4 e -
Vv, Vi =V =%
*—>
Oy Y Horizontal
component
Vo / ofvp
<4 b 0 '
v, O X
.‘o -
-V,
°i /v

Figure 6.26 : Definition of (a) coordinate syste), relative flow velocity, and (c) direction of
relative flow velocity.

The hydrodynamic force coefficien®, C., andCs were obtained by computing
the hydrodynamic force acting on a block fixed isteady flow. As shown in Fig. 6.27,
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the block was placed at the center of the comprtatidomain of 0.6 m x 0.6 m x 0.6
m. A spatially uniform flow of 1.0 m/s was given Hie lower boundary of the
computational domain. Th€p, C_, and Cs for each direction was computed with
varying the angle of the block. An incompressitdavfsolver in the OpenFOAM model
was used. The range of the Reynolds number duniadgree-fall in the model and the
prototype scale is from @0 10. Since the preliminary computation clarified thiae
drag coefficient was almost constant in this raoigine Reynolds number, the influence
of the Reynolds number on the hydrodynamic forceffaments was disregarded. Fig.
6.28 shows the computed coefficients. For compartatf the falling track, linearly
interpolated values of the coefficients are used.

Lyzy
Lz &
L)’ x d =0.055m
Lx Ix=Ly=Lz=06m
shab i ity Uz =1.0m/s

Uniform tflow Uz

Figure 6.27 : Computational domain for the compatatof the hydrodynamic force
coefficients.
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Figure 6.28 : Hydrodynamic force coefficients of thmproved model”.
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Similarly, the added mass coefficidptwas calculated. The spatially uniform flow
accelerating at 1 nf/svas given at the lower boundary. The added masficent was
assumed as a constant value independent of the ahgihe block. It was obtained as
4.6.

6.4.2 Validation of the Estimation Method

To validate this estimation method, the calculdtdling behavior in a flow field was
compared with the computational result based on Nhegier-Stokes equation and
experimental ones . The flow velocity was 5 cm/890n/s in the prototype scale) and
vertically uniform. The calculation condition isaskn in Table 6.4.

Table 6.4 : Calculation conditions.

Parameter Value
Time integration method Newmark{£ (8= 0.1666)
Time incrementt 0.001s
Density of blocko 2300 kg/m
Density of watep, 1000 kg/m
Added mass coefficierk, 4.6
Flow velocity & direction)v,, 5 cm/s (0.39 m/s in the prototype scale)

Fig. 6.29(a) shows a comparison of the fallingkraBecause the rotational motion
is neglected, the oscillating behavior cannot Ipeaguced in this method. However, the
average falling track can be sufficiently predictedy. 6.29(b) shows a comparison of
the settling velocity. The result of the quick estion method agreed well with the
experimental result and the computed one basecherNavier-Stokes equation. In
addition, since the computational time decrease@ tiew seconds, this estimation
method for placement position can be applied an sit

133



Chapter 6

10 | (CY
20 -6 b
Wl . (b)
2 (5]
= 40T E a o o o070 o©
N 50 8 3
[7]
60 ) 2 — Quick estimation
— Quick £
70 F estimation g Computation (N-S eq.)
Computation. & -1 o Experiments
-80 (N-S ea.)
| O~ Experiments | 0
-90 0 -20 -40 -60 -80 2100 -120
100 . . . . \ 2(m)

X (m)

Figure 6.29 : Comparison of (a) falling tracks gbgsettling velocities in flow field.

6.5 Closure

This chapter presented an economical placementaahdtr fish reef blocks utilizing
free fall in the deep sea. The main conclusionshosvn below:

1.

Numerical computational method to analyze therfgllbehavior of fish reef blocks
in water was investigated. The method was validabsd comparing with
experimental results.

A new fish reef block which falls with stable bef@vthrough water was developed
by laboratory experiments and numerical computafidre newly developed block
is based on a cube-shaped frame structure witla esktelf areas attached to the
upper and lower frames to act as stabilizers.

The computation results indicated that the uppabister produced a restoring
moment for the tilted block by decreasing the dyicapmessure around the upper
stabilizer, and the lower stabilizer reduced ingitson the wake of the falling block
by maintaining a symmetric wake zone.

A stochastic model based on experimental resutig/stl that the distribution of the
placement position as a result of the swing mot@s sufficiently small and well
within the required accuracy.

A quick prediction method for the placement positisas developed to determine
the release point of the block during actual cartsion in the presence of ambient
current. Use of the hydrodynamic force coefficiecamputed in advance will allow
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the method to estimate the average falling tradkeflock with sufficient accuracy
and within a few seconds.
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Chapter 7

Summary and Conclusions

In this thesis, a design method has been presdatedrmor units covering rubble
mound of composite breakwaters. An economical coasbn method for artificial
reefs in the deep sea has been also presentece @asgn and construction methods
were developed by introducing the CFD approachdiditeon to the hydraulic model
experiments. In the following, a summary of theviwas Chapters and future work are
described.

7.1  Summary

In Chapter 1, the background, the objective of #tigly, and the thesis outline were
described.

In Chapter 2, a versatile numerical wave flume degeloped by using an OpenFOAM

based on an unstructured grid.

* The validation of the water surface profile and wderces acting on a structure
were confirmed through the dam-break tests.

* It was confirmed that wave generation method byrag@gpcing a motion of a
wavemaker could generate the waves accurately lzaidthhe processes of wave
propagation, deformation, and wave breaking co@drdproduced appropriately.
The computed wave height in the surf zone tenddzetanderestimated. This was
improved to some extent by setting the aspect adtibe computational grid to 1:1.

* The total volume of water in the computational domaas conserved well in this
wave-generation method. This is an advantage iioeing a long-time simulation.
A future challenge will be to introduce a functiohactive generating-absorbing for
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long-time simulation.

The validation of the porous model was examinedugh the following two tests:

(1) the wave transmission coefficient of a slopibgeakwater and (2) the
effectiveness of a detached breakwater againsamsurirhe overall trend of the
computed results agreed with the experimental dregher study is required on
the value of the material constants and the fortimraof the resistance coefficients
for the improvement of the accuracy.

In Chapter 3, stability of the armor units agam&trtopping jet caused by tsunami with
rapid water level rise was examined.

When the tsunami with rapid water level rise oveped the breakwater and
impinged onto the harbor-side water surface, thieemjat generated vortices. The
armor units received uplift forces when the vom@ssed through above the armor
units.

The flat-type armor block with large holes showeghhstability against the water
jet in the experiments. Numerical analysis revedtet the holes in the blocks
reduce the uplift force acting on the block and rowe the stability against
impinging water jet.

Reinforcement by placing heavier blocks along the af the slope enhanced the
total stability of the armor layer.

The wave profile of the tsunami and the impingiagwere accurately reproduced
by numerical computation based on the VOF method.

The stability of the armor blocks was predictedlgatvely by numerical analysis
which took the 3-dimensional shape of the block extcount.

In Chapter 4, stability of the armor units agaistgady overflow of tsunami was
investigated.

Two important factors for armor stability were faumThese were the impingement
position of the overflow jet and the harbor-siddevdevel.

Two failure modes of overturning and sliding wetgserved in the experiments.
Numerical analysis revealed that the stability weedicted by the balance of the
moment of a block in the case of overturning mddethe sliding mode, it was
necessary to consider the balance of forces dfi@lblocks on the slope.
Wave-dissipating blocks installed in two layerswhd a toughness against tsunami,
namely, scouring was hard to progress rapidly evleen many blocks displaced.
The harbor-side flow field was favorably reprodudgdthe following numerical
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computation method: (1) The overflow nappe aboeewhter surface and the flow
field on the harbor-side were solved separatebvtid excessive entrainment of air.
(2) The calculation of the overflow jet was carrieat by either a simple method
based on an empirical formula or a numerical metidg a VOF model. (3) The
RSM was used as a turbulence model for the compuataf the harbor-side flow
field. The turbulence inside the rubble mound weists zero to avoid excessive
generation of the turbulence at the surface ofrtband.

In Chapter 5, the applicability of the Isbash fotapwvhich is the conventional design
method for the armor units based on the flow v&p@gainst tsunami overflow was
examined. Also a more practical design method wasgmted.

The applicability of the Isbash formula by CERC {ID against armor stones has
been confirmed from the result that the relatiopdetween the Isbash constant
and the degree of damage of armor stone almost@gvieh that of the past study.

In the case of concrete blocks, the Isbash constepénds on the width of the
water jet.

The formula by CERC (1977) tends to overestimagesibpe effect in the case of
concrete blocks. The formula by Isbash (1932) takesslope effect into account
more properly.

A new practical design method for the armor ungaiast tsunami overflow has
been proposed. The features of the method aretlosving: (1) Overflow depth is
used to represent the external force and this eadbé calculation more easily and
robustly than the conventional method using flooegiy. (2) Two formulae are
used corresponding to the two failure modes of toveing and sliding. (3) The
influence of the impingement position of the wajielr and the influence of the
harbor-side water level are taken into account.

The validity of the new method was confirmed by pamng with the experimental
results.

Examples of design calculation of the armor unigsershown for the two methods,
the Isbash formula and the newly proposed method.

In Chapter 6, an economical placement method $&br ffieef blocks utilizing free fall in
the deep sea was presented.

Numerical computational method to analyze therfgllbehavior of fish reef blocks
in water was investigated. The method was validalbyd comparing with
experimental results.
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A new fish reef block which falls with stable bel@vin water was developed by
laboratory experiments and numerical computatidre fewly developed block is
based on a cube-shaped frame structure with ekl areas attached to the upper
and lower frames to act as stabilizers.

The computation results indicated that the uppabilkter produced a restoring
moment for a tilted block by decreasing the dynapmessure around the upper
stabilizer, and the lower stabilizer reduced initghin the wake of the falling
block by maintaining a symmetric wake zone.

A stochastic model based on experimental resutteeti that the distribution of the
placement position as a result of the swing motuas sufficiently small and well
within the required accuracy.

A quick prediction method for the placement positisas developed to determine
the release point of the block during actual carcdton in the presence of ambient
current. Use of the hydrodynamic force coefficientsmputed in advance will
allow the method to estimate the average falliagkrof the block with sufficient
accuracy and within a few seconds.

7.2 FutureWork

Numerical wave flume
In this study, the stability of the armor blocksrev@nalyzed based on the fluid force
acting on each block. A computation method for sgvthe movement of the blocks
directly is required for the improvement of the @aracy.

When applying the wave generation method by repiong motion with a

wavemaker, the function of simultaneously genegaititident waves and absorbing the

reflected waves is required for the long-time satioh. This can be done by applying
existing theories (e.g., Hirakuchi et al., 1990g&ard and Christensen, 1994).
As for the porous model, as indicated above, &rthvestigation is required on the

value of the material constants and the formulatibthe resistance coefficients for the

improvement of the accuracy.

Tsunami-resistant design of breakwaters
Expansion of the applicability of the newly propogkesign method for armor units will

be a future project. Because this method is limitegkctangular caissons at the moment,
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it is desirable to increase the applicable rangeatmus shapes of superstructures. The
influence of the shape of superstructures on theoastability has to be clarified. A
possible way to incorporate this influence is ttrdduce a correction coefficient into
the stability number.

As for the numerical analysis on the stabilityasfor blocks, it is necessary to
perform validation for more cases. It may becomssjie to apply to the development
of the block shape with higher stability and th&gkation of the stability numbers for
the block.

Though the present study was focused on the gyaf armor units, a
comprehensive stability of breakwaters, which idelsi the sliding of caissons, and
scouring of the rubble mound and subsoil is algooirtant.

In addition, the stability of armor units agaitis¢ water jet due to a tsunami with
rapid water level rise has not yet been fully rée@aThe influence of the shape of
tsunami, e.g., breaking bore, tsunami with soliigeion, on armor stability should be
investigated. The influence of the dimensions of tharbor-side mound and the
harbor-side water level will also be important éomor stability.

Artificial reefs

Application of the developed method of this studythe construction of artificial
upwelling mounds can be expected. Artificial upwellmounds have been constructed
on the sea bottom to generate upwelling currentifically aiming at increasing
offshore fishery resources. The construction ohsupwelling mounds in the deep sea
area has been planned, and the establishment at@amate placement method is an
issue (Nakamura et al., 2008). The findings of shely herein are considered to be
useful for the purposes of the investigation ofabeurate placement.
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