STABILITY OF ARMOR UNITS COVERING RUBBLE MOUND OF COMPOSITE
BREAKWATERS AGAINST A STEADY OVERFLOW OF TSUNAMI

Jun Mitsut, Akira Matsumotg Minoru Hanzawaand Kazuo Nadaoka

This paper presents a simple and highly accuratilisy estimation method for armor units coveribgeakwater
rubble mounds against tsunami overflow. In thishrodt overflow depth is used to represent the eatdorce. This
enables an easier and more robust estimation ofetiigired mass of the armor units than the coneeatimethod
based on flow velocity. This method takes into actdhe influence of the impingement position & tiverflow jet
and the influence of harbor-side water depth, kafthwhich are important factors for armor stabilityumerical
computation is also carried out aiming at the distaiment of a stability analysis method for armaitst The validity
of the computation method is confirmed by comparing measured current field. The stability of armaits is
investigated by computing the hydraulic force agtim each armor unit.
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INTRODUCTION
Numerous composite breakwaters were severely dambagehe 2011 Off the Pacific Coast of

Tohoku Earthquake Tsunami. One of the causes of éailiais a scouring of the rubble foundation and
subsoil on the harbor-side of breakwaters duedamtrerflow. This was a formerly inconceivable type
of failure (Ministry of Land, Infrastructure, Trangpoand Tourism 2013). One possible
countermeasure is the placement of a widened pimteasing additional rubble stones behind the
breakwater to prevent the sliding of the caissostalling armor units on the rubble mound on the
harbor-side would also be required to prevent tioeisng around the rubble mound (Fig. 1).

Tsunami Armor units

Widened protection

Figure 1. Countermeasure against tsunami of breakwaters.

The Isbash formula (Coastal Engineering Researche€d877) has been applied previously as
the method to determine the mass of armor units. régeired mass calculated by this formula is
proportional to the sixth power of the flow velgcibhear the armor unit. This causes a practical
problem that the required mass is too sensitiveatiations in the estimated flow velocity. In this
context, establishment of a more practical metlmodetermine the mass of armor units is an urgent
issue toward the achievement of resilient breakwatgainst tsunami.

This paper presents a simple and highly accurateadewxhich can estimate the stability of armor
units by using the overflow depth instead of tleflvelocity. Hydraulic model experiments in a wide
range of conditions were conducted to extract leeyoirs for armor stability. Empirical formulae were
then derived based on the experimental results.

Numerical analysis was also carried out aimingvalgate the stability for cases beyond the range
of experimental conditions. First, the flow field the harbor-side of the breakwater was reproduced.
The computation method was validated by compariegnteasured and computed current fields. The
stability of armor units was then investigated loynputing the hydraulic force acting on each armor
unit.
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HYDRAULIC MODEL EXPERIMENTS

Experimental setup

Experiments were carried out in a 50 m long, 1.0idewand 1.5 m deep wave flume as shown in
Fig. 2. A horizontal mortar seabed was partitioimdd two sections along the length, and a breakwate
model was installed in one 50 cm wide waterway. ubmsersible pump and discharge port were
located on the harbor-side and sea-side of thekiwaar model respectively to generate a steady
overflow. The capacity of the pump was #min. A water level difference was generated betwibe
inside and outside of the breakwater by operatiggump. The height of the sea-side water level
could be changed by varying the height of the deerfveir installed on the sea-side of the breakwate
model. The height of the overflow weir could be edrin a range of 0 to 50 cm. A vent hole with a
diameter of about 25 mm was provided in the partitivall close behind the caisson to maintain the
space between the caisson and overflow nappe ireatrdimospheric pressure conditions.
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Figure 2. Test setup in the flume.
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A schematic layout of the breakwater model is shawrFig. 3. The model scale is 1/50.
Experiments were carried out by changing the shapieecharbor-side rubble mound, the harbor-side
water level, and the shape and mass of the arnits. dmvo kinds of flat-type armor blocks and wave-
dissipating blocks were used in the experimenthasvn in Fig. 4. The armor block with five holes is
a recently developed block named “Permex” produmedefining the “X-block”. The large holes in
the block have been found to contribute to higbilta against wave action due to the reductiorhef
uplift force (Hamaguchi et al. 2007, Kubota et 2008). The caisson model was made of wood and
was fixed with a weight so that it would not be radwby tsunami action since this study was focused
on the stability of armor units.
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Figure 3. Schematic layout of the tested breakwater.
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Figure 4. Armor units used in the experiments.

The duration time of the steady overflow of tsunaras set to 127 s (15 minutes in the prototype
scale) to simulate the actual event observed irhiHabe port during the Tohoku tsunami on March,
11th in 2011. As it took about 60 s until the walerel achieved a steady state from the start of
operating the pump, the total operation time of ghenp was set to 187 s. The stability limits of the
armor units were examined by increasing the owverfttepth in increments of 1 cm. The overflow
depth was defined as the difference between thsideavater level (measured at 2 m on the offshore
side from the front of the caisson) and the cregglt of the caisson. The harbor-side water leve wa
measured at 2 m on the onshore side from the rathoivthe caisson. The section was not rebuiltrafte
tsunami attack with each overflow depth. The nunmifethe moved armor units was counted as an
accumulated number. The damage to armor units wefieed using the relative damabyg which is
the actual number of displaced units related toviftth of one nominal diameté, (Van der Meer
1988). The nominal diametéy, is the cube root of the volume of the armor unithis studyN, = 0.3
was applied as the criterion of damage.

Feature of the damage by tsunami overflow

Fig. 5 is a snapshot of the tsunami overflow inglkperiment. As soon as the armor blocks at the
slope section were washed away, the scouring ofublele mound progressed rapidly and reached to
the sea bottom within about 1 minute (7 minuteshim prototype scale). Though widened protection
using additional stones exhibits a function to geleouring, the damage expands rapidly if the armor
units are washed away and the rubble mound is expdkhis is one of the features of damage by
tsunami overflow.
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Figure 5. Snapshot of tsunami overflow.

Influence of impingement position of overflow jet

The impingement position of the overflow jet willaslge with various factors such as the shape of
the harbor-side mound and the overflow depth. Tiiegnce of the impingement position on armor
stability was examined by changing the crown widfithe harbor-side mound. Fig. 6(a) shows an
example of the stability test results. In this dtiod, the overflow jet impinged on the slope seuwti
when the number of armor units on the crown sectias one or two, whereas it impinged on the
crown section in the case of more than four unitsttee crown section. The cases in which the jet
impinged on the slope section showed higher stalitian the cases of impingement on the crown
section. This shows that impingement position largélects the armor stability. Because the efféct o
the impingement position depended on the structoatitions such as the shape of the armor units
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and the presence or absence of widened protedti@nnecessary to incorporate properly this effect
into the estimation of the armor stability.

Influence of harbor-side water level

When a tsunami overflows the caisson, the discliamgater from the rear end of the caisson
accelerates during the freefall above the wateflasar and decelerates under the water surfaceodue t
diffusion. Therefore, the stability of armor unitsosild decrease as the crown height of the caisson
above the harbor-side water level increases. Alstould increase as the submerged depth above the
armor units increases. Fig. 6(b) shows a compartfotihe stability test results with two different
harbor-side water levels. On the whole, the resefitdeep-water cases showed higher stability than
those of shallow-water cases.
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Figure 6. Influence of impingement position and harbor-side water level on the overflow depth h; at stability
limits.

Failure modes of armor units

Two failure modes for flat-type armor blocks weresetved in the experiments. One was an
overturning mode in which armor blocks near theimgpment position overturned. The other was a
sliding mode in which all the blocks on the sloget®n slid together. Fig. 7 shows the relationship
between the nominal diameter of the armor blbgland the overflow depth; on the occurrence of
damage. In the cases of overturning mode, the lovedepth at the occurrence of damage was almost
proportional to the nominal diametBr. On the other hand, in the cases of sliding madsad only
small dependence di,.. These results suggest that enlargement of thé kiae causes an increase in
the acting force as much as the increase in tlistaase force with regard to the sliding mode. ther
wave-dissipating blocks, almost every failure pattwas that of blocks near the impingement position
being displaced individually.
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Figure 7. Relationship between the nominal diameter D, and the overflow depth at the occurrence of damage
by each failure mode.

Performance of the wave-dissipating concrete blocks

A characteristic of the wave-dissipating blockgatied in the two layers is that scouring becomes
hard to progress rapidly even when many blockslaligpl. The reasons are considered to be the
following: (1) it takes a longer time before théble stones are exposed since they are covered with
two layers, (2) displaced blocks piled up behingl ithpingement position prevent the progress of the
scouring by staying interlocked without being wakheay. Avoiding the rapid progress of scouring is
important from the viewpoint of resilience of a &kevater in the prevention of large scattering @ th
caisson (Arikawa et al. 2013). The widened protectitound covered with wave-dissipating blocks
may provide such resilience.

STABILITY ESTIMATION METHOD

Derivation of stability formulae

Two empirical formulae for the stability estimatiorere derived based on the experimental results
mentioned above. The overflow depth was used infdhaulae to represent the external force. The
overflow depth of the stability limit corresponding each failure mode was obtained by the two
formulae. The final stability limit was determiney the severer one. The formulae for the overturning
mode and sliding mode are expressed as follows:

Overturning mode : ﬁ =Ng = f(—?_%fj (1)

Sliding mode : (Sr+1)3: Ng, = f(d_c;j for %31_1 (2

where,h; is the overflow depth§ is the specific gravity of concrete with respecseawaterS is the
slope length of the harbor-side rubble mouNg, and Ns, 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 watesl,| andd, is the submerged depth above the armor
units (regarding the definition of symbols, see. @y Stability numberds; andNs; are functions of
B/L andd,/d;, which are the parameters representing the infleerf the impingement position and the
harbor-side water level respectively. The stabilitgdetermined only by Eq. (1) BL is larger than 1.1
since failure by sliding mode does not occur whaem dverflow jet impinges on the crown section.
Similarly, the stability of wave-dissipating blocissalso determined only by Eq. (1).

For the overturning mode, the overflow depthrepresents the acting force on armor units,
whereas the nominal diameter of armor ubitsepresents the resistance force as shown in Eg-¢i
the sliding mode, on the other hand, the slopetleSgs used to represent the resistance force as
shown in Eg. (2). this is because the resistangzefshould be represented by the total length @f th
blocks on the slope as the whole blocks on theesggztion slide together in the sliding mode. As a
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result, the overflow depth of the stability limit ihe sliding mode is not dependent on the blozk as
can be seen from Eq. (2). This corresponds witrekperimental results described above (see Fig. 7).

Determination of stability numbers

Fig. 8 shows the influence of the impingement parsiby plotting the stability numbés, against
B/L. The conditions of water depth are almost at #meslevel §,/d; = 0.47 to 0.66). The damage data
with sliding mode is excluded in the figure to ral¢he stability limit of overturning mode. The
stability limit is expressed in a single line afiaction of B/L regardless of the mass of the block. Also,
the difference in the stability due to the impinger position appears clearly. Fig. 9 shows the
influence of the harbor-side water depth by plgttineNg, againstd,/d;. The data on the conditions of
B/L > 1.0 is used. The stability tends to increasgyfls increases.
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Figure 8. Influence of B/L on Ns;. Figure 9. Influence of d,/d; on Ns;.

Fig. 10 shows the stability numbedg; andNs, for flat-type armor blocks determined through all
the test results. Different lines are used accgrdintheB/L in Fig. 10(a). WherB/L is between 0.8
and 1.0, the value is obtained by linear interpotatThe stability of the Permex is higher thant thfa
the X-block for both failure modes. The stabilitymber for the wave-dissipating block is shown in
Fig. 11. In the case of the wave-dissipating blatle influence of the impingement position was
different from the case of the flat-type armor Bi®cNamely, the cases in which the jet impinged on
the crown section showed higher stability than ¢hees of impingement on the slope section. This
result was reflected in Fig. 11.

Fig. 12 shows a comparison of the estimated owgrflepth of stability limit with the damaged
overflow depth in the experiments. The estimatadilte are on the safe side as a whole, and thay sho
good agreement for both failure modes.
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Figure 10. Stability numbers for flat-type armor blocks.
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Figure 12. Calculated and experimented overflow depth of the stability limit.

Calculation method of the impingement position L

It is necessary to calculate the impingement pmsiti to apply the estimation method. It can be
calculated approximately using the overflow depttas shown below. The definition of each symbol
is shown in Fig. 13.
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Figure 13. Definition of the symbols used in the calculation of the impingement position.

The overflow discharge per unit widthis calculated by using the Hom-ma formula (Hom-ma
1940b):

q=0.3%1/29h (3)

whereg is the acceleration due to gravity. The applicgatondition in this formula ib/B. < 1/2. The
effect of the approaching velocity can be disregarded fifi/hy < 0.5 (Hom-ma 1940a). The water
depth above the caisson at the rear end of theardis and the cross sectional averaged flow velocity
u, are calculated according to Hom-ma (1940a) as sHmmiow.

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

Ry |, e
L) @

hl =z+——+
P9 29
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where,z is the height measured from the top of the caisandp,, Uy are the pressure and the flow
velocity at Section Il, respectively. The overfladischargeq is obtained by integrating the flow

velocity ug, as follows:
h,
Pz
q=jJa{n—z~iljm ©)
° P9

If the pressure distributiop, is obtainedh, can be calculated using Eq. (3) and Eqg. (5). The pressure
distributions were assumed as the following triangleibistions:

p(z)=pg(f'§— ) for B/2<s = b
P = P92 for 0< z< B/2

(6)

Using Eq. (3), Eq. (5), and Eq. (6), one obtain &j. (
oan a7 -2 (n-n A a2

The relationship betwedn andh, are solved numerically with Newton’s method asofoek:

h, =0.42 8)
In this study, the following relationship was usexhsidering its suitability to the experimentaluiés
h, =0.45y 9)

The center of trajectory of the overtopped wates th&n obtained under the following assumptions:

* The overtopped water discharges horizontally fromrear end of the caisson at the flow velocity
U = qlh2

» The trajectory of the overflow nappe above the waigface is a parabola.

* The trajectory of the water below the water surface straight line.

The landing position of the overtopped water on liaebor-side water surfacéy and the flow

velocity ug,, Ug, are calculated as follows:

LO =u, 2(dl -;hZ/Z) (10)

Upx = Up, g, =4/20( &+ hy/2) (12)

The impingement positioh was thus obtained as follows:

L=+ 20, (12)
0z

NUMERICAL ANALYSIS

Numerical analysis was carried out aiming to ev&luhe stability in cases beyond the range of
experimental conditions since the stability estioratmethod mentioned above has a range of
applicable conditions even though it is based qregrments conducted in a wide range of conditions.
First, the computation method of the flow fieldtla¢ harbor-side of the breakwater was investigated.
The method was validated by comparing the measamedcomputed flow field. Then the stability of
the armor units was investigated by computing tyarddynamic force acting on each armor unit.

Computation method

With regard to the numerical computation of thentsui overtopping the caisson, Mitsui et al.
(2012) adequately reproduced the laboratory expariraf a impinging bore-like tsunami by using the
VOF method implemented in the OpenFOAM (OpenCFD)L&FD model. In the case of the steady
overflow of tsunami, however, the computation resising VOF method did not reproduce well due
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to the excessive entrainment of air into the impigget. Bricker et al. (2013) pointed out thatsthi
model overestimates the eddy viscosity at the aitewinterface, and that it can be improved by
neglecting all the turbulence in the air phasehis study, the overflow jet above the water swefand
the flow field on the harbor-side were solved safely to avoid excessive entrainment of air. A
schematic diagram of the computation method is shiovFig. 14.
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hy, Fixed water surface
Ah (slip condition)
.................................. ok S p——
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S i Y
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‘ Pressure difference due to ‘ Rubble mound is modeled
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Figure 14. Schematic diagram of the computation method

The flow field under the water surface on the haiide was solved by a single-phase model. An
incompressible flow solver within the OpenFOAM wased. The governing equations were the
Reynolds-Averaged Navier-Stokes (RANS) equation tedcontinuity equation. The Finite Volume
Method with an unstructured grid was used to repcedthe complicated shape of the armor blocks.
The computational domain was cross-sectional 2-dgie®s, and the standard grid size was set to 2
mm. In the cases of computing the fluid forcesragtn the armor blocks, the grid was subdivided int
3-dimensions. The grid size around the block wasosabout 1 mm so that the block shapes could be
reproduced in detail.

The flow velocityug,, Uy, at the harbor-side water surface were given asdeny conditions. The
velocity and the landing position of the overtoppeaterL, were obtained by preliminary calculation
as shown in the previous chapter. The width ofihter jet at the water surfabgwas calculated as:

ho = (13)

uZO

The water surface on the harbor-side was assumedfiaed boundary. The rubble mound was
modeled as a porous structure to reproduce theageefow under the caisson. The hydraulic flow
resistanceR in the porous medium was expressed by a Dupuitiif@imer relationship as shown
below:

R=-(aU+B|U|v) (14)

where,U is the flow velocity vectorg is the laminar resistance coefficient gfids the turbulent
resistance coefficient. These coefficients wereresged using the empirical formulae by Engelund
(1953) as follows:

1-n)? 1-n1
( )% : ﬁ:ﬁo?a (15)

=a,
n2

where, v is the kinematic viscosity of wated, is the characteristic diameter of the stonds the
porosity, andag and /% are the material constants. The material constapte investigated by the
preliminary experiment. The relationship betweea firessure difference and the discharge of the
seepage was obtained in the experiment, and thetasta were determined ag= 2100 and% = 1.5.
The pressure difference due to the water levetrdifice between the inside and outside of breakwater
was given at both ends of the computational domain.

A Reynolds stress model was used as a relativglip bBrccuracy turbulence model among the
RANS models, since preliminary computation ressh®wed that the degree of diffusion of the
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impinging jet was influenced by the turbulence modée Reynolds stress model improved the
diffusion of the jet comparing to the result withstandardk-£ turbulence model. Also there was a

problem that excessive turbulence was generatdteasurface of the rubble mound when the jet
flowed along the rubble mound. In this study, tindtilence inside the rubble mound was set to zgro a
a countermeasure for this problem. Fig. 15 showsctimparison of the computed flow field with the

measured one in a steady state. The measured databtained by using an electromagnetic current
meter, and was averaged for 20 seconds. The cothpeseallt with the countermeasures mentioned
above adequately reproduced the measured flow field
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Figure 15. Comparison of measured and computed flow field, h; =9 cm.

Analysis of the stability of armor block

The stability of the armor blocks was analyzed Hase the fluid force acting on each block. An
experimental case was selected where the over8oinpinged on the shoulder of the mound. Fig. 16
shows the experimental result of this case. Whenaterflow depth was 5 cm, the blocks at the
shoulder (block No. 3) were overturned. Fig. 17vehthe computed flow field and fluid force acting
on each block. A large force acted on the blockhatshoulder (block No. 3). The stability of this
block was judged by the balance of moment. In émalysis, only the fluid force, buoyant force, and
self-weight were considered, but other forces sashthe friction force between blocks were
disregarded. The condition of the occurrence oftoweing was expressed as follows:

Fay + Fay+ My >(p.-p,)Voa, (16)

where,Fy is the horizontal fluid forcer, is the vertical fluid forcelM, is the moment due to the fluid
force,ay anday are the arm lengthg, is the density of the armor ung, is the density of water, and

is the volume of the armor block (see Fig. 18). Témstance moment, which is the right hand side of
Eq. (16) was calculated to be 49.0 N-mm in thig chdeanwhile, the acting moment, which is the left
hand side of Eq. (16), was calculated to be 42mrilwhen the overflow depth was 4 cm, 54.8 N-mm
when the overflow depth was 5 cm. Thus, this reagiteed with the experimental one. Further
validation is required, but this numerical analysifi be able to be applied for identification dfet
weak point in a structure, as well as the predictibthe stability of the armor blocks.
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CONCLUSIONS
A practical design method of armor units to covaubble mound at the rear side of a caisson

breakwater against tsunami overflow has been pespobhe features of this method are summarized

as follows:

» The overflow depth is used to represent the extdorae. This enables the estimation of the
required mass of the armor units to be done madoeistty and easily than in the conventional
method based on the flow velocity.

* Two formulae are used corresponding to the twaifaimodes, overturning and sliding.

» This method takes into account the influence ofithgingement position of an overflow jet and
the influence of the harbor-side water depth. THas®rs are important for armor stability.

The stability numberdNg and Ng, for each armor unit were determined through expenis
conducted in a wide range of conditions. The eg@thaesults by this method have agreed well with
the experimental ones.

Numerical analysis was also carried out aimingvalate the stability in the case of beyond the
range of experimental conditions. The computationathod was validated by comparing a computed
flow field with a measured one. The stability oé tarmor blocks were investigated targeting the case
where the overflow jet impinged on the shouldethaf mound. The stability judged by the computed
fluid forces acting on the armor blocks agreed i experimental result.
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