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Study on the Interaction Between Tsunami Bore
and Cylindrical Structure with Weir

I. Wijatmiko and K. Murakami
University of Miyazaki
Japan

1. Introduction

The destructive power of tsunami creates catastrophic damages in large area. In order to
reduce these damages, there is a need to understand the interactions between tsunami wave
and structures as the basic knowledge before applying any countermeasure strategies.

Tsunami amplifies its height in shallow water area, and it may transfer into bore when it breaks
and generates enormous forces (Yeh, 1991). The impact of tsunami bore to the vertical structures
with two-dimensional cross section has been investigated through experiments and numerical
simulations (Fukui et al., 1962; Palermo & Nistor, 2008). Those previous studies provide many
useful information for the construction of coastal structures. However, the interaction between
tsunami bore and structures with three-dimensional cross section have not been understood
well, because tsunami flow around such structures becomes quite complex. Structures with
three-dimensional section, such as a storage tank and tsunami evacuation building, can be seen
as important infrastructures on many coastal areas. Especially, the recent tsunami Japan 2011
had brought serious damages on structures such as oil storages (International Energy Agency,
2011). Meanwhile, those structures are regulated by a building code to be protected by weir to
restrain the spread of spilled contents (Dangerous Goods Safety Management [DGSM], 2003).
This protective weir may produce quite complex flow around the structures, but the effects of
the flow on the structures with weir have not been investigated well.

In the investigation of interactions between tsunami wave and cylindrical structure, a
numerical simulation is very powerful tools to obtain much detail quantities such us
pressures, velocities and free surface elevations, at any points with higher resolution in time
and space. Recently, many numerical simulation techniques have been developed in order
to simulate wave motions around three-dimensional structures (Arikawa & Yamano, 2008;
Goto et al., 2009; Tomita et al., 2006; Kawasaki et al., 2006). Among those numerical models,
the method based on Navier-Stokes equation and Volume of Fluid (VOF; CADMAS-SURF
3D) tends to be used as one of the common numerical technique to simulate three-
dimensional interactions between wave and structures (Arikawa & Yamano, 2008).

This study investigates the validity of three dimensional numerical simulation model based
on Navier-Stokes equation and VOF method to estimate hydraulic quantities around the
structure. Furthermore, this study discusses the characteristics of interaction between bore
type tsunami and the cylindrical structure with weir with using above numerical model.
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60 Hydrodynamics — Theory and Model

2. Background
2.1 Previous study

An extensive summary on the bore type tsunami propagation is given by Yeh (1991).
Here the focus is on the bore type tsunami behaviours and its transition process along
the shore. This process is caused by the ‘momentum exchange’ between the bore and the
small wedge-shaped water body. It has been studied that the changes of velocities and
the convergence of fluid tend to accumulate turbulence on the front face of the bore
when the bore reach the shoreline. In addition, the no-water condition in front of bore
cause wave flow to rely on its velocity for the run-up motion, and it causes stronger
turbulence on the transition process. The generated turbulence and its accumulation,
together with rapidly accelerated mean flow motion, are said to be the cause of
destructive tsunami energy on the dry beach surface. Mizutani & Imamura (2001)
investigated the destructive tsunami pressure on the breakwaters by using the highly
accurate sensor system. They categorized the type of maximum pressure such as:
dynamic pressure, sustain pressure, impact standing pressure and overflowing wave
pressure. The dynamic pressure occurs when an incident wave hits structures at the first
attempt. After this pressure, the sustain pressure is observed due to the succeeding
tsunami flow. In addition, the impact standing pressure may occur when the reflected
tsunami wave coincide with incoming wave. While the overflowing wave pressure
occurs when wave collide on the back of the structure. Another investigation of tsunami
risk to structures had been done by Palermo & Nistor (2008). The tsunami-induced
loading and its impact on the shoreline structure according to Canadian context were
mainly discussed. Several physical experiments had been done for the purpose of
understanding Tsunami forces acting on the structure. Several structural shapes, such as
square, rectangular, diamond-shape and cylindrical shape, and also debris impact testing
were discussed in this study. Through various cases of experiments, the result indicated
that through various impoundment heights, the force caused by surge wave does not
significantly exceed the drag force. Further, the existence of debris can generate the
‘bounce back’ effect on the structure, even though the magnitude of this force was
smaller than the initial debris impact. This study emphasized the consideration of
tsunami-induced loading for the structures.

Haritos, Ngo & Mendis in 2005 gave the brief review on the estimation of tsunami wave
force on wall structures by many coastal engineers. Japanese researchers purposed
estimations of wave pressure on the building face in the case of “‘unbroken’ and ‘break-up’
tsunami conditions (Okada et al., 2004). In the case of ‘“unbroken’ tsunami condition, the
hydrostatic distribution reaches up to 3 times of wave height with maximum pressures
located at the bottom section of building. Meanwhile, this estimation is superimposed by 2.4
pgh, where p is water density; g is gravity and h is wave height at 0.8 of maximum wave
height above the ground for the case of ‘break-up’ tsunami. Meanwhile The U.S. Army
Corps gave an assumption that the interaction between surge wave and structure consist of
hydrostatic action and hydrodynamic one. In addition, the dynamic action is calculated
based on the bore gradient on its face (U.S. Army Corps, 1990, as cited in Haritos, N., et al.,
2005).
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An extensive description of tsunami load acting on shoreline structure was provided by
Yeh, H. (2007). Tsunami load was analysed with considering: 1) hydrostatic force, 2)
buoyant force, 3) hydrodynamic force, 4) surge force, 5) debris impact force, and 6) wave
breaking force. Among these forces, hydrodynamic force and surge force give significant
contribution to the maximum force acting on structures. Further, the Federal Emergency
Management Agency’s Coastal Construction Manual in 2008 mentions the additional
estimation beside those forces, such as uplift force and gravity loads in case of building with
elevated floors.

2.2 Theoretical considerations
2.2.1 Hydrodynamic model

The evolution of tsunami wave with time can be expressed by a system of nonlinear partial
differential equations. However, these equations are very difficult to solve analytically.
Therefore, a numerical method that discretizes a computational domain into grids is
sometimes used to obtain tsunami wave field. There are several numerical methods to solve
fluid dynamic problems, e.g. the finite difference method (fdm), the finite element method
(fem) and the finite volume method (fvm). The finite difference method, which discretizes a
computational domain into square cells with fix width (Ax), length (Ay) and height (Az) in a
three dimensional problem, is widely used to solve many hydraulic problems. However, the
square grid sometimes loses the resolution of boundary shapes, which can be seen on the
structure with complex cross sections. On the other hand, the finite element method allows
various grid sizes, and it can be applied to the structure with complex shape.

With the increase of computer capacity, some direct numerical simulation techniques have
being developed recently in coastal engineering field to investigate the interaction problems
between waves and structures. The basic equations in this direct numerical simulation are
the continuity equation and momentum equations witch is called Navier-Stokes equation.
This study employs a system of above equations, those are discretizes with the finite
difference method to simulate tsunami flow around three-dimensional structure on
arbitrary topography.

2.2.2 Governing equations

The governing equations used in this study are the continuity equations expressed in Eq.(1)
and momentum ones from Eq.(2) to Eq.(4). The system of these equations is purposed by
Sakakiyama & Kajima (1992), where the area porosities yx, vy, . in x, y and z projections are
introduced respectively in order to investigate the interactions between waves and porous
structures.

dyxu dyy,v  dy,w
+—L + =v,S
0x dy 9z Vv 1)
\ Ju N JA,uu N dA,vu N dA,wu vy, 0p N 0 { (2 6u)} N d { <6u N 6v>}
vV ot 0x ay 9z pox Ox VxVe \“ 9% ay YyVe dy 0x @)
+ i { <6u + GW)} D R, +v,S
aZ YZVe aZ aX YV Xu X YV u
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where t is the time, x and y the horizontal coordinates, z the vertical coordinate, u,v,w the
velocity components in the direction of x, y and z respectively. p means the density of the
fluid, p* the relative density of the fluid, p the pressure. v, means the kinematic viscosity
(summation of molecular kinematic viscosity and eddy kinematic viscosity), g the gravity, A,
is defined from vy, using following relationships:

)LV =Yv + (1 - YV)CM (5)

where Cy; is the inertia coefficient. While the resistance force Rx, Ry and Rz are described in
Eq. (6), Eq. (7) and Eq. (8).

1¢

RX:EA_Z 1—vyy) uvu? +v2 + w? (6)
1¢

Ry=5i(1—yy)v u? + v + w2 (7)
1¢

R, =55 (1—y) wvu? +v? + w? (8)

where Cp is the drag coefficient; Ax, Ay are the horizontal mesh sizes and Az is the vertical
mesh sizes in porous media.

2.2.3 Boundary condition and discretization of numerical domain

Volume of Fluid (VOF) method, which was introduced by Hirt & Nichols in 1981, is used in
this study to distinguish the air and water zone. A function, F, is introduced in the VOF
method to define the fluid region. This function indicate the fractional volume of water
which occupies each cell in the computational domain. Youngs (1982) described the
algorithm to track the interface between air and water zone. In the first step, the interface is
approximated by a linear line in each cell. After that, the interface is detected by solving a
advection equation, which relates to the function, F, in order to get the evolution of
fractional function in time series. The three-dimensional advection equation for fractional
function is described in Eq. (9).

OyyVF | 0yzwF _

E dyyuF
vaet T T ay T = YvSk ©)

This study generates the bore type tsunami in developed numerical flume. The fluid motion
start from a still water condition. The initial pressure is given by hydrostatic pressure, where
the water density is 998.2 kg/m?3 and air density is 1.2 kg/m3. In this study, slip condition is
applied in the interface between fluid and solid boundary.
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In order to propagate bore type tsunami, time history of wave surface elevation and fluid
velocity are set as the initial flow parameters in the ghost cells which is set at outside of the
most upstream cells. These values will be calculated by using the governing equation for the
rest of the domain.

Fukui, et.al had investigate the relations between fluid mean velocity and water surface
displacement under the propagation of bore type tsunami. Through analytical investigation
and a series of hydraulic experiments, they derived the following equation.

_ Gt _ /gH(H+h>
U=%=¢ 2H(H+NQ) (10)

where U is the mean velocity, g the acceleration of gravity, H=h+C the total depth from the
datum (Refer to Fig.1), ¢ the temporal bore height. 1 is the velocity coefficients, which equal
to 1.03, and it was taken from the ratio of water level and wave height.

In this study, the water surface profile of bore type tsunami on the most upstream
boundary is assumed at first, and the velocity profile on the same boundary is obtained
from Eq.(10).

Finite difference method with staggered grid mesh is applied to discretize the governing
equations. The velocity components are defined on the each boundary of the cell, while
scalar quantities, such as pressure and F-function, are defined at the center of the cell. Finite
control volume is applied to satisfy the conservation equation for momentum equation. Both
central difference technique and upwind scheme are used to discretize the spatial
derivative, while F-function is discretize by using forward difference method. The
simplified marker and cell (SMAC) method is used to estimate the time evolution solution
for continuity and momentum equations.

|
|
y
:

i —t
h_ ¥
il *

Fig. 1. Bore profile illustration
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3. Hydraulic experiments for the verification of numerical simulation

In order to investigate the validity of numerical simulation, some numerical results are
compared with experimental ones. This study examined the validity of numerical
simulation on two series of experiment, one was conducted on the composite slope and the
other was on the flat one. The former experiment was conducted for the purpose of
investigating the validity of tsunami propagation on a complex sea bottom. On the other
hand, the latter experiment was conducted to check the validity of tsunami pressures acting
on the cylindrical structure. This chapter shows the configurations of above to weirs of
experiment.

3.1 Composite slope

The experiment of composite slope topography had been conducted by Sakakiyama et al.,
(2009). This experiment is referred in order to investigating the validity of tsunami
propagation generated with using Eq. (1) on a complex sea bottom.

wave board
wave gage site model 4
I? St.0 L}ISt.l I.I.l St.2 I;I St3  Std
0.66 -
water depth | l 1:100 &
h=420 {11
I
I
¥ i unit:m | y
40.80 33.80 62.0 2063 | 150 28.68

205

Fig. 2. Composite slope experimental setup

Two-dimensional wave flume with 205.0m in length, 6.0m in height and 3.4m in width was
used in this experiment. The sea bottom consisted of several slope as shown in Fig.2. A dike
with 15.0 m in length and 0.2 m in height was installed on the downstream area. The
tsunami waves were generated by the wave board, which was a piston type generator, on
the left hand side. In order to record the wave surface profile, wave gauges were placed at
both the propagation area, i.e. 772=-89.665m; 13=-67.225m; 14=-33.025m; #5=-1.5m; 176=-0.225m
and ny=-0.0lm and in the inundation area, i.e. #s=+0.29m and #9=+0.532m (all locations are
measured in the x-axis direction from the dike corner).

3.2 Flat bottom slop

Experiments were conducted on open channel flume with 12.0m in length, 0.4m in width
and 04m in depth as shown in Fig. 3. Various bore heights were generated by
instantaneously lifting up the division plate, which separates the downstream quiescent
water from the upstream deeper water. Upstream water level (h;) was change from 0.15m to
0.3m while the downstream water depth (h2) was kept at 0.045m.
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Fig. 3. Flat bottom experimental setup

At the downstream area, a dike with 0.11m height was installed 5.8m from the division
plate. Cylindrical structure, which is assumed as an oil storage tank, with difference
diameter (D), i.e. 0.04m, 0.08m and 0.11m, was set 0.3m from the dike’s tip.

A weir, that represents the oil protective barrier, was installed around cylindrical structure
to investigate its existence effects. Building code of oil weir require certain level of weir
height and weir diameter to restrain any leak from the storage material. In addition, the weir
volume must be more than 1.1 times of storage volume. Regarding those conditions, this
study set various diameters (D’) and heights (h’) as described at Table 1.

Cylindrical structures
Diameter (m)
D=0.04 D=0.08 D=0.11
Wave Tank Height (m) Wave Tank Height (m) Wave Tank Height (m)
h1=0.2 h1=025 h1=0.3 h1=0.2 hl=025 h1=0.3 h1=0.2 h1=025 h1=0.3

© € |h'=0.02| Type A, (0] 0 0 (0] (0] 0 X X X

S | £ |h=0.08|Type Ar| O 0 0 0 0 o) 0 0 o)
Al

Z |h'=0.06|Type As| O 0 0 o} o} 0 0 o} o}

o % N E |n'=002|Type Bi| O o] o] 0 o] o] X X X

'g é % | £ |n'=0.04|Type B,| © 0 0 o) o} 0 0 o) o}

5|7 | 2 [h=0.06|TvpeBs| O 0 0 0 ) 0 0 0 0

© | E |h'=0.02|Type C:| O 0 o) X X X X X X

§ | £ |h=0.08|Type G| O 0 0 0 0 0 X X X
Al

T |h'=0.06| Type cs| © o) o) o] o] o) X X X

note: O = conducted experiment

Table 1. Experiment cases

Several measurement gauges were places on specific location for verification purposes.
Three wave gauges (Wi, W, and W3) and one velocity meter (V;) were placed on the
propagation area, while one wave gauges (W) and one velocity meter (V) were placed on
the inundation area. As seen in Fig.5, five pressure gauges (Zi, Z», Z3, Z4 and Zs) were
attached on the front face of cylindrical structure with 0.0275m distances between two
gauges to collect direct pressure data. While four strain-stress gauges were installed on the
beam to obtain horizontal forces.
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4. Results and discussions
4.1 Verification of simulation

4.1.1 Experimental with composite slope

Verifications are conducted on both propagation and inundation area. Fig. 4 shows the
profile of water surface elevation at propagation area, i.e. #3, 4 and #5, and at inundation
area (1s). Both experimental data and numerical simulation results are fit quite well in the
bore front face and maximum wave surface elevation value. The experimental data shows
the detail record of fluctuation at the tail of wave profile in 74 and 75, which indicates the
collision between incident wave and reflected one.

0.14 - === 13 (Comp.)
0.12 3 (Exp.)
G o 14 (Comp.)
— 14 (Exp.)
el 5 (Comp.)
i 0.06 — 15 (Exp.)
0.04 -======n8 (Comp.)
0.02 n8 (Exp.) N\
0 e v )
10 30 50 70 90 110 130

Time (sec)

Fig. 4. Water surface elevations profiles at 73, 174, 775 and 73

0.16 - 3 -
dig J ¥ 3 and o unb6 -
opid T AR o -
01 L -
0.08 - - K
0.06 - - ¢
0.04 - -
‘::kl,
0.02 - -
= -
0

Experimental (m)
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Numerical (m)

Fig. 5. Comparison of maximum water surface elevation at each measurement point

The plotted dots in the Fig. 5 are scatter close to the validity line (Mexp/ficomp. = 1), it means that
there are good agreements on the verification of maximum water surface in propagation
and inundation area.

4.1.2 Experimental with bottom flat
4.1.2.1 Water surface elevation profiles

The numerical simulation of bottom flat cases also confirms the good agreement of numerical
and experimental at the propagation and inundation area. Fig. 6 shows the wave profile at
propagation area with the difference impoundment height, i.e. 0.15m, 0.20m and 0.25m at IV..
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W, station is located 2.0m downstream side from W station. In this station, water surface
elevation quickly elevates when bore passes the measurement point. After sudden increase,
wave constantly keeps its surface level before it fluctuates due to the collision of incident
wave and reflected wave. The verifications fit well in the bore front profile, propagation
phase and also the bore tail.

0.18 4 h1=0.15m (Exp)
016 J h1=020 m (Exp)
ri | h1=0.25 m (Exp)
' | --------- h1=0.15 m (Num)
Aol BERELLELEL h1=0.20 m (Num)
Z 01 ] eseesnens h1 =0.25 m (Num)
] |
7] T s T T e rnpi, P sy
-5 0.05 i ......................
y 006 |
= 004
0.02 |
5
1 3 5 7 9 11
-0.02 -

Time (Second)

Fig. 6. Water surface elevations profiles at propagation area
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Fig. 7. Water surface elevations profiles at inundation area

Fig.7 shows the wave profile at the inundation area. Wave profile shows increasing trend
after the quick raise at the beginning of measurement due to the incoming of sustain wave.
Heavy fluctuations at the beginning of measurement indicate turbulence action occurs due
to hydraulic wave jump hit the dike. Both experimental data and numerical result show
similar trend of wave profile, though the simulations are slightly over estimate the
maximum water depth after bore passes the wave gauges in the inundation area

4.1.2.2 Velocities profiles

Fig. 8 shows the verification of wave velocity with various impoundment heights in front of
cylindrical structure with no weir existence. The maximum value of velocity occurs just after
wave passes the current-meter. Then, the velocity profile shows the dramatic decreasing
trend as the wave begins to adjust its flow after the successive waves collide with reflected
ones from structure. Higher impoundment level (;=0.25m) cause high velocity value and
quick wave arrival time (#=5.9s).
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Fig. 8. Wave velocity profiles in front of cylindrical structure

Meanwhile Fig. 9 shows the wave velocity profile in the side of cylindrical structure. The
quick raise velocity at the beginning of measurement also observes in this location. In
addition, the slight decreasing trend indicates that the successive wave flows with less or no
collision from the reflected wave.

)
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>
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0 ' i
0 2 4 6 8 10 12 14 16
0.5

Time (second)

Fig. 9. Wave velocity profiles beside cylindrical structure

Fig. 8 and Fig. 9 show that even under these complicate flow conditions, the numerical
results show good agreement with the experimental ones. Though at the side of structure,
the numerical simulations appear to slightly overestimate the experimental results.

4.1.2.3 Force profiles

The verification of wave force acting on the 0.11m of structure diameter with various
impoundment levels can be seen in Fig. 10. Both experimental and numerical results record
sharp increase of initial force at the beginning of measurement as a result of wave hit the
structure at the first attempt. Although the initial impact produces significant force value, it
only occurs at very short period of time. Therefore there is high possibility to miss the peak
of initial impact force during the observation. While sustain force, which occurs due to the
accumulation of continuous incident waves, can be easily observe either in experimental or
numerical results. The good agreement on these both forces can be seen in Fig. 10, while the
comparison on the other maximum initial forces and maximum sustain ones can be seen in

Fig. 11 (a) and 11 (b).
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Fig. 11. Validation of maximum wave forces: (a) initial wave forces, and (b) sustain wave
forces

Good agreement can be seen both in maximum initial force and maximum sustain one in the
wide range of bore height. The correlation of maximum initial force is slightly lower
compare to sustain one. It is due to the recording of peak values of initial impact force
mainly depend on the sampling frequency of data in experimental or computational time
interval in numerical simulation.

4.1.2.4 Pressure profiles

Fig. 12 shows the pressure profile of attached pressure gauge on the front face of cylindrical
structure. With the 0.08m of structure diameter and 0.2m of impoundment height, this
figure shows that pressure at the bottom section (Zs) received the highest pressure, and the
pressure value decrease along upper section (Z;). Even though the initial pressure seems
blurred in this case, the sustain pressure can be observed well.
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Fig. 12. Wave velocity profiles beside of cylindrical structure

The comparison between experimental and numerical results shows that numerical seems
taking longer time on achieving maximum pressure (f=8.5 on Zs) compare to experimental
ones (t=7.7 on Zs). Some spikes are also recorded on the tail of pressure profile in the
computed results due to the instability of numerical simulation during complex conditions,
which could be minimalized by setting up larger grid size. Overall, these comparisons show
that fairly good agreement can be obtained between numerical and experimental results,
both in the maximum value and the profile trend.

4.2 Cylindrical weir effects
4.2.1 Characteristic of water surface elevation

As seen in Fig. 13, the existence of cylindrical weir delays the arrival of tsunami wave inside
weir area for a moment, and it decrease the initial water depth (t=4.5s-5s). However, after
the depth of wave exceeds the weir height, the water surface level in the case with weir
existence increases higher compare to without weir case. It is due to weir acts as water
container and tends to kept water inside while the sustain waves are continuously flowing
above it.

0.2 [} i No Weir in front of structure
- 018 | ————— Type A3 in front of stucture
0.16 | --weweeeeees No Weir beside structure

0.14 ——— Type A3 beside structure

Wave surface elevation (m

10 11 12

4 5 6

8
Time (s)

Fig. 13. Wave surface elevation profiles in front and beside cylindrical structure inside the
weir area
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Fig. 14. Wave surface elevation profiles beside the cylindrical structure outside the weir area

The existence of weir tends to increase water surface elevation, not only inside the weir area,
but also outside of it. Fig. 14 supports the evidence of increasing water depth despite of
impoundment height.

4.2.2 Characteristic of velocities

The wave velocity profile just outside weir (x=+0.16m) and inside weir (x=+0.19m) in the
case of no weir and weir Type Az can be seen in Fig. 15. This profile is recorded at
Z=+0.05m above the dike with /1;=0.25m. The weir existence cause several fluctuations in
the beginning of measurement as an indication of complex motion occurs. Further, the
weir existence also tends to reduce velocities at both inside and outside weir due to
blocked wave passage.

27 e No weir at x=+0.16
—— Type A3 at x=+0.16
-------------- No weir at x=+0.19
—— Type A3 at x=+0.19

—
(9]
1

Velocity (m/s)

o
(V)]
1

Fig. 15. Wave surface elevation profiles just in front and inside cylindrical weir
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Wave velocity (m/s)

Fig. 16. Vertical distribution of wave velocity

Fig. 16 show the vertical distribution of maximum wave velocity at several location in front
of structure, while Fig. 17 shows the horizontal distribution of maximum wave velocity at
the bottom section, middle section and top section of structure. Fig. 16 clearly indicates the
increase amount of velocity from bottom to top. The highest positive velocity occurs at x=-
0.02m from structure, just after the overtopped wave hit the dike. While the negative ones,
which indicate the opposite direction of x+, occurs at the bottom section of 0.03m in front of
structure.

Top (Without)

330"

30° ~======Top (With)

Middle (Without)

------- Middle (With)

Bottom (Without)

-====~=-- Bottom (With)

90°
Wave velocity (m/s)

Fig. 17. Horizontal distribution of wave velocity

Fig. 17 shows that the weir existence tends to significantly increase the velocity at the top
section, in front of structure. However the magnitude of increasing velocity is decreasing
along circumferential direction. At the bottom section, the existence of weir causes the
reduction of velocity at all circumferential faces.
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4.2.3 Characteristic of pressures

The effect of the weir to the pressure mainly depends on the weir attributes, i.e. height and
diameter. Fig. 18 shows the normalized pressure acting on the structure with various weir
height to understand the effect of weir height in case of larger overtopped wave, i.e.
h:1=0.30m.

—No weir g

—Type-B,; — 5

—Type-B, 21 |2

—Type-B; g

» |2

g

h'=0.06m 2 g

U N V- o QR 157 4 SN - — = = — .. E-

h=0.04m |* |3

........................................ - .. . B | E

. : . . . h'=0.02m (£ ) >
1.3 1.1 0.9 0.7 0.5 0.3 0.1 -0.1

Normalized pressure

Fig. 18. Distribution of maximum sustain wave pressure on various weir height with /;=0.30m

(b)

Fig. 19. Snapshots of inundation wave against weir Type B, with: (a) #;=0.03m caused large
weir overtopping and (b) /1;=0.02m caused small weir overtopping

Fig. 18 shows the vertical distribution of pressure with the normalized pressure as the
horizontal axis versus location of pressure gauges as the vertical axis. Weir height
successfully reduces the pressure magnitude at the bottom section in all weir height cases,
especially in weir Type B, and Bs. As can be seen in Fig. 19 (a), weir protects the bottom
section of structure from the direct hit of initial impact. However, the reduction effect
becomes less effective toward the upper section, i.e. middle and top section. The smaller
differences between the case of with and without weir at the middle sections are caused by
the increase water surface elevation on the front face of structure due to cylindrical weir
existence. Fig 19(b) shows that h1=0.02m caused the small overtopped wave above weir. The
vertical pressure distribution characteristic acting on the structure at this condition is similar
with the larger overtopped cases.
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Meanwhile, the effect of weir diameter can be described base on the amount of overtopped
wave above protective weir. The vertical distribution of wave pressure in case of large
overtopped wave is shown in Fig. 20 (a), while in case of small overtopped ones is shown in
Fig. 20 (b). Both figures use cylindrical structure with 0.04m of diameter with various weir
diameters, i.e. 0.26m, 0.22m and 0.16m. It means that the space size between inner face of
cylindrical weir and outer face of cylindrical structure are 0.11m, 0.10m and 0.06m for Type
Ay, type By and type C; respectively.

—No weir with D=0.04m
—Type-A1 with D=0.04m
—Type-B1 with D=0.04m —
— Type-Ci with D=0.04m 121

~ Straight seawall with #’=0.05m

rz2

r1Z3

Vertical pressure gauges location

- Z4
i VA
L £ i L i —J
1 0.8 0.6 0.4 0.2 0 -0.2
Normalized pressure
——No weir with D=0.04m
—Weir type A3 with D=0.04m g
—Weir type B3 with D=0.04m — =
— Weir type C3 with D=0.04m 12 g
g
22 2
&
73 E
]
L |z4 i
3
|25 £
L " I L L — PO
-
1 0.8 0.6 04 0.2 0 0.2

Normalized pressure

Fig. 20. Distribution of maximum sustain wave pressure on various weir diameter with: (a)
larger overtopped wave h;=0.25m, and (b) small overtopped wave h;=0.20m

In case of larger wave overtopped, smaller space size, i.e. weir Type C;, tended to the
effectively reduce the wave pressure. The limited space between weir and structure cause
wave difficult to accelerate their motion. In Fig. 20 (a), the establishment of straight seawall
with height 0.05m at the dike corner (Wijatmiko and Keisuke, 2010b) have similar effect to
the existence of smaller weir diameter. Seawall height cause shallower inundation depth
due to small-overtopped wave and seawall location give adequate space for the wave to
adjust their motion after hitting the dike.

Meanwhile in the smaller wave overtopped cases, the wider weir causes the pressure
against structure significantly reduce. It is because with the similar volume of overtopped
water flow, the wider diameter caused the inundation depth become shallower in the
comparison with smaller weir diameter.
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The horizontal distribution of maximum sustain wave pressure at the several vertical
locations can be seen in Fig. 21(a), 21(b) and 21(c). The maximum water surface elevation
around the cylindrical structure was 0.12m, therefore z=+0.0lm represents bottom
section, z=+0.05m is the middle section and z=+0.09m is the top section. 0 degree in the
chart axis indicates the front face of structure, which is parallel to the direction of
incoming wave, while the 90 degree and 270 degree indicate side face of the cylindrical
structure.

As seen in Fig. 21, pressures at the front side of cylindrical structure are reduced due to the
existence of weir in this section. However, this reduction effect becomes smaller along
circumferential direction. While at the middle and top section, the existence of weir tend to
increase the pressure magnitude due to the increase of water depth around cylindrical
structure.

()

Pressure at z= +H0.01m

—o—TypeBl
—&— No Weir

Pressure at z—= +H0.05m

—o—TypeB1
—&— No Weir

270

Pressure at z= +0.09m

—o—TypeBl1
—#&— No Weir

Normalized Pressure

Fig. 21. Horizontal wave pressure distribution on without weir and weir type B, case: (a) at
top section, (b) at middle section and (c) at bottom section.
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4.2.4 Characteristic of forces

Weir existence reduces wave force in all impoundment height and all weir diameters cases. In
addition, the reduction effect varies depending on the space between weir and structure. Higher
force at Type B; in the cases of larger overtopped wave (h;=0.25m and /;=0.03m) are caused by
direct hit by overtopped flow to the cylindrical structure, while the limited space between weir
and structure cause significant reduction of wave forces at Type Cj, as seen in Fig. 22.

1.6 - "™No weir with D=0.04m
| Type-A; with D=0.04m
| Type-B, with D=0.04m
1.2 4 ®™Type-C, with D=0.04m

Foree (N)
o=
v -]

h=0.20m h=0.25m h;=0.30m
Fig. 22. Maximum sustain wave force

Meanwhile in the smaller overtopped wave case (h;=0.02m), the shallower inundation depth
inside weir cause the significant reduction of wave force. In these cases, the larger weir
diameter, which means the closer weir to the dike corner, cause amount of overtopped wave
inside the weir becomes larger compare to smaller ones.

5. Conclusions

The interactions between a single bore and cylindrical structure with cylindrical weir,
supposed as oil tank barrier, are investigated through experimental and numerical study.
Analytical equation to obtain the input velocities profile from the water surface elevation is
introduced as well. Good agreements are confirmed in the physical principal quantities
between experimental and numerical simulation both in the simple flat bottom and complex
slope bottom conditions.

The existence of cylindrical weir tends to delay the arrival time of wave inside the weir area,
and increases the water surface level around structure. In addition, weir tends to effectively
reduce velocity at the bottom section, but in the contrary there are increasing velocities at
upper section due to series of successive wave flowing above cylindrical weir. The reduction
effects on velocity at the bottom section may provide some advantages for mitigating the
scouring problems.

At the vertical pressure distributions, cylindrical weir also effectively reduces wave pressure at
the bottom section. However, the reduction effect becomes smaller along higher section. While
at the horizontal pressure distribution, the cylindrical weir tends to reduce pressure at the
front face of structure. Furthermore, the weir configuration, i.e. weir height and weir diameter,
and the level of overtopped wave play important role on the pressure and force magnitude.
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