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Tsunami Landslide Generation: Modelling and Experiments

Francois Enet and Stéphan Grilk, M.ASCE

Abstract: Three-dimensional fully nonlinear computations andéasgale lab-
oratory experiments are performed to investigate tsunamegation by rigid un-
derwater landslides. Experiments were designed to ensgingépeatability of
wave measurements. By varying the initial landslide sulgerece depth, differ-
ent conditions of wave non-linearity and dispersion areegated and compared.
Measured coastal runups are analyzed and found to corvedtiteith slide sub-
mergence depth or initial tsunami surface depression. Tiheiple of numerical
modelling, using an earlier developed model, is briefly axgd. Simulations
are presented and results compared to experiments. Thenagmé of surface
elevations measured at gages with computations is quitd.gdence, the nu-
merical model can be used to perform sensitivity analysgenérated tsunamis
to landslide and slope geometric parameters, not testeggrienents.

INTRODUCTION

Underwater landslides are one of the most hazardous sofitsenamis. Since they oc-
cur mostly on the continental slope, so-called landslidedasnis give little time to evacuate
coastal populations. Moreover, while the amplitude of ésuis generated by co-seismic dis-
placements directly correlates with the magnitude of ththgaake, landslide tsunamis are
only limited by the vertical extent of landslide motion (Myr1979; Watts 1998). Labora-
tory experiments and numerical models of tsunami generainal propagation can be used
to better understand and predict tsunami hazard. Here,@geptresults of large scale three-
dimensional laboratory experiments and, based on theseatldation of a fully non-linear
potential flow model of landslide tsunami generation.

LABORATORY EXPERIMENTS

Overview

Experiments of landslide tsunami generation were carrigdrothe wave tank of the
Department of Ocean Engineering at the University of Rhatend (Fig. 1). In each ex-
periment a smooth solid underwater body of Gaussian shapacéted hyperbolic secants
in both directions), made of aluminum, was located at armainstibmergence depthand
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Fig. 1. Experimental set-up for landslide tsunami experimats.

Fig. 2. Example of landslide tsunami generated fod = 80 mm.

released. The body slid on a rail, down a plane slope With 15°, and generated surface
waves (e.g., Fig.2). The landslide body lengtivas 0.395 m, its widthw = 0.680 m, and
its thicknessI" = 0.082 m. The model bulk density was = 2,435 kg/ni. The model
landslide streamlined shape was selected to reduce flowagepaand allow potential flow
simulations to more accurately model waves generated blydtig motion.

Surface elevations were measured using capacitance wgee gkaced at strategic loca-
tions (Fig. 1). The gage calibration was remotely perforahadng experiments using a step
motors. The landslide acceleration was measured with aoraiccelerometer embedded
within the body and, additionally, its displacement wasorded with an external electro-
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Fig. 3. Parameter definition for tsunami landslide experimats and computations.

mechanical system (gates with electric wire) at three s¢pdocations. In each case, runup
was measured on the tank axis using a video camera.

Landslide law of motion

Following the approach introduced by Grilli and Watts (2Pt both two-dimensional
experiments and modeling, we describe the motion of thd fegidslide by that of its center
of mass. Landslide motion and characteristic features wéigged tsunamis can then be ex-
pressed as a function of six nondimensionnal independeatyeers (Fig. 3): (1) a relative
landslide densityy = p;/p., (Wherep,, denotes water density); (2) (3) the basal Coulomb
friction coefficientC,, = tan «; (4) arelative landslide submergence depth (5) a relative
landslide thicknes&'/b; (6) and a relative landslide width /6. Balancing inertia, gravity,
buoyancy, Coulomb friction, hydrodynamic friction, andagrforces, applied on the slide,
the center of mass motion parallel to the slogge), is governed by (upper dots denote time
derivatives),

1
(My + AMy)§ = (My — p,,V3)(sinf — Cy cos ) g — P (CrA,+CpAy)§* (1)

whereg is gravitational acceleratiomy M,, A,,, and A, are the slide model added mass,
wetted surface area, and main cross-section perpendioutse direction of motion, respec-

tively; C' is a skin friction coefficient and’;, is a form drag coefficient. Eq. (1) can be
integrated for landslides starting at rest, which yields,

u? Uy

;and {, = — (2)

Qo Qo

t .
s(t) = s, In (COSh t_> cwith s, =

0

the characteristic length and time of landslide motiornpeesively, where,

. tan ¢ v—1
ao_g81n9<1—tan0> (’Y—l—Om) 3)
is the landslide initial acceleration and,
b sinf tanep\ (v —1) 2(f? —¢)
e = \/ gd — 4
e g(]\/ d (1 tan9> Cy f—c¢ “)
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Fig. 4. Nonlinearity-dispersion space: (- - - -) theoretichrelationship; (o) experimental
values; BC: emprical breaking criterion; LWT: Linear Wave T heory; SW: Shallow
Water waves; IW: Intermediate Water waves.

is the landslide terminal velocity. In Eq. (4), = 0.895 ande = 0.717 are two factors
defining our landslide model shape (for further detail, seetland Grilli, 2005). Landslide
center of mass velocity and acceleration are obtained frgn{® as,

t t
$ = uy tanh <t_) and § = a, cosh™ <t_> (5)
respectively. Based on this dimensional analysis work pamealso introduce a characteristic
tsunami wavelength (Watts, 1998; Grilli and Watts, 200%;, B),

Ao =1,/gd (6)

Experimental design

Laboratory experiments were designed to validate the nicalenodel by exploring an
experimental space as broad as possible. All other parasra@éng specified as constant,
the only free parameter is the initial landslide submergehavhich we vary between 61
and 189 mm (note, for measuring runup, we also vafsom -21 to 61 mm). By varying
d, we can explore different conditions of nonlinearity andpdirsion in terms of generated
tsunami waves. Watts (1998, 2000) noted that dispersiexsfin landslide tsunamis can
be quantified by the parameter= d/\,, whereas nonlinear effects can be expressed by a
steepness parameier a/\,, wherea is wave amplitude. Fig. 4 displays the conditions
explored during experiments and shows limits for an emalificeaking criterion and the
applicability of linear wave theory. As one can see, all of cases are intermediate water
waves and cover a wide range of non linearity. A theoretieldtionship, based on two-
dimensional (2D) computations, with three-dimension&l)(8orrections is also shown on
the figure (Grilli and Watts, 2005; Watts et al., 2005; Enet &milli, 2005).

Repeatability
The experimental set-up was carefully designed and bugnsure a high degree of re-
peatability of experiments. This is illustrated in Fig. 8ieh shows landslide motion and
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Fig. 5. Repeatability of experiments for d = 80 mm: ¢) runl; (O) run 2; (—-) average.
(a) Landslide motion: (- - - -) and (— - —) accelerometer; (syrbols) electro-mechnical

gates. (b) Wave measured at = 1,469 andy = 350 mm.

free surface elevation at a gage located at 1469 andy = 350 mm (Fig. 3), measured for
two runs withd = 80 mm. For motions, accelerometer data was doubly integrated and com-
pared to direct measurements at electro-mechanical gatesrepeatability of each model
run is quite good. By averaging data measured for two sudicedgs of each experiment,
we eliminate some of the random experimental errors. A syatie error, however, may still

be part of the data.

Experimental Results

Earlier 2D work (Grilli and Watts, 2005; Watts et al., 2005pws that the two main
tsunami characteristics of interest grethe maximum tsunami amplitude (usually a depres-
sion; referred to as ‘characteristic amplitude’) aboveittigal landslide position (Fig. 3),
and the run-up ay = 0, R, (maximum vertical inundation on the slope). Other tsunami
wave characteristics can be relatedyfoFigure 6 shows values d@t, andrn, measured as a

function ofd (d,.; = Bsinf = 77 mm, is a reference depth, with = b \/g % = 0.298
m). Power curve fits are shown on the figures. Two regimes appéiae runup measure-

ments in Fig. 6a, for shallowd(d,.; < 1) and deepd/d,.; > 1) initial submergence.
For the shallow cases, the initial surface depression damgéhe landslide motion does not
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Fig. 6. Landslide tsunami runup R, (a) and characteristic amplituden, (b), as a func-
tion of submergence depthd (d.esf = 0.077 m; for runups, d = —20 to 61 mm was
added). Error bars are marked for runups. Power curve fits areshown (——).

have time to properly rebound into a large wave of elevatefote the tsunami reaches the
shore. Hence, for those cases, runup tends to be smallerthdown. Some wave break-
ing also occurs for the shallowest submergences and emesged 4 < 61 mm), which
further reduces runup. This explains why runup does not greast with a reduction id

in these shallower cases. Characteristic amplitudes as@rsin Fig. 6b for non-breaking
casesd{ > 61 mm; see also Fig. 4). We fing, « d~'*?, i.e., an exponent quite close to
“Green’s law” exponent of -1.25.

NUMERICAL MODEL

We model landslide tsunamis in a 3D Numerical Wave Tank (NW&Sed on Fully Non-
linear Potential Flow (FNPF) theory (Grilli et al. 2001; @ret al. 2002; Fochesato et al.
2005). Laplace’s equation is expressed as a Boundary aitEguation (BIE) and solved
with a higher-order Boundary Element Method (BEM). A secander explicit Lagrangian
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series expansion is used for the time integration of noalifieee surface boundary condi-
tions. An image method is used to eliminate half the diszagitbtn of symmetrical problems
with respect to axig. A snake aborbing piston boundary is used to simulate tsurediz
ation at the offshore boundary (Brandini and Grilli 2001)ov@rning equations are briefly
summarized in the following.

Mathematical formulation

The velocity potentiad(z, t) is defined in a Cartesian referential (O,x,y,z) such that flow
velocityu = V(¢) = (u,v,w). Continuity equation is Laplace’s equation for the potanti
V24 = 0, in domain(¢), with boundaryl'(¢). Second Green’s identity transforms this
equation into the BIE,

. B 0 L 0G
atzita) = [ {52006002) - o) Gha) )
with the Green'’s functions,
1 ) 0G 1 rn
Gz, z)) = Tr with a—n(la ) = T ar 3 (8)

andr = z — z;, withr = |r|. We definea(z;) = 6,/4x, in which §; is the exterior solid
angle made by boundafyat pointz;.

Boundary conditions

BoundaryTl is divided into different parts: (i) the free surface; (inet slopping bottom
with the moving landslide; and (iii) lateral boundaries tfpsolid and open). Nonlinear
kinematic and dynamic boundary conditions are specifiedherfiree surface,

Bim i twRou=Ve | fl-—gaiveve- @
respectively, where is the position vector of a fluid particle on the free surfaces grav-
itational accelerationy is fluid density, andP, is the atmospheric pressure. A Neuman
boundary condition is specified on the bottom boundary, wg;éis obtained from the land-
slide law of motion. A no-flow homogenous Neuman boundaryd@amn % = 0is specified
on lateral solid boundaries. These are located sufficiéatlirom the area of tsunami gener-
ation to have negligible effects on wave propagation. A sredésorbing boundary condition
is specified on the offshore lateral boundaryof

Numerical improvements

The BEM has the advantage that only boundaityg discretized, thus reducing the num-
ber of unknowns in the problem. The solution in the interibtlee domain can then be
accurately and explicitly computed as a function of the latzum solution. Weakly singu-
lar integrals, however, must be computed and the algebyaierm matrix is fully populated,
which yields a numerical complexity(N*) (with N the number of discretization nodes) us-
ing an efficient iterative solver such as GMRES (which regtbithe previously implemented
Kaletsky direct elemination method, which w@sN?)). In order to improve the efficiency
of computations, a Fast Multipole Algorithm (FMA) was implented in the spatial solver
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Fig. 8. Comparison of wave elevation measured dtxo.0) for d = a: 120 mm; b: 80
mm, with 3D numerical simulations (—).

(s)

(Fosechato and Dias, 2004) of the 3D-NWT, which theordtiazn yield a~ O(N) nu-
merical complexity for largeV. Table 1 displays details of a few typical numerical cases.
This powerful new FMA solver allowed us to both use larger doma and finer discretiza-
tions, and perform a convergence study of the 3D solution thlye showed that, for quasi
2D cases (i.e., witlw /b > 1), we could approach the solution of a previously validat®d 2
model (Grilli and Watts, 2005). The lateral image methoo alkowed us to roughly reduce
by half the discretization size for symmetrical problems.

MODEL EXPERIMENTAL VALIDATION

The 3D-NWT was used to simulate the laboratory experimehtaraslide tsunamis
detailed above. Figure 7 shows a typical free surface coaalpfior ¢ = 80 mm. This is to
be compared with Fig. 2. The similarity of these two figurequgte good. Model results
were compared to wave measurements at gages. Figure 8 stiswsrnparison forl = 80
and 120 mm, at the gage located on the tank gxs 0, at the initial location of landslide
minimum submergence = z, (Fig. 1). The maximum depression in this figure is the
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Table 1. Typical computational data

Case # Number Spatial step CPU time per Solver type

of nodes Az (m) time step (min)
1 4252 0.02239 68.75 Kaletsky
2 4296 0.02361 35.98 GMRES
3 4146 0.0261 4.70 GMRES+FMA

characteristic amplitudg, shown on Fig. 6b. The agreement between measurements and
computations is quite good, with maximum absolute diffeemnless than 1 mm, which is
within the maximum estimated systematic experimentalrerro

CONCLUSIONS

We performed large scale laboratory experiments of tsugameration by rigid underwa-
ter landslides. These were designed to ensure high refplégtabwave measurements. By
varying the initial landslide submergence depth, difféi@nditions of wave non-linearity
and dispersion were generated and compared. Measuredlowsmstps were analyzed and
found to vary as power functions of initial submergence dépfThe initial tsunami surface
depression,, also varies with a power function @f Hence, we havét, x n?; for non-
breaking case§! > d,.;), we finda ~ 1 for the tested landslide model, i.e., there is a direct
one-on-one correspondence between the tsunami chaséictamplitude and coastal runup.

Three-dimensional fully nonlinear computations simulgiandslide tsunami experiments
were performed with an accurate and efficient NWT based orgleniorder BEM. Im-
provement to the NWT efficiency were made in order to solvé@antly large and finely
discretized problems. The agreement of surface elevatiweesured at gages with com-
putations is quite good. Hence, the numerical model can bd ts perform sensitivity
analyses of generated tsunamis to landslide and slope geompa&ameters, not tested in
experiments. Some of these will be reported on during théecence, as well as more com-
parisons of numerical and experimental results for othgegaand additional submergence
depths.
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