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Abstract : Landslide generated waves are studigdgua numerical model based on Navier-Stokes eguostiwith a
VOF algorithm to track the interfaces. Unlike mestlier simulations of this problem, our model imjily describes
the coupling between slide and water. Simulatiores fast compared with earlier measurements of htay wave
generated by a rigid bloc falling down in a shallevater flume. We then perform simulations to evi@uhe role of
slide deformation on the characteristics of genedaivaves. Results highlight both the importance @dplexity of
slide deformation on wave characteristics. Henaer@ommend to consider slide rheology in tsunaskiassessment.

Titre francais : Simulation numérique Navier-Stdk&3F des vagues générées par les glissementsrdinteériens
Résumé : La génération de vagues par des glisserderterrain est étudiée a l'aide d'un modéle Isasdes équations
de Navier-Stokes et un suivi d'interface PLIC-VQ®riginalité de I'étude repose sur la prise en gienimplicite du
couplage glissement/fluide. Le modéle est validésdm premier temps, dans le cas de génération sbliton par la
chute d'un bloc rigide a l'extrémité d'un canal. dJétude numérique de l'influence du caractere aéfiie du
glissement est ensuite proposée. Ce travail mévetence l'importance et la complexité du role dtecdéformation
sur les caractéristiques des vagues généréesnllient donc de prendre en compte de maniére phasldi rhéologie
du glissement dans le processus de prédictionsiesinis.

I  INTRODUCTION

Whether subaerial or underwater, landslides magmgae surface waves, large enough to cause sigmific
hazard for coastal populations and infrastructureshe ocean, underwater landslides represense¢bhend
most important source of tsunami generation tlmahetimes, may create more devastating tsunamiscthvan
seismic tsunami sources of moderate strength [Ekialh and subaerial landslides frequently occur in
mountain lakes and fjords, whose sides may becamsé&ble. Although less frequent in the ocean, large
subaerial landslides may be induced on volcanands susceptible to flank collapse, and cause paitgn
damaging tsunamis for nearby, or possibly far distaoastal populations. Indeed, in such casede sli
volumes involved may become so large as to genemajer, even catastrophic, transoceanic tsunarats th
could potentially cause destruction along far disteoasts. A recently studied case in this resette
potential flank collapse of the Cumbre Vieja volocam the island of La Palma, in the Canaries [2].



Laboratory experiments have been performed to staelyal and subaerial landslides (e.g., [3-7]),
particularly in relation to case studies (seef¢8]a more detailed discussion of work to date},tbase may
be both lengthy and costly to carry out. By conframimerical modeling, if properly validated with
laboratory experiments, may be a more flexible affidient tool (e.g., [1], [6] and [8]). Moreovemumerical
modeling more easily provides flow variables foy aint of space and, hence, is better suiteddetailed
study of physical processes.

Earlier modeling work of so-called tsunami landstidnay be classified into two groups. In the finse,
slide kinematics isa priori specified in the model, typically based on a sempigical equation, e.g.,
describing the center of mass motion for solid hidés (e.g., [8-13]). This method has more ofteerb
applied to underwater landslides, for which indufes surface waves are usually initially less clamp
although some authors have also applied it to sidbd@ndslides ([6],[14]). In the second groupneéthods,

a fully coupled computation of both the slide anduced fluid motion is performed. Monaghan and Kos
[15] thus use a Smooth Particle Hydrodynamics (SikEhod to study shallow water wave generation, due
to the impact of a falling rigid block. Models bdsen a direct solution of Navier-Stokes (NS) equati and
featuring a free surface tracking algorithm, halé® #een used. Heinrich [16] and Assier Rzadkiewical.
[17] thus proposed two-dimensional (2D) NS simwolasi, with a Volume Of Fluids (VOF) type free sudac
tracking, of both underwater and subaerial landslidunamis. Gisleet al. [18] recently proposed a
modeling of the La Palma case study based on aressiple NS model, and Quecestaal. [19] similarly
modeled the Lituya Bay case study with a multidllNS model, in which both air and water motion were
simulated. These various NS model results arewade gpromising, but the slide/fluid motion couplisgll
needs to be clarified, as it has not yet been fsilydied. Also, a detailed analysis of physicalcpsses
involved has rarely been carried out.

In this work, we present results of simulationsofface waves generated by subaerial landslidésinell
with the NS model Aquilon (developed in the Trefboratory, UMR 8508). In section 2, we briefly
summarize the equations and numerical methodshernmodel. In section 3, we present results of a
validation case for the 2D generation of a solitalgve by a falling block in shallow water. Finaliy
section 4, the full potential of our model is illteded by simulating the fully coupled case of wave
generated by a deformable slide moving down a slope

II' NUMERICAL MODEL

The computational domain is divided into threedlsubdomains: water, air and slide. In our approtuh
latter is also treated as a fluid, whose propemiad constitutive law can be adjusted dependingvaier

content and nature. Pierson and Costa [20] foamnts indicate that, for water content greater @,

slides behave as Newtonian fluids. For smaller matatents, however, slides behave as viscoplisids,

with various constitutive laws depending on whethelhaves more as a granular or a debris flow. fiteet
fluids in the subdomains are similarly governedrimpmpressible NS equations:
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where U denotes the velocity vector arfel the total pressure. The various fluids that cstein the
computational domain are represented in Eq. (Zhbiy space-varying densigyand viscosityy. Equations
(1) and (2) are discretized on a fixed structuned, @nd solved using an augmented Lagrangian flatmon
[21]. The linear algebraic system obtained for etinte step is solved using the iterative BICGSTAB
algorithm [22].

The motion of interfaces is represented by adveatiguations, expressed for a “volume fraction fiomét
guantifying the fraction of each fluid present imerface cells, specifying that these interfacesraoving
with the flow. Here, two such equations can be esged for the two interfaces between the threddlui
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whereC,aier (resp.Caiige) IS equal to 1 in water (resp. in the slide) anev8rywhere else. Equations (3) and
(4) are solved using an explicit Total VariationddEasing Lax Wendroff scheme of LeVeque [23].

Note, for interface cells, Eq. (2) is expresseaaisin equivalent density and viscosity, obtainedvbighed
average of individual fluid properties, based agirtrolume fraction in the cell.

Il VALIDATION CASE

The numerical model is first validated by simulgtthe 2D generation of a quasi-soliton in shallostew of
constant depth, by a falling rigid block. This dpation, known as “Russel’'s Scott wave generatbds
been the object of well-controlled laboratory expents as well as other numerical simulations. fegu
shows the basic set-up and parameters for botaxeriment and SPH simulations performed by Monagha
and Kos [15]. The experiment took place in a 2Dy 9 m long and of depth. A 38.2 kg rectangular
block (0.4 m tall, 0.3 m long and 0.39 m wide; hedine same as the inside of the flume) is locguestl
above still water level at initial time, and thexteased. Experiments were repeated¥er 0.288, 0.210, and
0.116 m; in each case, the block vertical positiod free surface elevation at a wave gauge locatdh
from the leftward extremity of the flume, were maasl as a function of time.

;1

wave gauge

................................

1.2m

Figure 1 : sketch of Monaghan and Kos' [15] expeiim

Numerical simulations were performed using a 250xd13d, with uneven cell dimensionsxr(starting
with Ax.,»= 6 mm near the block and widening for largeand constant cell dimensionsyifdy= 6 mm).
To closely reproduce experiments, in which the lblvas forced to have a vertical motion, horizomiakck
velocities are set to zero in the model. The blisctepresented by a very viscous fluid wittr 10° Pa.s.
Caltagirone and Vincent [23] have shown that, vgititch high viscosities, the local fluid flow withthe
block behaves as a solid that only experiemresasséranslation or rotation (i.e.] xU =cst).

Figure 2 shows numerical results at a few seletiteels, forD = 0.21 m. As in the experimental set-up,
the block was slightly shifted rightward (by 25 mrmad that a very thin water sheet can rise to efteof it
during its fall, as can be seen on figure 2. Resslibw, as expected, that the numerical methodsltbe
block to keep its shape during motion, and hencstag rigid. The main feature of the water flowthe
development of a vortex at the block lower rightnew. When time increases, this vortex detachens fte
block and advects rightward, while losing strendflonaghan and Kos [15] also report the occurrerice o
vortex at this location, followed in experimentsthg development of a small plunging breaker onfitbe
surface, near the block right side. Our simulatidravever, cannot resolve such a small flow featuith
the selected grid size. Adaptive grid refinemertudth be performed to this effect. Finally, alsoenon the
figure the appearance of two counter-rotatingitrgilvortices in the air flow, that gradually detdobm the
upper corners of the block.



t=0.62 s

Figure 2 : Numerical simulation of the generatidm guasi-soliton in shallow water by a fallingidg
block. The water-block interface is representedi@i$as vorticity contours, evedyw = 25 s'(positive
values in block withwma,= 200 §'and negative values in gray, wiil,,= -200 &).

Figure 3 shows results for the block fall veloaityd surface elevation at the wave gauge, as aidanct
of depth. Despite the fairly coarse grid used ie 8imulations, the block velocity agrees well with
measurements down to two-third of the water ddptinther down, the simulated block moves slower ihan
reality. The flow, however, is still well simulatéd the model, as evidenced by the good agreenfent o
simulated and experimental elevations of waveshatgauge. We conclude that, overall, the fluidédsoli
kinematic coupling is well represented in our miflitid model, and free surface elevations are well
simulated by the free surface tracking algorithm.
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Figure 3 : Non-dimensional box velocity as a fumectof non-dimensional depth in model simulationd an
experiments by Monaghan and Kos (2000),0c¢ 0.21 m.



D (m) measured wave height Experimental Accuracy simulated wave height

(m) (m) (m)

0.116 0.109 +0.02 0.0884
0.21 0.092 +0.01 0.097
0.288 0.093 +0.01 0.093

Table 1 : Measured (Monaghan and Kos [15]) and lsited (present study) wave heights, 1.2 meters from
the left side of the flume, as a function of fludepth.

IV DEFORMING SLIDE CASE

We now simulate the generation of waves by a ddfayrsubaerial landslide, moving down a 50% (26.6
deg.) slope. Similar to the idealized shape us€@]inthe slide geometry is assumed to be senpiathl,
with lengthL = 1 m and thicknesE = 0.2 m. The slide is initially at rest and pasiynerged, with its center
of mass located al/L=-0.048 below still water level.

The computational grid is specified in a polar rcmate system, with 200 meshes in the angular
direction, betweer#=63.44° and 90°, and 400 meshes in the radial tithrecbetweerr = 0.22 and 16 m.
The radial step is kept constantAdL=2.7 10%, betweerr = 0.22 and 8 m, and then increased exponentially.
Slip boundary conditions are specified for the e#locomponents along all boundaries. The time &eyet
to 107 s for the first 10 iterations and then adaptivediculated later on, based on a Courant conditiim w
CFL=0.5.

Simulations were performed for different valuegdtaf slide dynamic viscosityx=5000, 500, 100, 10
and 1 Pa.s, in order to estimate the influencdidé sleformation (governed by viscosity) on the eyated
tsunami characteristics (note, water viscosity#€.001). Once we better understand this physicatgss
on such an idealized case, in future work, we twllto improve landslide tsunami generation modelsch
are typically based on rigid slide hypothesesoriter to better assess tsunami hazard.

Figure 4 shows three snapshots of simulationgdises with decreasing viscosjty,= 5000, 100 et 1
Pa.s, which demonstrate the strong effect of vigcos slide deformation during motion. Velocityoters,
plotted in the water, show how the fluid is beirecirculated from the front to the back of the alidith the
creation of a small trailing vortex. One also sée®ach case, a marked depression of the freacsutd the
back of the slide, as well as narrow wedges of wateving up the slope, that will cause tsunamupurAt
this particular time, in each case, a first longyevégs moving offshore (to the right of each figure®jlowed
by a second somewhat steeper wave (to the lefacti slide). Looking more closely, we see that flies
with higher viscosity does behave more as a qugisi-solid, closely keeping its front-back symmedti
shape during motion. For the slide with medium essty, a bulbous front develops during motion that
causes a thickening of the slide, yielding the slomoving slide among these three cases. In the wils
lowest viscosity, the slide significantly lengthemgile a large vortex of slide material (here béhg as a
heavy viscous fluid) forms at the front, and staoting onto itself.

Figure 5 shows free surface elevations, genesttetmost the same tine= 3.2 to 3.5 s in each case
with different slide viscosity. At these times, whicorrespond to about 1.5 s later than in Fighé second
generated wave has evolved into steeper waves,l@eaking in one case (case 3). For cases 1, 4,ahé
waves are quite similar in height and length, desgiie marked difference in slide motion and defdram.
For case 3, which corresponds to the slower am#tehislide shown in Fig. 4, the free surface waeepens
up to overturning and plunging breaking; this is tase where the maximum of energy has been treatfe
from the slide to the water motion, causing the fsarface to steepen and break=at2.8 s. Note, Case 2 is
also found to break at t=3.5 s, but the volume affewinvolved in the plunging jet is smaller.

One important point that has not yet been invagdigjis how much energy is eventually conveyed from
the slide to the water motion, once a quasi-statypstage has been reached; this will be left oufurther
study. We however calculated the height of the gerd tsunami at a larger time 4.5 s, and foundH =
23,19, 8, 21, and 20 cm, for cases 1-5, respédgtiVaus, wave height is similar for all cases fwat slightly
larger height for the rigid case 1), except forec8sfor which dissipation due to the violent biegkhas
clearly reduced wave height.
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Figure 4 : Various interfaces and velocity veciarthe water for 3 slide viscosity cases.
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V CONCLUSIONS

We presented simulations of surface wave geinerdly subaerial slides of idealized geometry, gsin
multi-fluid NS model, with a VOF free surface traul algorithm. The comparison of simulations with
experimental results for the generation of a sglil@mave by a falling block [15] confirms that ourodel
accurately represents both slide/fluid coupling fied surface deformation.

The influence of slide deformation on wave gatien is studied by performing simulations for vas
slide viscosity, the largest one corresponding mearly rigid slide. We show that the deforminglslshape
strongly influences both slide motion and wave gatien. In cases with large slide deformation (tkiting)
during motion, surface wave breaking may even oatsome late stage of motion. Such results ineliteit
slide rheology should be included in numerical datians of landslide tsunamis, in order to imprakie
prediction of wave characteristics.

An interesting preliminary observation in termstefinami hazard assessment is, in our simulations, a
rigid slide represents the worst case scenariddigig the largest offshore-moving tsunami heightThis
had also been suggested by Grilli and Watts [8¢tas potential flow simulations and using arbytrslide
deformation. Since idealized slide shape andrieajjeometries were used in the simulations, howdvisr
conclusion may not be general. The present mode&igbgeneral, other slide geometries could be
investigated in future work.
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