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Turned over two-story RC building

( Ando, 2011)’



Load effects of tsunami

Inundation height

Seawater intrusion through unanticipated paths
Hydrodynamic forces

Scouring

Uplift

Sea sand immixed in seawater

Adopted form TAKAMATSU, 2012



Scouring

e - 7= =
e e

 Many coastal seawalls were
destroyed due to scouring by
huge flows once tsunami
i overflows them.
JeE o - & * New sea wall constructions are
———— planned or underway at many
Japanese NPP sites.

* They should be constructed
with strong wall structures and
strong foundations to
withstand impulsive tsunami
pressure, etc. to prohibit
excessive scouring.

Adopted form TAKAMATSU, 2012
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Tsunami Scour in 2004
South Asia Tsunami Event

* Sri Lanka Tsunami Scour
— Photos by Prof. Patrick Lynett

https://ceprofs.civil.tamu.edu/plynett/Sri%20Lanka%20Tsunami%20Damage/index.html
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Motivation
Tsunami Boulders were found in Southern Taiwan

Latitude {N)
Latitude (N)
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Motivation-2
One of them presents a huge scour hole




Similar scour holes were found around
the neighboring boulders
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Flood-Structure interaction has been widely
studied in the bridge scouring problem

=

1. Downward scouring
during the ordinary
days.

2. Plus, sever local scour
during the typhoon
event.




Features of Local Scour 1in Severe Floods

The free-surface effect cannot be ignored.

The 3D effect of the flow has to be taken
Into account.

Fast-developed scouring riverbed.

(Movable bed)
Stratified bed material

Field survey on the bed material at Gaoping river.
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We need a 3D hydrodynamic model
for simulating tsunami bore

3D NS-VOF Model

This model solves NS equations directly. VOF
method is adopted to construct the water
surface. LES turbulence is included.
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Feature of boulder transportation

1. Because both Reynolds number and Froude
number are involved, only 1:1 scale can be used.
In other words, only numerical model is feasible.

2. Challenges:
1. Breaking wave
2. Turbulence
3. Moving Solid
4. Scouring

5. Large scale tsunami modeling

3. Each one is a big topic in numerical modeling



Breaking wave modeling

We adopted the Splash3D numerical model to solve for the breaking wave
problems (Wu, 2004; Liu et al., 2005). This model solves 3-dimensional
incompressible flow with Navier-Stokes equations. The free-surface is tracked by
Volume-of-Fluid (VOF) method. The domain is discretized by finite volume
method (FVM). The turbulent effect is closed by large eddy simulation (LES) with

Smagorinsky model.

Incompressible continuity equation:
V-u=0

Navier-Stokes Equation

@+V-(uu):—lVP+lv-5+g+Fo

ot P P



Volume of Fluid (VOF) method

The fluid density is presented in fluid fraction, and the transport equation is used to
describe the fluid movement.

P +V-(p,U)= Pn +ua'0m +va'0m +Wa'0m =0
ot ot OX oy 0z
0
P = Z fmp m 0.00 0.00 oy \.30 0.00 0.00
m
af 0.00 0.00 %.83 0.83 0.00 0.00
v f)=0
ot \
0.00 0.28 1.00 1.00 0.28 0.00
Piecewise linear interface —— ~N
calculation (PLIC) 0.78 0.94 1.00 1.00 0.94 0.78
N - X p — Cp — O
1.00 1.00 1.00 1.00 1.00 1.00
F(Cp) :Vtr(Cp)_ fp*V =0




Partial-Cell treatment

Ve = (1 - fsolid )‘v’ =0V

a(eaf”‘)+v-(9fmv)=0

t
V
(98( )+V-(H\N):—ng+gV-f+Qg +OF,

ot P P

If a cell contains partial volume of solid material, the flow solver has to deal with
it. Cell faces are defined either to be entirely closed, or not. Cell faces are “closed”
only if at least one of the two immediately neighboring cells 1s entirely occupied
by solid material. If the cell faces are “closed”, the face velocity of the cell is set
to zero, and the face pressure is no longer calculated in the pressure solution. On
the other hand, if any face between two cells, containing at least a partial cell
volume of fluid, is “open”, the code solves the velocities and pressure gradients.



DEM topography module and COMCOT boundary coupling module

DEM topography module

The real topography can be easily constructed in the Splash3D by using PCT.

Example of DEM topography module

0

Topography of Toce River Valley Dam-
break BenchMark problem.
Dx=dy=0.05 m, dz=0.01m.
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LES (Large Eddy Simulation) Filtering

A low-pass filtering operation is performed so that the resulting filtered velocity can
be adequately resolved on a relatively coarse grid.
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Fig. 13.2. Upper curves: a sample of the velocity field U{x) and the corresponding
filtered field U(x) (bold linc), using the Gaussian filter with A =~ 0.35. Lower curves:

s Fig. 13.1. Filters G(r): box filter, dushed line: Gaussian filter, solid line; sharp spectral
the residual field +/'(x) and the fillered residual field #'(x) {bold line).

filter, dot dashed line.

A : the filter width

7 : the radius



Filtered Conservation Equations

* Continuity equation: [8&

* Conservation of Momentum:

kK. ==

the anisotropic residual-stress tensor is:

r __ R 2
Tij = Tij —Ekr6”

p

2

' = TiT —%kr(ﬂj

5+%h
3

ouU. _8L_Ji_0
OX.
o = 0 (Ui—Ui):O
ox,  Ox
aLTj+auiuj_Vath_j_1_aE
ot ox,  Ox0%, p OX,

SUU, =U U,
Let7?=UU,-0,U,

YT 211 — r
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Smagorinsky Model

oui | ou;

r _
T = —V, | = —21, Sjj

) = 5 — 68 : Smagorinsky length scale
Vt o € S S o <CSA> S C; :Smagorinsky coefficient

— 1/2 A filter width
S — (ZS ij S ij ) : the characteristic filtered rate of strain
A

= (Ax, X AX, x Ax,) "
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Free surface profile at Time =0s

y (m)

x (m)
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Force (N)

Total force acting on the square cylinder
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Velocity (m/s)

Velocity comparisons

On centerline, 14.6 cm from upstream face, 2.6 cm from floor
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Validation on the breaking free-surface:

The Dam-Break Benchmark Problem

Lo

Setup (Upper: Side view, Lower: Top view)
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Simulation Result

dx=dy=2.5m,dz=1m
Wave height:6 m
Velocity:8 m
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60.01178

Velocity distribution Surface elevation

60.01178 60.01178

Isosurface Vect Mag Isosurface Z-Coords

20
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How do people solve scour problems?

* 1. Conceptual description: No exact numbers
on the scour denth.

Horseshoe and Wake Vortices arcund a Cylindrical Element Top View

Surface Wakes

e T

At SRR o o R

P . SR

— Horseshoe Vortex
---= Wake Vorex

(Evaluation of potential bridge scour in Missouri, USGS)

http://mo.water.usgs.gov/current studies/Scour/images/LocalScour.gif
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2. Empirical or Semi-empirical Formulae

» Lacey’s formula (1930) = " [

I
S R [

BEFORE CONSTRUCTION )
CYLINDRI(AL BRIDGE FIEE

3 C}.‘NERA!. (CONTRACTION) SCOUR

WATER SURFACE
CMITTED FOR —  —
CLAFITY

STREAM BED —— )"é;\
BEFORE CONSTRUCTION

FTEEAM EED
——43
_'_'_,_,_,—'—I' - ) -
R Clear Water Contraction Scour Equation

Compute the average depth in the contracted cross section including contraction scour
with Equation 9-18.€

Qz 37
v, = 02138 (—?-J

D2 W

Figure 9-21. Local Scour Due to Eddies

http://onlinemanuals.txdot.gov/txdotmanuals/hyd/bridge scour.htm
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Big Differences on the Scour Depth

Sometimes the differences can reach one order of magnitude.

No Surprise that

Local scour at abutments: A review

Table 3. Scour depths estimated using equations of different

investigators.

Investigator ds (m)
Melville (1992) 4.00

Lim (1997) 4.03

Froehlich (1989) 3-88

Richardson et al (2001) 8-90

Oliveto & Hager (2002) 9.90

Dey & Barbhuiya (2004b) 5-90

471

Local scour at abutments: A review

ABDUL KARIM BARBHUIYA! and SUBHASISH DEY?#

Sadhana Vol. 29, Part 5, October 2004, pp. 449-476. © Printed in Inds




3. The Modern Scour Models:
CCHE3D model (State of the art, so far.)
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Local Scour around a Bridge Pier Local Scour around a Spur-Dyke Simulated by
Simulated by CCHE3D Model CCHE3D Model

http://www.ncche.olemiss.edu/content/research/sedimentgroup/simulation of local
scour.htm

Flat free-surface assumption, one-layer sediment »



List of symbols
B channel or flume width;
by width of cylindrical pier experiencing the same drag as that on abutment;
by width of analogous pier;
Cp drag coefficient of sediment particles;
D pier diameter;
d. dsy median diameter of sediment particles;
dig 16% finer particle diameter;
dsoq dmax/1-8;
dga 84% finer particle diameter;
dp ratio of scour depth at abutment to scour depth in equivalent long contraction;
dax maximum particle size of a nonuniform sediment;
dy equilibrium scour depth in uniform sediment;
dye scour depth at time 7;
Fq U/(Agd)?3, densimetric Froude number;
F, U/(gh)*?, approaching flow Froude number;
Fre U,/(gh)"3, approaching flow Froude number corresponding to critical
velocity:
fi Lacey's slit factor, 1.764%"9;
g gravitational acceleration;
h approaching flow depth;
h* flow depth in floodplain;
Ki3.ky2 coefficients;
K, particle size factor;
Kg channel geometry factor;
Kn flow depth — abutment length factor;
K, flow intensity factor;
K. K} abutment shape factor and adjusted abutment shape factor respectively;
Ky, K abutment alignment factor and adjusted abutment alignment factor
respectively;
Ko function depending on oy
Lp reference length 12731 1/3;
l transverse length or protrusion length of abutment;
* width of floodplain;
M discharge ratio;
m coefficients depending on bed sediment size;
N, N* Manning roughness coeflicients for main channel and for {loodplains
respectively;
N, shape number;

HOWEVER,
it requires tons of empirical coefficients

T
Ty

T*

t

U

Uq

U,

Uen

u, v, w

e OS, ™

-
(8]

> &t =

2. P
Tg

r!’)

T,
r('!’)?ﬂ'
I{'Uﬂf

TFJOS(’

time to equilibrium scour depth;

dimensionless time, 1 (Agd)%®/LR:

time when ¢; = 0-632d;:

time;

average approaching flow velocity;

0-8Upy;

critical velocity for sediment particles;

critical velocity for armour particle size dsq,;
time-averaged velocity components in (x, v, z) or (6, r, 2);
u/U;

shear velocity of approaching flow;

critical shear velocity for sediment particles;
critical shear velocity for armour particle size dsp,;
v/U;

w/U;

settling velocity of sediment particles;

670315 FOT5(d / h)0-2510-9(1/ h)05 + 1];

x/1

Cartesian coordinates;

v/

/L

1 — /B, opening ratio;

s—1;

side slope angle of scour hole;
coefficients;

cylindrical polar coordinates;

angle of attack;

u?_/(Agd), shield’s entrainment function;

turning angle between bottom streamline and main flow direction,
1485 FO13(1 7 j)0-06;

mass densities of water and of sediment particles respectively;

geometric standard deviation;

bed shear stress of approaching flow;

critical shear stress of sediment particles;

shear stress due to contraction;

Teont [ To, bed shear stress due to contraction;

bed shear stress at nose region of abutment;
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Problems of the Scour Models

Most of the models ignore the free-surface effect.

— The flat boundary assumption is inappropriate for strong scouring
problems.

Sediment transport model is developed based on the assumptions of
uniform or gently changed flow field.

— Not suitable for the rapid scouring problems.

Too many parameters to be determined or tuned.
— It is not feasible for the practical implementation.

Most of the models consider one fluid with one bed material only.
— You will never see a nature river behaves like this.

36



The real sediment transport

(2002 at Cornell)

37




Concept of Sediment Transport

* As shear stress is greater than critical stress, the
sediment starts to move.

— Suspended load

‘, Bed load

Riverbed

http://www.medinaswcd.org/streams.htm

It sounds like the Bingham fluid, doesn’t it?
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Bingham and Bi-viscous Fluids
Bi-viscous becomes Bingham as Mu_inf goes infinite

(Shear stress)

Apygroaching to
Bjheham Flui




Bingham model

A # Ml 1% =X, (Constitutive Model)
33”577 Shear Stress.........uu., / 718 % strain rate

T 2,U(D)D E REF R ¥

Bingham viscosity 4R 8 7
Yield stress (Bingham yield)

|
1f—z':z'>z'§ (Rfs)

Hg +

- - 2
.\/— D:D
2 ( :?"3["? BE IR ?ﬁ;@@%ﬁ] ‘,"F*}{ ik i 4 )

. and D=0 iflz':z'sz'g (E)

Y7
\ 2
m\\\mﬁkﬁiﬁﬂﬂﬁ&

A large number indicating the solid behavior
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Bingham + Navier-Stokes

Governing equations :

Incompressible Navier — Stokes Equation

o, l ] -
4V (uu)=—Vp+-V-p,, (Vu+vu') +g

%), 0 0 \

m

Ef,f Z f:‘ﬁ' H m

41



1. Pressure Gradient Channel Flow (Bird et al. 1983)

Newtonian Fluid

Analytical Solution of Bingham Fluid in a Channel

ol / \\\
:o.oa- _ 2 2
g / y _(R-PR)B (Y 7B Y <v<B
£ / u (y) - Yo=¥Y=
-l / \ 2u5 L B Mg B
;/ \ u(y)=u(v,)=u, 0<y<y,
:I:OIOZ \ DDS T T T T T
---- Computed solution : : :
—— Analytical solution E ; E
00— ! U . : !
FIG. 2. Comparison between Computed and Analytical Veloc- :
ity Profiles for Newtonian Fluid . :
E ooz .................. .................................. .........
Bingham Fluid < T @42 0000
bl I g oms| - Plug Area - LiquefiedAr
: ’ -
0025 L ___é__ ___________ E OO | ................. ................................ .
Z . I : : *
Sl /1 i ; 5 5,
Z . : Y
3 ] / : \ oopos b = - S __ =
¢ 0.015 : :
el [ ) R
éooose‘/ : \1 %901 0z 03 04 05 08 07 08 09 1
’ { ---- Cnmiuted solution ‘% H Y {m)
~——— Analytical solution
0.0 T T

O TR S ’ fg =5.0Pa-s 7,=0.5Pa

FIG. 3. ;nmpnﬂm; I;cman Computed and Analytical Veloc- /’loo — le 6 P a ¢ S 42

ity Profiles for Bingham Fluid



2. Spreading of Bingham fluid on an inclined plane

Liu and Mei (1989) #EZE R b2 B M smig - JLEA[E] R T T 2 Ehpaa FAHTT -

Experiment settings
Length : 332 cm  Width : 7.62 cmm Height : 15.24 cm
0:1.47°
Material : Kaolinite mixed with tap water
p:1.106 g/cm3
Tg : 0.875 Pa Vud
U 0.034 Pa - S reservoir

Adjustable gate

Outflow

OQutflow

Experimental set-up for gravity currents down a dry bed




Spreading of Bingham fluid on an inclined plane

Numeric settings
Domain : 200.0cm * 0.05cm * 1.0 cm
Cells : 4000 * 1 * 20
6:1.47°
dx=dy=dz=0.05cm
p:1.106 g/cm3
To : 0.875 Pa
u:0.034 Pa - S
:uinf : 1019 Pqg - S

3
2.5
= -
2 =
h 15}
1F
0.5 Theory
-------------- Numerical Result
X Experiment Data
o) x : : y :
0 1 2 3 4 5
X /hcot6
e e i AT
S . _t=36s s
\\, ¢ St :325 ’ \
\ Y = S b “ \
gt T2 \ ,\ \
S ] "
——tt, —— 2
X (m)
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3. Failure of Gypsum Tailings Dam East Texas, 1966

Initial Height of Dam : 11 m

Material : Gypsum Tailings
Bed Slope : 0°

Properties of Tailings :
p = 1400.0 kg/m3
To = 1000.0 Pa
u=50.0Pa-S

Flow of Liquefied Tailings from Gypsum Tailings Impoundment (1966)
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20020549

Isovolume Centz
12
— 95 -

— 84

3.6
2.4

2 Flow surface after freezing time computed by NS-VOF model 47



Failure of Gypsum Tailings Dam East
Texas, 1966

Inundation distance Freezing time Mean velocity

(m) €)) (m/s)

Observed values 300 60-120 2.5-5.0

Theoretical results from charts 550 132 4.2

Result using TFLOW 470 85 5.5
(Jeyapalan, 1983 )

Result computed by Pastor et al. 170 =120 1.4

(2004)

Result computed by Chen (2006 ) 200 =120 1.7

Result using NS-VOF model 320 =140 2
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Velocity Distribution

0 80.062438

Isovolume Vect Mag
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Distribution of liquified area

10 t=0.0s 10k 1=80.0s
Es| Est
N N
0g 100 500 300 700 0o 100 200 300 400
Y(m) Y(m)
ol =200 i6k t=100.0's
E 5r E 5F
N N
05 700 500 300 300 05 100 200 300 400
Y(m) Y(m)
iok =400 ol t=120.0s
E 5¢ E 5F
N N
05 100 200 300 300 05 700 200 300 400
Y(m) Y(m)
i6k =600 ol t=200.0's
3 3 ——
300 400 05 100 200 300 400
Y(m) Y(m) 50




m | | | _ |
Velocity (m/s ): 0 1 2 3 4 5 5] Velocity (m/s): 0 1 2 3 4 5 3
t=0.0s t=280.0s
E E
N N
0 100 200 300 400 400
Y(m) Y(m)
[ | | - _ |
Velocity ( m/s ): 1 2 3 4 5 6 Velocity ( m/s ): 1 2 3 4 5 6
t=20.0s 10 =100.0s
E
N
|
200 300 400
Y(m) Y(m)
- - | | _ ||
Velocity ( m/s ): 1 2 4 5 6 Velocity (m/s): 0 1 2 3 4 5 6
t=40.0s
E
N
100 300 400
|
Velocity (m/s ): 1 2 3 4 5 6 Velocity (m/s): 0 1 2 3 4 5 6
t=60.0s 10 t=200.0's
E E
— —___\ T
N . N
R = N
—"_‘
[ e e |
| ——
200 300 400 00 100 200 300 400 51

Y(m) Y(m)




Flooding distance

120 140

100

1 1 1
o o o

o o o
lp] o Te] o [o] o
o 49 N N - -

(wr) ddue)SIp uoEpUNU]

160

40 60 80

20

52

Time (sec)



Inundation speed (m/s)

Flooding velocity
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4. Simulation on THE FAILURE OF SHUAN-YUAN BRIDGE
in the event of 2009 Typhoon Morakot
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http://www. l1bertytimes. com. tw/2008/new/sep/26/today-
southl2. htm 5
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Problems to be Solved...

Flood impact on the structures

Sever local scour

Blockage effect from the drifting woods
Mudslide, Landslide

Boulder impact

Why failure?




— Hydrodynamic Analysis

300.1435

Incorporating the DEM data directly
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Local scour induced by the strong flood

mud_vof =0.05

60.03068
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Comparison to the Field Survey Data

Maximum Scour Depth:

Right in front of the bridge piers: 30 m upstream away from the bridge piers:
Field survey: about 23 m. Field survey: 15 m
Numerical: 23 m. Numerical: 15 m
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5. SCOUR AROUND THE SEMICIRCULAR ABUTMENT
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Snapshot of the experiment :

0.4
Numerical result without
particle collision term : 0.3f
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Rheology for Different
non-Newtonian Fluids
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FIG. 1. Rheograms for Three Data Sets: Govler et al. (1957); Savage and Mc-
Keown (1983); and Bagnold (1954)



Hyperconcentrated Sediment Flow
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Hyperconcentrated Sediment Flow

T GREET]

T, ° A [FfRFE JJ(Cohesive Yield Stress)
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Literature Review

Herschel — Bulkly Model (Herschel & Bulkly, 1925) ~ Bagnald Rheology
Model (Bagnald 1954)

O‘Brien and Julien (1985) proposed a quadratic rheological model to
describe the rheological properties of hyperconcentrated sediment
flow.

Julien and Lan (1991), O’Brien and Julien (2000) combined the
qguadratic rheological model with FLO-2D.

Liu (2006) used the quadratic rheological model in Debris-2D and
applied it on field simulation.
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= X AR TR E o = Bt

Ep S5 & gtrad
= 3 strain rate
i &+ Shear stress / %

-------------------

ERR A — I
QTR S Yield stress (Bingham yield) — -° A

Blngham viscosity Quadratic term

/_/

- +Sker D >Tp° (R
u(D] = 7D D
| emab=0, STT<T°  (me)
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2
¢ = Pm lmz alps/12 dm

Pm = the density of the mixture

L, = the mixing length of the mixture

a, = the empirical constant defined by Bagnold, 0.001
p = the density of sediment particles

A =the linear concentration

d,, = the diameter of sediment particles

L—1

C* = the maximum volumetric sediment concentration, 0.615
C, = = the volumetric sediment concentration



FHEMS BT 2

HUse gl » sl EREUE AR » [
ST T =M - %%Zﬁ?ﬁﬁﬁ 5, -
ez S BB A 5T
s FEHRENHIREE C BIIE f-UER 7 B
&1z > DB AT 2 7= E ST -
fﬁxﬂ?f?%ﬁl FEORL I (AR

#AF

Dl
U e
T lenn

P

ip.
L0




Julien B Lan (1991) B bif#ih2u TH

1 =Pl +ap Ad; (3-32)-
RET o B
p, AR ABLEE

[, -4 RirR#Ex Prandtl 25 A 42 > 4(2004)42 2] Julienetal.(1991)
Bl =04/2 2 L HEE A

a, t B—ER¥3  Bagnald z#:#$ % 0.001.
p, P RITEMZER.
d - FirzfniEe

A ¢ O'Brien % .A(1993) 3| A Bagnald(1954) 2 £+ F : «

c 3 -1
ﬁ¢=[[c* —1:| (3_33}#
v/

C.: mABMHEHE(C.~0.615)

C, ' B#FER
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Plug into our rheological model

rp Bh W t 1
o = strain rate
i & * Shear stress / g

-------------------

ERR A — I
';f % AR Rk Yield stress (Bingham yield) A

Blngham viscosity Quadratic term

/_/

1 +3 :“c D, > To? (i)
u(D) = 7D D
------------------------E . 1
| wamdb=0 FTT<T"  (mp)



Snapshot of the experiment

0.4
Numerical result without
particle collision term : 0.3f
>
302
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. . 0‘4
Numerical result with
practical collision term : o3}
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Dirty water?




Conclusion

Bingham constitutive model is able to describe mud
and sediment motions.

Combining with VOF model, we are able to simulate
the complex local scour problem with only 3 property
parameters.

Very accurate results are presented.

This model can be used on many practical problems,
such as landslide, mudslide, local scour problems.

Thanks for listening. Any questions for Prof. Wu?

SR ?




