
THE APPLICATIONS OF ADVANCED NUMERICAL SIMULATION ON 

THE TSUNAMI AND FLOODING HAZARD MITIGATION 

Tso-Ren Wu,吳祚任 

Associate Professor and Director 副教授兼所長 

Graduate Institute of Hydrological and Oceanic Sciences 水海所 

National Central University 國立中央大學 

tsoren@ncu.edu.tw 

 

1 

DATE: 3/13 SUNDAY 
3F, BUILDING FOR HUMANITIES AND SOCIAL SCIENCES, ACADEMIA SINICA, TAIPEI, TAIWAN.  

128 ACADEMIA ROAD, SECTION 2, NANKANG, TAIPEI 115, TAIWAN 

Tsunami Science Laboratory

海 嘯 科 學 研 究 室 
TSUNAMI SCIENCE LABORATORY 



Abstract 

• Moving boulders in the are frequently observed in the nature 
disasters, such as tsunamis, storm surges, river floods, and 
landslides. Resulted in violent impinging forces on the structures 
and sever local scours. The keys of the successful simulation are the 
technique that is able to solve the solid and fluid motions 
simultaneously, with the ambient fluids behave as high viscous non-
Newtonian Bingham flows. 

• In this presentation, we shall focus the discussions on solving the 
3D Navier-Stokes (NS) equations with newly developed 
Discontinuous Bingham Fluid (DBM) model and two-way coupled 
moving-solid algorithm. The volume-of-fluid (VOF) method with 
Piecewise Linear Interface Calculation (PLIC) technique is adopted 
to describe the multiple phases in the fluids. Validations and 
Examples will be presented and discussed. 
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2011 Tōhoku earthquake and tsunami 
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（陳慧慈，2011） 4 



Motivation 

Huge Tsunami Scour Hole around the Buildings 

Serious scouring problem during the tsunami inundation (Photo by Prof. Philip Liu)  

5 



Motivation 

Tsunami Boulders were found in the Southern Taiwan 

6 



Motivation 
One of the boulders is in a huge scour hole 

The broken coral boulder implies an originally much bigger size and higher tsunami 

wave height  
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The failure of Shuang-Yuan Bridge in the event of 2009 Typhoon Morakot. 
The undular waves indicate the soft reverbed and sever local scour around the bridge piles. 

2009 莫拉克颱風強烈水流導致雙園橋斷裂 

波狀水躍暗示床質鬆軟及橋墩周圍沖刷 
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Features of flood and 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: VOF 

2. Turbulence: LES 

3. Drifting obstacles: Moving Solid 

4. Scouring: Discontinuous Bi-viscous Model 

5. Large and small scale tsunami modeling: COMCOT Coupling 
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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. 

   

Breaking wave modeling, Splash3D (史百力士3D) 
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Disney Splash Mountain 

迪士尼 史百力士山 Splash: 飛濺 
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The fluid density is presented in fluid fraction, and the transport equation 

is used to describe the fluid movement. 
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Volume of Fluid (VOF) method 

15 

( ) 0m m m m m
m

t t x y z

    


    
     

    
u u v w

0p pN x C  

Piecewise linear interface 

calculation (PLIC) 

( ) ( ) 0p tr p mF C V C f  



DEM and LiDAR topography input module and  

COMCOT boundary coupling module 
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Topography of Toce River Valle 

Partial-Cell treatment 
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LES (Large Eddy Simulation) Filtering 

D : the filter width 

h : the radius 

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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Filtered Conservation Equations 

• Continuity equation: 

 

• Conservation of Momentum: 
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Smagorinsky Model 
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Model Validation 1: Dam-break bore impinging a square cylinder 
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Force validation Velocity validation 



Pollutants 
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Wave + Current + Truss 
Surface Elevation and Dynamic Pressure 
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Surface Velocity Magnitude 
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Application: Sloshing Problem 
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Sloshing Problem 
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2015 Nepal Earthquake, Swimming pool. 
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Potential tsunami impact on the 

Nuclear Power Plant (NPP) No.3 in 

Taiwan. 

Splash3D Coupled with the result of 2D 

COMCOT tsunami model 
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Scenario tsunami source on the 

northern Manila Trench 

Reactor 

Water intake 
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E-IBM (Efficient Immersed Boundary Method) 



Pressure Integration 

• Considering non-streamline obstacles, the 
normal force (Pressure force) is one or two 
order of magnitudes greater than the shear 
stress on obstacle. The obstacle shear stress 
can be ignored. 

• Sum the pressure force on the solid surface 
to obtain the net force on the solid. 

• The virtual pressure sensor (VPS) arrays are 
installed on each solid surface. 

VPS arrays are installed on 
each solid surface 

Surface pressure can be 
obtained from VPS arrays 29 



Floating Obstacle 

30 

The photos with dimension of the small tank (upper left) and the large tank (upper right). The floating box is made of wood (lower right). A small black dot 

is painted on it to trace the floating trajectory. The still water depth is 5 cm. The box is initially elevated 0.2 cm by four pins. (Lower left). 

tank size (cm) 14 x 15 30 x 30 

cell 45 x 42 x 28 55 x 55 x 28 

coordinate 
(cm) 

X (0.0, 15.0) 
Y (0.0, 14.0) 
Z (0.0, 7.0) 

X (0.0, 30.0) 
Y (0.0, 30.0) 
Z (0.0, 7.0) 

Simulation 
time 

1.2 sec 

Calculation 
time  

(CPU time) 
0.17 hours 1.5 hours 

Numerical setup of the floating bodies. 



Simulation on a Floating Obstacle 

• 渠槽大小：15 × 14 cm、30 × 30 cm 

• 網格大小：0.33 × 0.33 × 0.25 cm 

• 楔形體：4.8 × 4.9 × 2.4 cm 

• 變動條件：渠槽大小 
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（莊美惠製） 



Rotation: the Magnus Effect 

)(  100
s

rad
y 
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速度場剖面(y=0.5m) 

速度場俯視圖(z=0.525m) 36 



E-IBM  
(Efficient Immersed Boundary Method) 

--  exp. Data 

－ two-way couple 

( OSU‘s O.H. Hinsdale Wave Research Lab之Large Wave Flume) 
37/35 



Example 1 

• Parameters 

L1=L3=0.0125m 

R1=R3=0.0075m 

Beta=60°  

Density1=1300kg/m³ 

Flud Grid =30x30x60 
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How do people solve the scour problems? 
1. Empirical or Semi-empirical Formulae 

• Lacey’s formula (1930) 

http://onlinemanuals.txdot.gov/txdotmanuals/hyd/bridge_scour.htm 
40 

However, Big Differences on the Predicted Scour Depth 

http://onlinemanuals.txdot.gov/txdotmanuals/hyd/bridge_scour.htm


The Modern Scour Models: 

CCHE3D model (State of the art, so far.) 

http://www.ncche.olemiss.edu/content/research/sedimentgroup/simulation_of_local_

scour.htm 

Local Scour around a Bridge Pier 

Simulated by CCHE3D Model 
Local Scour around a Spur-Dyke Simulated by 

CCHE3D Model 

Flat free-surface assumption, one-layer sediment 
41 

http://www.ncche.olemiss.edu/content/research/sedimentgroup/simulation_of_local_scour.htm
http://www.ncche.olemiss.edu/content/research/sedimentgroup/simulation_of_local_scour.htm


However, it requires too many empirical coefficients 

for the Sediment Transport Theory 
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(2002 at Cornell) 



牛頓流體、賓漢流體、非連續雙黏性流體之
流變圖 

Schematic of Discontinuous Bi-viscous Model (DBM) 
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45/35 

Angle of repose  

安息角 

• Loose structure without 

tamping:  

Angle = Angle of repose 

• 未夯實，結構鬆散： 

角度為安息角 

• Tight structure after 

tamping or settlement:  

Angle > Angle of repose 

• 夯實後，結構緊實，角
度大於安息角 

(Chinatimes) 



Discontinuous Bi-viscous Model (DBM)  

Equations of Rheology 
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Only 4 unknown variables:  
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Simulation on the Sand Sliding Down by DBM 



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

Newtonian Fluid 

Bingham Fluid 
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Analytical Solution of Bingham Fluid in a Channel 

Plug Area Liquefied Area 

 5.0 Pa sB    0 0.5 Pa   1 6 Pa se   49 

High Pressure 

Low Pressure 

(Flat in the Plug area) 

(Accurate turning point) 



2. Spreading of Bingham fluid on an inclined plane 

Liu and Mei (1989) 推導出斜板上之賓漢流理論解，並與同時進行之實驗結果相
符。 

Experimental set-up for gravity currents down a dry bed 50 



3. Failure of Gypsum Tailings Dam East Texas, 1966 

Flow of Liquefied Tailings from Gypsum Tailings Impoundment (1966) 

Jeyapalan 

(1983) 

 Mu_max=1.e6, ss_c=0.2  
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Elevation ( t = 0 ~ 200 

s ) 

Velocity Magnitude ( t = 0 ~ 200 s ) 

52 



Similar flooding geometry 

Flow surface after freezing time computed by Splash3D model 53 



高程  
( t = 0 ~ 200 s ) 

絕對流速  
( t = 0 ~ 200 s ) 

Discontinuous Bingham (DBM) Bingham 
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Result Competition 

  Inundation distance 

（m） 

Freezing time 

（s） 

Mean velocity 

（m/s） 

Observed values 300 60-120 2.5-5.0 

Theoretical results from 
charts 

550 132 4.2 

Result using TFLOW 

（Jeyapalan, 1983） 

470 85 5.5 

Result computed by 
Pastor et al.（2004） 

170 1.4 

Result computed by 
Chen（2006） 

200 1.7 

Result using Splash3D 
model 

310 2.4 
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4. Local scour around the semi-circular cylinder 

• Scour hole 

Compare with the experimental data done by 

Dey and Barbhuiya (2005) (Uupper) (mm) 56 



Rheology of Grains 
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Plug Zone Liquefied Zone 

(Strain rate) 
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Snapshot of the experiment： 

Numerical result without 

particle collision term： 

Numerical result with 

practical collision term： (Not much difference in the scour hole) 

Significant improvement in the 

wake area 
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5. Simulation on the failure of Shuan-Yuan Bridge 
in the event of 2009 Typhoon Morakot 
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The undular waves imply 

the uneven soft bottom  



3D Local scour induced by the strong flood 
mud_vof =0.05 
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Maximum Scour Depth:  
Right in front of the bridge piers: 

 Field survey: about 23 m.  

 Numerical: 23 m. 

 

30 m upstream away from the bridge piers: 

 Field survey: 15 m 

 Numerical: 15 m 

Comparison to the Field Survey Data 

地電阻法 

（Electrical Resistivity Tomography, ERT） 
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計算域設置 

俯視圖 

800 m 

2
0

0
m

 

Y= -100 m 

Y= 100 m 
靜
水
壓
出
流
邊
界 

側視圖 

靜
水
壓
出
流
邊
界 

P= 0 

300 m 500 m 

h = 25 m 

入射規則波 

上游邊界入流
1.41m/s 

350 m 

入射波與流 

Free-slip 

800 m 

6
0

 m
 

Z= 0 m 

Z= 60 m 

4
0

 m
 

Z= -40 m 

Free-slip 

No-slip 

：主計算域 ：波浪消能區 ：底床鋪砂 ：結構物位置 
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不同海流攻角之比較：0o V.S. 45o 
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Advance visualization collaboration in DMCC  
with Leibniz Supercomputing Center (lrz),  

with Dr. Dieter Kranzlmueller and his crews 
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Move on to the next stage, for a real case, 

(Shuang Yuan Bridge, x-axis mirrored) 
Water vof = 0.5 
Bridge vof = 0.3 
Mud vof = 0.1 (in order to see suspension) 

Simulation done by YuHung 
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DMCC 
advanced  

visualization 
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DMCC advanced visualization (short 
film) 

67 



68 



Dirty harbor in Japan? 
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T2 (Manila Trench 1) (Animation) 
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T02, Inundation and Maximum Runup Height 
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T02, Nearshore Inundation and 
Maximum Runup Height 

核三廠溯昇高達10~12公尺，墾丁南灣達18公尺 
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The First National-wide Tsunami Drill in Taiwan 
in 2014/9/19 

73 



74 



Conclusion 

• Discontinuous Bi-viscous Model (DBM) is able to describe mud slide 
and the development of 3D scour hole. 

• Quadratic DBM 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?吳祚任？ 
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Storm Surge Modeling 

http://eoimages.gsfc.nasa.gov/images/imager
ecords/7000/7079/tropical_cyclone_map.gif 76 



Storm Surge vs. Storm Tide 

Wind and Pressure Components of Hurricane Storm Surge 
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COMCOT Storm Surge Fast Calculation System 
(Cornell Multi-grid Coupled Tsunami Model – Storm Surge)  
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Nonlinear Shallow Water Equations in Spherical Coordinate 

• Solve shallow water equations on both 
spherical and Cartesian coordinate systems 

• Explicit leapfrog Finite Difference Method 
for stable and high speed calculation 

• Multi/Nested-grid system for multiple 
shallow water wave scales 

• Moving Boundary Scheme for inundation 

• High-speed efficiency 78 /45 
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The tides are provided as complex amplitudes of 
earth-relative sea-surface elevation for eight primary 
(M2, S2, N2, K2, K1, O1, P1, Q1), two long period 
(Mf,Mm) and 3 non-linear (M4, MS4, MN4) harmonic 
constituents, on a 1440x721, 1/4 degree resolution 
full global grid (for versions 6.* and later). 

Coupled with TPXO global tide model 

TPXO操作介面 

提供各種不同分潮資訊，以M2分潮為例 (Dushaw et al., 1997) 79 /45 



High resolution at nearshore region 
LAYER 01 (8 
arc-min) 

80 /45 

計算網格編號 經度方向範圍（oE） 緯度方向範圍（oN） 解析度 
LAYER 01 110.0 – 134.0 10.0 – 35.0 8 arc-min 

LAYER 02-A 120.25 - 122.25 24.10 - 25.50 4 arc-min 
LAYER 02-B 119.90 -120.60 22.50 - 24.19 4 arc-min 
LAYER 02-C 120.20 -121.10 21.80 - 22.60 4 arc-min 
LAYER 02-D 121.02 -121.75 22.54 - 24.19 4 arc-min 
LAYER 02-E 119.48 -119.77 23.38 - 23.76 2 arc-min 
LAYER 02-F 121.36 -121.80 21.95 - 22.24 1 arc-min 
LAYER 02-G 119.68 - 120.27 25.98 - 26.32 2 arc-min 
LAYER 02-H 118.06 - 118.70 24.18 - 24.67 2 arc-min 

LAYER 03（南灣） 120.725 - 120.990 21.862 - 22.029 0.01 arc-min 
LAYER 03（新竹） 120.837 - 121.085 24.765 - 24.951 0.01 arc-min 
LAYER 03（蘇澳） 121.812 - 121.945 24.509 - 24.675 0.01 arc-min 
LAYER 03（成功） 121.297 - 121.524 23.014 - 23.254 0.01 arc-min 



成功 新竹 將軍 

台東 淡水 南灣 

Validation on the tide height 
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2013 Typhoon Fitow (第一類路徑) 

• 颱風菲特（Typhoon Fitow）於2013年9月27日於帛琉北部海面上生成，以西北方向
朝臺灣北部海面前進；於2013年10月3日轉變為中度颱風，7日由福建、浙江交界進
入中國大陸，最後於10月7日轉變為熱帶性低氣壓；為第1類侵臺路徑。 

取自中央氣象局 颱風資料庫 
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2013 Typhoon Fitow  
2013.10.01 00:00 – 2013.10.07 00:00 (UTC+0) 

Total Time :518400 sec (~7 days) 
Time Step  : 8 sec 

Resolution : 8/4/0.1 arc-min 
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2013 Typhoon Fitow 

成功 

南灣 

新竹 

蘇澳 
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潮位計資料比對 (菲特颱風) 
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