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ABSTRACT: This work has been performed by a French natiomadaortium vithin the framework of the n
tional project Tandem, with aim to improve knowledgbout tsunami risk on the French coasts. Work-
package #1 of this project was the opportunityuddba database of benchmark cases to assesspabilca
ties of 18 codes, solving various set of equatwitis different numerical methods. 14 test caseswefined
from the existing literature with validation datarh reference simulations, theoretical solutionabrexperi-
ments. They cover the main stages of tsunamilfgieneration, 2) propagation, 3) run-up and subioiey
and 4) impact. For each case several of the nuateoncles were compared in order to identify thederand
weaknesses of the models, to quantify the errasttiese models may induce, to compare the vanmds
eling methods, and to provide users with recomnaéinds for practical studies. In this paper, 3 espnta-
tive cases are selected and presented with ansiafithe results.

1 INTRODUCTION forces and weaknesses of the models, to quangfy th
srrors that these models may induce, to compare the
: Ly : various modelling methods, and to provide users
consartium within the framework of the national with recommendations for practical studies. Here, 3

Err]cgfv% dgzngg (;rlljt(tzs(zjlr? arznczlrrs)k \g’r']t rlh?nl;r(te?] Clrr]n gg;\;? epresentative cases are selected and detailedmwith

. nalysis of the results:
The first of the four work-packages of the Tandem™ : "
project (WP1 — Qualification and validation of nu- _ ggzg ICD;(C);207S(I)QI|?aS rse\l,vz\v,\éa\rlsf%iﬂre, raéc;]r é 2D verti-
merical codes) was the opportunity to build a data- ' y 9

This work has been performed by a French nation

oy cal reef”
base of benchmark cases to assess the capabilities ; . . .
: : : - - - 4: I Xperiment: impact on r-
various (industrial or academic) numerical codes. bcgr?ilrzgp Seaside experime pactonau

18 codes were used, solving various set of equa-
tions with different numerical methods. 14 testesas
were defined from the existing literature with dali
tion data from reference simulations, theoretical s
lutions or lab experiments. They cover the mai he Erench institutes listed below:

o o S o CEA (Commssariat  [Energe Atomique), pu
’ ’ blic research institute, Project coordinator,

sion, and 4) impact. For each case several ofthe n L :
. : . . — EDF (Electricité de France), private company,
merical codes were compared in order to identié th WP1 coordinator,

These cases have been chosen as being represent:

tive of the main phases of tsunami life, while lgein

simulated by a significant number of codes from the
roject’s list. The participants to Tandems’s W4 a



— UPPA (Université de Pau et des Pays de I'Adour)water depttD. A 38.2kg rectangular block (0.4m tall,

academic institution, 0.3m long and 0.39m wide) is placed just above stil
— ENPC (Ecole des Ponts ParisTech), academic ingvater level at initial time, and then released. &xp

titution, ments were repeated f@&r = 0.288m, 0.210m, and
— Inria, public research institute, 0.116m; in each case, the block vertical positiod a
- BRGM (Bureau de Recherches Géologiques dree surface elevation were measured as a funafion

Miniéres), public research institute, time at a wave gage located 1.2m from the leftward

— Principia (French), private engineering company, extremity of the flume. Values df andB (Fig. 2)

— Ifremer (Institut Francais pour la Recherche etvere also estimated from video measurements.
'Exploitation de la Mer), public research insteut To closely reproduce these experiments, in which
It is noted that on the P02 test selected here thte block was forced to have a vertical motion j-hor

waves are propagated on rather short distances; caontal block velocities must be set to zero in the

es with long distance propagation of solitary-typemodel. The block has also to be slightly shifted

waves or initial disturbances are also includetha rightward (by 20mm) as in the experimental set-up,

test bed. and initially positioned 5mm below the free surface

2 RUSSEL'S WAVE GENERATOR 2.2 Benchmarking results

Three Navier-Stokes models are tested here:

— the code THETIS (developed by Ilaboratoire

This case is the generation of a solitary wave ¢edu Trefle, Bordeaux), based on Finite Volume (FV)

by the vertical fall of a rectangular rigid bodydaits with the Volume Of Fluid (VOF) technique for

interaction with the underlying water body. It is free surface tracking,

based on the experiment published in Monaghan ane the code EOLE, developed by Pincipia, based on

Kos (1999). This benchmark allows checking the ac- FV and VOF as well,

curacy of a model in a case of strong interactimins — the code Sphynx, developed by EDF with help

a rigid body with free surface. It involves interéa from ENPC, based on the Smoothed Particle Hy-

reconnections and vortices generation and thus re- drodynamics (SPH) method.

guires the use of models able to deal with these ki To solve the fluid solid interaction, EOLE and

of phenomena. In terms of engineering relevance&phynx calculate the resulting pressure force and

this case is close to the physics involved in nvassi deduce the motion from Newton's law, while THE-

cliffs or ice bodies fall into water. TIS uses a penalization of viscosity to model the |
teraction at once.

2.1 Case description

wave gage

12m

[Tk 58
Figure 1. Russel's wave generator: sketch of tiperxental ‘
apparatus.

Figure 2. Russel’s wave generator: definition8afndH (pic-
ture from Monaghan and Kos, 1999).

Fig. 1 represents a sketch of the experiment per-
formed by Monaghan and Kos (1999). The experiFigure 3. Russel's wave generator: snapshots ofilations
ment was carried out in a 9m long 2D flume, withwith THETIS, EOLE and Sphynx (from top to bottom).



The following discretizations were used in thesdiluid/solid interaction. It is likely that the colusion

simulations L = length of the rigid body): would be the same or not too different for a body e
— THETIS_1:dx/L = 0.02, tering water with an angle.
- THETIS_2:5x/L = 0.01,
— THETIS_3:0x/L = 0.005, Table 1. Russel's wave generator: wave height (m)
— EOLE_1:0x/L = 0.01, calculated versus measuredkat 1.2m from the left
— EOLE_2:0x/L = 0.005, end of the channel for various water depths.
— Sphynx:dx/L = 0.016, D (m)
the_reég is the mtesh (FV)hortpartfche_ (Sll3lt-_|) size. 0116 0210 0288

ig. 3 presents snapshots of simulations carrie .
out with the different models. The key point is the%,ﬁ%e{:gj“ 0109 0%%%26 0.093
accuracy with which the solid motion is simulated.grror (%) 5
Fig. 4 presents a comparison of the models on thisHETIS_2 0.0967 0.1092 0.1024
aspect (the curve is to be read from right toviefh  Error (%) 1 19 10
increasing time). Both VOF models give satisfactoryT"'ET'OS/—3 0-%80
result_s while the SPH model_slightly underestimategg?_:z(_g) 0.085 0.094 0.098
velocity at the end of the motion. Error (%) 22 2 5

Table 1 summarizes the wave height simulated bgoLE_2 0.093 0.094 0.101
the models a few solid lengths away from the sourcError (%) 15 2 9
position, with various initial water depths. Relati Sphynx 0.094  0.092 0.092
errors are also presented. Experimental values afé™" (%) 14 0 1

given with a relatively coarse resolution of 0.01m .
which prevent from an accurate estimation of th%azbllgrr?'(sgleagzsz(;ﬂ andB for an initial depth of

numerical error. Model errors obtained with compa-

rable mesh resolution are presented in bold irtaghe H(m) B (m)
ble. The numerical estimations generally show & verExperiment 0.3330.01 0.30%0.02
good accuracy (within the experimental error bar[H=TS-1 0.295 0.264
except for one simulation per model. ngT(lé")z 01219 4 012370
0s Error (%) 12 11
' EOLE_1 0.317 0.291
Error (%) 5 4
04y EOLE_2 0.317 0.296
Error (%) 5 2
03} Sphynx 0.295 0.280
Error (%) 11 8

021

v/ gD

0.1}

'i+ 3 SOLITARY WAVE REFLECTING ON A 2D
l VERTICAL REEF

i

‘Il" e o EXP . .
4 — THETISI 3.1 Case description

-~ SPHINX ||

EOLE This benchmark aims at reproducing a set of experi-
03k = = o — = ments carried out at the O.H. Hinsdale Wave Re-
/D search Laboratory, Oregon State University (OSU,
Figure 4. Russel's wave generator: solid velocéssus solid see Roeber’- 2010 and Roeber and Chung, 2012).
vertical position. Initial water depth = 0.21m. Syois: experi- These e>_(per|ments 'nV.OIVe the. propag_atlon, ru_n-up,
ments from Monaghan and Kos (1999); lines: simateti overtopping and reflection of high amplitude sojita
waves on two-dimensional reefs. Their purpose is on
Table 2 presents a comparison of the models e@ne hand to investigate processes related to mgaki
timation of free surface shape close to the solid m bore formation, dispersion, and passage from sub- t
tion for an initial depth of 0.210m. This table hafs super-critical flows, while providing, on the other
course less importance than the preceding one Iwand, data for the validation of near-shore wave
terms of applications. Here again the results abthi Mmodels in fringing reef. _ _
by the models are satisfactory with almost all the The geometry of the test considered here is
predictions within the experimental resolution. shown on Fig. 5. The length of the basin is of 104m
We conclude that the Navier-Stokes models ConhOWGVGF the Computational domain is delimited by a
sidered in this project are all able to model with reflecting wall placed at x = 83.7m. The reeftstat
good accuracy the waves generated by a rigid bOCPS/: 25.9m with a nominal slope of 1/12. The actual

vertically falling into water taking into accourtie  Slope is such that the height of 2.36 m is reaafed
ter 28.25 m. At this station a 0.2m height crest is
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Figure 6c. Continuation of Fig. 6b, non-dimensiotiale =
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The initial depth at still water is taken to be=
2.5m, giving a partially submerged crest, and &ldep
behind it (on-shore side) of 0.14m. The initialusol

76.33.

JJJ

tion consists of a solitary wave of amplitude=
0.75m, giving a nonlinearity ratio @¥ho = 0.3. To
simplify the boundary conditions, the solitary is
placed initially atx = 17.6m which is in reality where o4 2 5o
the experimental data places the peak at dimensio < o2 530,
less timetV(g/ho) = 47.11. This shift will have to be =
applied consistently when comparing with experi- , : . : :
ments. Reflective walls are specified at both epfds oS0 a0
the computational domair:= 0 m andk = 83.7 m. 0470 oo | | | | | ]
I P 5 5 B 5042_“;:E 1
S Tves 3 o4 § 4 g g ES = _ _ ““Mw—u—
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Figure 6d. Continuation of Fig. 6c, non-dimensiotiale =
U e a0 s 109.53.
The prescribed value of the mesh size is 0.05m. A
Courant number of 0.4 is imposed. For the friction
model, a Manning coefficient of 0.014 s is cho-

jonal reef model with 1/12 slope and mounted crest

Figure 5. Solitary wave reflecting on a 2D verticeéf: case
For this test numerical results are available fittven

geometry.
oarevafitess [
< 02} 4 e
D —— - 3.2 Benchmarking results
3‘0 46 50 (;0 76 80
. following models:
? . — THETIS (see Section 2.2),
) — EOLE (see Section 2.2),
- TUCWave (Kazoleeet al, 2012), developed by
Inria and Technical University of Crete, solving
hybrid Boussinesqg/ Non-Linear Shallow Water

10
Figure 6a. Solitary wave reflecting on a 2D veltieef: free
Boussinesg-type models; bottom: Navier-Stokes codes
ft\/g/_h‘:mﬁs ‘ ‘ ‘ L
70 0 (US),
sinesq/NLSWE with structured meshes.
04k Figs. 6a to 6d compare the measured and com-
puted wave profiles for all numerical models as the
numerical solitary wave propagates. Until the dimen
sional timet* = 54.91, the initially symmetric solitary
60

0
0% 10 20
0.4r ‘ ‘ ‘
i 02‘_,_’w‘/\
= . < o ..
0% ‘ 30 46/} 50 60 70 80
Equations (NLSWE) with FV,
surface distribution at non-dimensional time = @.5op: — SLOWS (Ricchiuto & Filippini, 2014), developed
by Inria, solving hybrid fully nonlinear Green-
. Naghdi/ NLSWE with a stabilized Finite Elements
(FE) approach,
— FUNWAVE-TVD (Shiet al, 2012), developed by
Delaware University and Rhode Island University
Bous-
60
50 wave propagates onshore, shoals across the toe ol

20
< 02
(V] S—
02 e P— solving hybrid fully nonlinear
‘ ‘ ‘ ‘ ‘ o Exp. |
M
7‘0 8‘0
the slope ak = 25.9 m, due to the inclined bathyme-
try, and begins to skew to the front. As a resfélt o
shoaling the wave breaks aroutid= 59.3 forming a
plunging breaker. We can see that the numerical re-

I
40

n/h

0
‘ 2‘0 30

z/h

Figure 6b. Continuation of Fig. 6a, non-dimensiotiale =

-0.2
0 10

70.68.



sults of all models are different during the bragki ceptions are visible. As the water rushes down the
process. TUCWave, SLOWS, and FUNWAVE mim-fore reef, the flow transitions from flux to disp&m-

ic the breaker as a collapsing bore that slightly u dominated.

derestimates the wave height but conserves thke tota These results show that both depth-averaged and
mass. EOLE and THETIS overestimate the wavdully three-dimensional models can predict these
height, with a delay in the overall process obsgrveflows. In particular, the agreement between EOLE'’s,
with THETIS (though we do not know the behaviorSLOWS’ and TUCWave's results for most of the
of the free surface between two measurement dat®w is quite surprising. Besides the resolution re

points). guirements (definition of the interface), the pseci
e definition of the quantities to be plotted may be i
‘ — this case quite crucial for this type of flow, and
=== Experim. . .
031 —Tucwae || should be related to the experimental uncertainty
02 SLOWS ! (unfortunately not available here).
e = FUNWAVE-TVD
3 WGI10
= Experim
037 —TUpCWave
SLOWS
0.1 ! ! ! ! | 021 = FUNWAVE-TVD |
60 80 100 120 140 160
Thetis
0.3r —— Experim 1 01 | 1 1 I |
—EOLE_|| 60 80 100 120 140 160
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0.3 —Exp:erim I
L =—EOLE I
-0.1 L 1 | ! | = 0.2
60 80 100 120 140 160 = ik W
ty(a/h) —f\ /\“*«—.ﬂ.._/.\
Figure 7a. Solitary wave reflecting on a 2D veitiegef: time 0 |
series of the normalized free surface at wave g@ude) 2. 01 | ‘ : ‘ |
Top: Boussinesg-type models; bottom: Navier-Staketes. 60 80 100 120 140 160
WGS tv{o/h)
w Figure 7c. Continuation of Fig. 7b, WG 10.
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The broken wave propagates on the back slope &fgure 7d. Continuation of Fig. 7¢c, WG 13.
the reef generating a super-critical flow movingpin )
the stagnant region on the flat reef. While theebor Figs. 7a to 7d compare the computed and record-
propagates downstream a hydraulic jump develop&d surface elevation time series at four speciéivev
at the back of the reef. The Boussinesq codes seeg@uges. The recorded data from the wave gauges at
to capture this process in a stable manner. After t < 50.4m {(.e. WGs 2-8) show the effect of the disper-
overtopping of the reef by the reflected bore, we ¢ Sive waves on the free surface. The hydraulic jump
see the formation of an undular structure, whose ird€veloped at the fore reef produces a train of wave



over the increasing water depth and the resultimg u cross-section of the theoretical topography (dowaken from
dulations are intensified as higher harmonics are r Parketal.(2013).

leased. All the Boussinesqg-type models provide a . _ ) _
quite faithful description of the whole process, in _ An overview of the experiment is presented in
cluding the dispersion dominated process observedd: 8, issued from Pasit al (2013). A LIDAR sur-
before the reef at later times. EOLE provides adgooVeY has been realized on the main part of the exper
description of the early phase of the process andlg_\ental basin (dimensions are 48.8m Iong, 26.5m
somewhat satisfying prediction of the dispersionvide and 2.1m deep). BRGM has reconstituted an
dominated undular bore, with higher frequency osldealized topo-bathymetry based on this LIDAR sur-
cillations missing in the results, perhaps duelackh V€Y This idealized topo-bathymetry was used to fil
of resolution. THETIS provides a correct descriptio the gaps in the original LIDAR data. Moreover, the
of the wave propagation, but it gives a late bregki topo-bathymetry was vertically moved for an initial
inception with a phase advance of the bore on thwater level at the O-_altltude, and horizontally ifexd
reef flat, and a phase lag of the reflected bame. 110 the area of interest. The proposed topo-
strongly breaking regions THETIS data is also domiPathymetry is represented in Fig. 9.

nated by very large oscillations which may be eslat
to the post-processing if strong air entrainment i
predicted by the VOF code.

4 SEASIDE EXPERIMENT: IMPACT ON A
URBAN AREA

i X 5 10 15 20 25 30 35 40
4.1 Case description Figure 9. Impact on a urban area: view of the psegdaopo-

. . . . bathymetry and positions of the sensors.
This experimental case has been realized in the Ore ymetyanap

gon State University basin. A complex topography
was built including a seawall and several buildjngs
inspired of the real city of Seaside (Oregon) =8

scale. The experiment consisted in generatingia so
tary wave with a piston-type wavemaker. This wave
(height = 0.2m, period = 10s) was designed to eorr
spond to the estimated tsunami wave height for th
“500 years” CSZ (Cascadia Subduction Zone) tsu
nami. The experiment was reproduced 136 time

while displacing the sensors in the urban areddS1 gmgoth concrete with a flat finish, leading to an e

cations), and 99 of these trials have been judged §ated roughness height of 0.1-0.3 mm. Conse-
acceptable. As data about flows in an urban area rauently a Manning coefficient of 0.010-Hs is

main very rare, this test-case is particularly rese suggested.
ing to compare the ability of the different modatsl

of the different approaches to simulate the flowa i
complex topography. 4.2 Benchmarking results

Up, down and right boundaries are supposed to
be walls, insofar as this case corresponds to ia bas
xperiment (up- and down-boundaries don’t corre-
pond to the basin limits, but available videosveho
hat the urban area was closed by walls). The wgave
enerated from the left boundary, using the water
eight measurements on WGL1 of Fig. 9 (this implies
that the reflected waves are included in the sjgiral
Yhe experiment, the structure was constructed of

& Five codes were tested in this case:
i — EOLE (see Section 2.2),
By — FUNWAVE-TVD (see Section 3.2),
% (ERSEE - Telemac-2D, developed by EDF, solving NLSWE
with FE or FV,
— Calypso, developed by CEA, solving NLSWE
with Finite Differences,
— SURF-WB, developed by the universities of Bor-
deaux and Montpellier, solving NLSWE with FV.
| | ; Fig. 10 shows time series of the free surface eleva
24 . tion for the five codes and measurements, on fbur o
] . FLAT the gauges shown on Fig. 9. On gauge WG3, located
" = offshore (middle of Fig. 9), all codes are latehwit-
0] 113 spect to the data; this could be explained by & tim
P RASR S S A Y A 4 error on this gauge in the available experimerag d
_ _ _ ~ (for example, in Ruebept al, 2010, the peak on
Figure 8. Impact on a urban area: plan view oettEeriment in - \y/G3 gppears at about 20s, which is more consistent
the basin and position of the offshore wave-gauge} and i the simulations). The delay seems to be larger

WG2
o

WGl

o
1

WAVEMAKER
*




with EOLE, the only code solving the Navier-StokesFUNWAVE-TVD (ovestimation) and Calypso (un-
equations in this case. After the wave reflection o derestimation). Similar conclusions can be drawn fo
the coast, the experimental data show free-surfad&. As for B9, the best models are EOLE and
oscillations that are only predicted by FUNWAVE- FUNWAVE-TVD.

TVD.

WG3

=== Experiment
CALYPSO

0.2 ~ f\ TELEMAC
Al o FUNWAVE-TVD

015
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Figure 10. Impact on a urban area: time seriesesf $urface
elevation at four gauges. From top to bottom: gaMy&3, B1,
B6 and B9 (see Fig. 9). Black dotted lines: experita by Park
et al. (2013); light blue lines: EOLE; purple lines: FUMWE-
TVD; green lines: SURF-WB; orange lines: Telemag-Bdwn
lines: Calypso.
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Figure 11. Impact on a urban area: time seriesetdcity at
three gauges. From top to bottom: gauges B1, BBan(tee
Fig. 9). Same color code as Fig. 10. The blackeirmicates
the estimated initial velocity.

In estimating the consequences of tsunami im-
pact, water levels are not sufficient. Fig. 11 shae-
locity time series on the same gauges except WG3.
The velocities are globally well predicted, evemif
long-term Calypso tends to overestimate them and
FUNWAVE-TVD simulates a too important reflux
near the coastline (in agreement with the abovemen-
tioned behavior regarding water elevation). New fea
tures under development should improve the Calyp-
SO results especially on energy conservation. All
codes have difficulties to predict the velocity on
gauge B9, the most remote to the initial coastline.

As a conclusion, the use of depth-averaged mod-
els (such as NLSWE or Boussinesg-type models)

For gauges B1, B6 and B9 (located in the city orseems to be enough for such cases. Nevertheless, 3L
Fig. 9), all codes perform satisfactorily, reasdpab approaches may be interesting in calculating the re
well although differences with experimental data ar sulting force on buildings. Fig. 12 shows an exampl
significant, in particular at gauge B1. On the fourof 3D rendering with EOLE, along with a first simu-
gauges, EOLE (Navier-Stokes equations) and Telentation obtained with the code Sphynx (see Section
ac-2D (NLSWE) globally show the lowest differ- 2.2).

ences with data. On B1, the initial free-surfacyval

tion peak is underestimated by all codes, but the
subsequent behavior is correctly predicted excgpt b



5 CONCLUSIONS tended Boussinesg-type equatio@®ast. Engng69:42—

. 66.
We have presented three benchmark cases for testifignaghan, J.J., Kos, A. 2000. Scott Russell's vgarerator.
tsunami simulations on the main three stages: gener Phys. Fluidsl2(3):622-630. _
ation, propagation and impact/run-up. Various codeBark H., Cox D.T., Lynett P.J., Wiebe D.M., Shir2813. Tsu-
have participated, some using averaging @riori nami inundation modeling in constructed environee#t

: ; physical and numerical comparison of free-surfdewae
assumptions of the vertical structure of the flow tion, velocity, and momentum flu€oast. Engngr9:9-21.

(solving the NLSWE or Boussinesg-type equations)gicchiuto, M., Filippini, A.G. 2014. Upwind Residudiscreti-
some in 3D (solving the Navier-Stokes equations zation of enhanced Boussinesq equations for waygage-
with free-surface treatment). Most use traditicaqa tion over complex bathymetriek. Comput. Phy271:306—
proaches like FV or FE, one of them is based in 341. _

SPH. All codes are thus very different, and diﬁer_Roeber, V. 2010. Boussinesg-type model for neaeshave

. . processes in fringing reef environmddhD Thesis, Univer-
ences in quality and accuracy of results could be gy o Hawai

highlighted on most cases of this test bed. Depengkoeber, V., Cheung, K.F. 2012. Boussinesg-type ifoden-

ing on the stage of the tsunami event (generation, ergetic breaking waves in fringing reef environnse@bast.

propagation, inundation) some of them appear to be Engng 70:1-20. _ -

most suited, and a complete modelling chain woulcﬁ‘“"é%el”o Mdp?fa'mgaiurgﬁén?sl’o?t"sﬁ r?é}nf'i'::ﬁgiﬁm-

||ke|_y rely Or.] the coupling Some of these mOdel.S (a an urban waterfront modeled in a large-scale laboyda-

topic which is also addressed in the Tandem prpject g, "coast. Engngs:229—238.

Shi, F., Kirby, J.T., Harris, J.C., Geiman, J.Dxill S.T. 2012.
A high-order adaptive time-stepping TVD solver Bous-
sinesq modeling of breaking waves and coastal itimwal
Ocean Model43-44:36-51.

Figure 12. Impact on a urban area: 3D view with EGtop)
and first simulation with Sphynx (bottom).

In the near future, this case will serve to investi
gate sensitivity to parameter uncertainty (bed- fric
tion, initial conditions, etc.).
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