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Landslide tsunami generation mechanism�

-> Seismic triggering (as low as Mw 
= 6-7 ?) => ground acceleration    
(PHA), triggers landslide motion 
(Submarine Mass Failure; SMF) �

    => tsunami source�

-> SMF parameters and motion => 
tsunami generation and 
propagation (on- and offshore) 
(diff. co-seismic)�

-> Tsunami => Coastal runup and 
inundation �
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Landslide tsunami generation mechanism�

-> Many types of slide failures => various mechanisms of tsunami source�

-> Main parameters: volume, initial acceleration, depth/vertical motion �

-> Worst case: rotational rigid slides (slumps) are the most tsunamigenic�

�

�

�

�

�
(from USC; �

P. Lynett)�

• Time history of ground 
movement
– numerical 

implementationSlope 
rotates 
CCW

Wedge 
Translates 
away from 
slope



URI � UOD�
NTHMP-MMS 07/14/2015 � 4 �

Many observations of past underwater slides�
•  “Paleo-slides” off of Los Angeles : [Borrero et al., 2001]: complex shapes  

and material properties, variety of mechanisms �
    => idealization for modeling and experimental purposes�
�
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Importance for NTHMP inundation mapping�
•  Many NTHMP “states” (regions) have significant tsunami hazard resulting 

rorm potential “landslide tsunamis” (this includes SMF, subaerial slides 
and volcano collapse/volcanic eruption): �

"-> Alaska/Aleutian (historical Lituya Bay, Skagway, Kitimat, Unimak)�
"-> Oregon/Washington (Cascadia induced SMFs)�
"-> California (Goleta, Big Sur,…)�
"-> Hawai (Kalapana,…) �
"-> Gulf of Mexico (Many sites, including off Mississipi Delta)�
"-> Puerto Rico (Mona Passage,…)�
"-> East Coast (Currituck and many others, Grand Bank,…)�

•  Many mechanisms => Many types of models are required in simulations�
" "        => Need for model benchmarking�
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Workshop Rationale�
"-> Following earlier NTHMP model benchmarking workshops for long 
wave model runup (Galveston, 2011) and long wave velocity 
(Portland, 2015) => similar approach and goals for this workshop �
"-> Outcomes: �

1.  A set of community accepted benchmark tests for validating 
models for landslide tsunami generation (different classes)�

2.  A first set of comparison of results of state-of-the-art 
landslide tsunami generation models with the set of 
benchmarks => Develop acceptable accuracy thresholds�

3.  Recommendations for future model/tests development and 
NTHMP set of criteria for acceptable landslide tsunami models �

"�
6 �NTHMP-MMS 07/14/2015�
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Proposed Organization�
•  Committee of the two PIs plus MMS members to organize the workshop �

"-> Kick off meeting during the summer meeting + conf. calls�
"-> Initial benchmark selection and workshop agenda�
"-> Select venue (before/after summer meeting)�
"-> Preliminary list of potential benchmarks to follow �

•  Pre-workshop webpage will be built : �
"-> List and description of benchmarks data (a few months ahead of time)�
"-> Description/organization of workshop �
"-> Simulate benchmarks with a variety of models and compare results�
"-> Reach consensus on acceptable error threshold and models to use�

•  Invitation sent to potential participants with information to access site: 
"-> Ten supported participants from NTHMP modelers �
"-> Fifteen selected experts and graduate students ($20K of support)�
"-> Minimum set of benchmark to perform to receive financial support�

�
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Review of slide laboratory experiments�
•  Underwater rigid block slides (non- and streamlined) on a plane slope: �

"-> 2D (Watts, 1998 ; Watts, Grilli, Imamura, 2000; Grilli and Watts, 2005)�
"-> 3D (Enet and Grilli, 2003, 2005, 2007)�

•  Subaerial rigid block slides (non-streamlined) on a plane slope: �
"-> 2D Viroulet, Cébron, Kimmoun, Kharif, 2013) �
"-> 3D (Liu, Raichlen, Synolakis, Borrero, 2005)�

•  Subaerial granular slides (gravel, glass beads) on a plane slope: �
"-> 2D (Fritz, Hager, Minor, 2003, 2004; Viroulet, Sauret, Kimmoun, 2014) �
"-> 3D (Mohammad and Fritz, 2012, 2015) �

•  Underwater granular slides (sand, glass beads) on a plane slope: �
"-> 2D (Assier Rzadkiewicz, Mariotti, Heinrich, 1997; Kimmoun, 2015) �

•  Underwater mud slides on a plane slope: �
"-> 3D (Sawyer, Flemings, Buttles, Mohrig, 2012)�

�
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Review of laboratory experiments�
•  Underwater rigid block slides (non-streamlined) on a plane slope: �

"-> 2D (Watts, 1998)�
�
�
�
�
�
�
�
�



URI � UOD�
NTHMP-MMS 07/14/2015 � 10 �

Review of laboratory experiments�
•  Underwater rigid block slides (non-streamlined) on a plane slope: �

"-> 2D (Watts, 1998)�
�
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Review of laboratory experiments�
•  Underwater rigid block slides (non-streamlined) on a plane slope: �

"-> 2D (Watts, 1998)�
�
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Review of laboratory experiments�
•  Underwater rigid block slides (non- and streamlined) on a plane slope: �

"-> 2D (Watts, Grilli, Imamura, 2000; Grilli and Watts, 2005)�
�
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Review of laboratory experiments�
•  Underwater rigid block slides (non- and streamlined) on a plane slope: �

"-> 2D (Watts, Grilli, Imamura, 2000; Grilli and Watts, 2005)�
�
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Review of laboratory experiments�
•  Underwater rigid block slides (non- and streamlined) on a plane slope: �

"-> 2D (Watts, Grilli, Imamura, 2000; Grilli and Watts, 2005)�
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Review of laboratory experiments�
•  Underwater rigid block slides (non- and streamlined) on a plane slope: �

"-> 3D (Enet and Grilli, 2003, 2005, 2007)�
�
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Experiments for Rigid 
3D streamlined slide �

n Gaussian shape rigid slide: �

n  3D-experiments => various initial 
submergence depths and gages�

n  Fully nonlinear inviscid (BEM) 
computations => good agreement �

n  Waves are directional in slide 
direction of motion => significant 
coupling and energy focusing �
�
�
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Experiments for Rigid streamlined slide�

1999!. They specifically studied underwater slides and slumps
"which they treated as rotational SMFs!. They validated their
model using 2D laboratory experiments for semielliptical rigid
slides moving down a plane slope and then used the model to
perform a wide parametric study of tsunami amplitudes and run-
ups, as a function of 2D SMF geometric parameters. Based on
these numerical simulations, Watts et al. "2005! derived semi-
empirical predictive equations for a 2D characteristic tsunami
amplitude !o

2D, which they defined as the maximum surface de-
pression above the initial SMF location. Using mass conservation
arguments, they further introduced corrections accounting for 3D
effects resulting from the finite width w of the SMFs, and derived
expressions for the 3D characteristic amplitude !o

3D. In parallel
with these 2D simulations, Grilli and Watts "2001!. Grilli et al.
"2002! and Enet and Grilli "2005! applied the 3D-FNPF model of
Grilli et al. "2001! to the direct simulation of 3D landslide tsuna-
mis. The present experiments were performed in part to validate
such 3D computations.

The effects of slide deformation on tsunami features, such as
characteristic amplitude and wavelength, was numerically inves-
tigated by Grilli and Watts "2005!. They concluded that, for both
rigid and deforming 2D slides, initial acceleration is the main
factor controlling tsunami source features governing far field
propagation. For the moderate slide deformation rates occurring
at early time, they further showed that these features were quite
similar for rigid or deforming slides, although the detailed shape
of generated waves differed. In fact, Watts and Grilli "2003! had
earlier performed more realistic numerical computations of ex-
panding 2D underwater landslides, represented by a modified
Bingham plastic model. They had found that the center of mass
motion of such highly deforming landslides was very close to that
of a rigid landslide of identical initial characteristics, and most
important features scaled well with and could thus be predicted,
by the slide center of mass motion. Hence, for 2D landslides,
more complex and realistic events can be related to a simplified
rigid body motion, and vice versa. Since deformation effects
could be more important for 3D slides, however, such 2D results
may not readily apply to 3D slides, but it can still be assumed that
the hypothesis of a rigid slide holds at short time.

In this work, we present results of 3D large scale laboratory
experiments of tsunami generation by an idealized rigid underwa-
ter landslide, moving down a plane slope "for which partial results
were reported on by Enet et al. 2003, 2005!. These experiments
were performed to: "1! gain physical insight into the 3D genera-
tion of tsunami and runup by underwater landslides; and "2!
provide experimental data for further validating 3D numerical
models, such as developed by Grilli et al. "2002!. The experi-
ments were specifically designed to validate FNPF models, al-
though other types of models could be used as well. Therefore,
the model slide was built with a very smooth and streamlined
Gaussian shape, aimed at eliminating vortices and eddies not de-
scribed in FNPF models. This has also led to experiments that
were very repeatable and hence had small experimental errors.
Other types of idealized slide geometry, such as the sliding wedge
tested in Watts "1997, 1998! or Liu et al. "2005! do not have these
properties and hence were not considered.

At various instances in this paper, we will make reference to or
use analytical or computational results, published in earlier work,
in order to help better designing the experimental setup, estimat-
ing the testable parameter space most relevant to our landslide
scale model, and better interpreting the physics of landslide tsu-
nami generation illustrated in our experimental results. In the fol-
lowing sections, we first detail the experimental setup, then based

on dimensional analysis we derive and discuss analytical results,
and we finally present and discuss experimental results.

Experimental Setup

General Considerations

Experiments were performed in the 3.7 m wide, 1.8 m deep, and
30 m long wave tank of the Ocean Engineering Department at the
University of Rhode Island "URI!. The experimental setup was
designed to be as simple as possible to build, while allowing one
to illustrate and quantify the key physical phenomena occurring
during landslide tsunami generation, thus addressing Goal 1 of
this work. Limitations in resources also forced us to make some
choices, such as building and using only one steep "i.e., shorter!
plane slope and one landslide scale model geometry. We had a
limited number "four! of newer precision wave gauges mounted
on step motors. Other older gauges were found not accurate
enough to measure the small amplitude waves caused by deeply
submerged slides. To address Goal 2 of this work, as already
discussed, the geometry of the experimental setup "both slope and
landslide model! was idealized in order to optimize comparisons
with FNPF computations "Figs. 1 and 2!.

The experimental setup thus consisted in a plane slope, 15 m
long and 3.7 m wide, made of riveted aluminum plates supported
by a series of very stiff I-beams. The slope was built at midlength
of the wave tank and placed at a "=15!±3! angle "Figs. 1 and 2!.
Upon release, the rigid landslide model translated down the slope
under the action of gravity, while being guided by a narrow rail.
The displacement s of the landslide parallel to the slope was
obtained both from acceleration data, measured using a microac-
celerometer embedded at the slide center of mass location, and
from direct measurements of the slide position, based on the time
the model slide cut a piece of electric wire "later referred to as the
“electromechanical system”!. Generated surface waves were mea-
sured using precision capacitance wave gauges mounted on step
motors used for calibration. More details on the landslide model
and instrumentation are given in the following subsection.

Fig. 1. Vertical cross section for tsunami landslide experiments, with
indication of key geometrical parameters. Gaussian shape landslide
model has length b, width w, and thickness T and is initially located
at x=xi at submergence depth d. Dashed shape represents equivalent
semiellipsoidal landslide of same thickness and volume, length B and
width W.
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lustrated below based on measured surface elevations at gauges.
The “rebound” wave also propagates shoreward and reflects on
the slope, causing runup and some of the smaller waves seen, for
instance, at the bottom of Fig. 12!b".

These processes can be better quantified by analyzing free sur-
face elevations measured at wave gauges during landslide tsu-
nami generation. Fig. 13 shows surface elevations measured at
Gauge 1, positioned at !xo ,0" above the initial slide location, and
at Gauge 2, downstream and off the tank axis, for the three slide
depths for which landslide kinematics was analyzed in detail be-
fore !i.e., d=61, 120, and 189 mm". Some individual data points
are shown for two replicates of the tests, as well as the average of
those !note, small high-frequency noise was filtered out". As for
slide kinematics, tsunami elevations measured at gauges are well
repeatable !with a maximum absolute difference of less than
1.8 mm, or 8% of the largest maximum tsunami depression"; this
confirms that nonsystematic experimental errors are small. As ex-
pected from direct observations of experiments and from earlier
2D work !Grilli and Watts 2005", measurements at Gauge 1 es-

sentially show a depression wave, whose maximum absolute
value !o increases as d decreases !Table 1". At Gauge 2, the
measured tsunami appears as a train of oscillatory waves, con-
firming the dispersive nature of the generated waves, with a small
leading crest followed by a larger depression wave and then the
highest crest. Measured wave heights are also larger at Gauge 2,
the shallower the initial slide submergence depth d.

To compare all the initial tsunami sources generated at Gauge
1 for d"61 mm, measured surface elevations are plotted in Fig.
14 in nondimensional form !! /b , t / to". In this plot, for better
consistency, to was calculated from the curve fit to#0.900
+7.07d, which only affects the two deepest submergences depths,
where a slight inconsistency in to value was observed. Surface
elevations appear very similar at Gauge 1 for all cases, in the
form of simple depressions of the water surface, essentially cre-
ated for t#0.5to. This confirms that the initial landslide tsunami
source, responsible for a large part of the subsequent wave gen-
eration and propagation, is produced at early times, when slide
motion is that of a purely accelerating body. Therefore, initial
slide acceleration ao truly is the most important parameter for
underwater landslide tsunami generation, whereas ut only plays a
secondary role. Similar conclusions were reached by Grilli and
Watts !2005" based on 2D computations.

Measurements at Gauge 1 represent near-field landslide tsu-
nami sources, on which dispersive effects have not yet acted. Fig.
15 shows dimensionless elevations measured at Gauges 2, 3, and

Fig. 13. Measured surface elevations at gauges: 1 !a"; and 2 !b" for
d$!a" 61; !b" 120; and !c" 189 mm, for run: 1 !!" and 2 !"". Average
of both runs !—–". Gauge 1 is located at x=xo and y=0 !Table 1", and
Gauge 2 at x=1,469 and y=350 mm. In !a", every 20 data points are
shown; in !b" every 50.

Fig. 14. Measured surface elevations !averages of Runs 1 and 2" at
Gauge 1, at x=xo=d / tan %+T / cos % and y=0 for experiments in
Table 1 with d$!a" 61; !b" 80; !c" 100; !d" 120; !e" 140; !f" 149; !g"
189 mm. Characteristic times are obtained from to#0.900+7.07d.

Fig. 15. Measured surface elevations !averages of Runs 1 and 2" at
Gauges: 2 !a"; 3 !b"; and 4 !c", for experiments in Table 1 with
d=61 !——-", 120 !- - - - -", and 189 !— - —". !Data at Gauge 3 for
d=120 is missing due to data-logger problem." Characteristic times
are obtained from to#0.900+7.07d. Gauge coordinates !r ,&"
!mm,deg.": 2 !1,510,13.4", 3 !1,929,0", 4 !1,992,14.5".
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[Enet and Grilli, 2003, 2005, 2007] �
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Review of laboratory experiments�
•  Subaerial rigid block slides (non-streamlined) on a plane slope: �

"-> 3D (Liu, Raichlen, Synolakis, Borrero, 2005)�
�
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Review of laboratory experiments�
•  Subaerial rigid block slides (non-streamlined) on a plane slope: �

"-> 3D (Liu, Raichlen, Synolakis, Borrero, 2005)�
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Review of laboratory experiments�
•  Subaerial granular slides (gravel, glass beads) on a plane slope: �

"-> 2D (Fritz, Hager, Minor, 2003, 2004)�
"�
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Review of laboratory experiments�
•  Subaerial granular slides (gravel) on a plane slope: �

"-> 2D (Fritz, Hager, Minor, 2003, 2004)�
"�
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Review of laboratory experiments�
•  Subaerial granular slides (gravel) on a plane slope: �

"-> 2D (Fritz, Hager, Minor, 2003, 2004)�
"�
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Review of laboratory experiments�
•  Subaerial granular slides (gravel) on a plane slope: �

"-> 2D (Fritz, Hager, Minor, 2003, 2004)�
"�
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Review of laboratory experiments�
•  Subaerial granular slides (glass beads) on a plane slope: �

"-> 2D (Viroulet, Sauret, Kimmoun, 2014)�
�
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Review of laboratory experiments�
•  Subaerial granular slides (glass beads) on a plane slope: �

"-> 2D (Viroulet, Sauret, Kimmoun, 2014)�
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Review of laboratory experiments�
•  Subaerial granular slides (glass beads) on a plane slope: �

"-> 2D (Viroulet, Sauret, Kimmoun, 2014)�
�
�
�
�
�
�
�
�
�
�



URI � UOD�
NTHMP-MMS 07/14/2015 � 27 �

Review of laboratory experiments�
•  Subaerial granular slides (glass beads) on a plane slope: �

"-> 2D (Viroulet, Sauret, Kimmoun, 2014)�
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Review of laboratory experiments�
•  Subaerial granular slides (gravel, glass beads) on a plane slope: �

"-> 3D (Mohhamad and Fritz, 2012, 2015) �
�
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Review of laboratory experiments�

•  Subaerial granular slides (gravel, 
glass beads) on a plane slope: �

"-> 3D (Mohammad and Fritz, 
2012, 2015) �
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Review of laboratory experiments�
•  Subaerial granular slides (gravel, glass beads) on a plane slope: �

"-> 3D (Mohammad and Fritz, 2012, 2015) �
�
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Review of laboratory experiments�
•  Subaerial granular slides (gravel, glass beads) on a plane slope: �

"-> 3D (Mohammad and Fritz, 2012, 2015) �
�
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Review of laboratory experiments�
�
•  Underwater granular slides (sand) on a plane slope: �

"-> 2D (Assier Rzadkiewicz, Mariotti, Heinrich, 1997) �
�
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Review of laboratory experiments�
�
•  Underwater granular slides (sand) on a 

plane slope: �
"-> 2D (Assier Rzadkiewicz, 

Mariotti, Heinrich, 1997) �
�
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Review of laboratory experiments�
�
•  Underwater granular slides 

(sand) on a plane slope: �
"-> 2D (Assier Rzadkiewicz, 

Mariotti, Heinrich, 1997) �
�
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Review of slide laboratory experiments�
•  Underwater granular slides (glass beads) on a plane slope: �

"-> 2D (Kimmoun et al., 2015)�
�
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Review of slide laboratory experiments�
•  Underwater granular slides (glass beads) on a plane slope: �

"-> 2D (Kimmoun et al., 2015)�
�
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Review of slide laboratory experiments�
•  Underwater 

granular slides 
(glass beads) on a 
plane slope: �

"-> 2D 
(Kimmoun et al., 
2015) �
�
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Review of slide laboratory experiments�
�
•  Underwater mud slides on a plane slope: �

"-> 3D (Sawyer, Flemings, Buttles, Mohrig, 2012)�
�

�
�
�
�
�
�
�
�
�
�



URI � UOD�
NTHMP-MMS 07/14/2015 � 39 �

Review of slide laboratory experiments�
�
•  Underwater mud slides on 

a plane slope: �
"-> 3D (Sawyer, 

Flemings, Buttles, 
Mohrig, 2012)�
�
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Review of slide laboratory experiments�
�
•  Underwater mud 

slides on a plane 
slope: �

"-> 3D 
(Sawyer, 
Flemings, 
Buttles, Mohrig, 
2012)�
�
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Review of models/modeling approaches�
•  Potential flow/Euler eqs. modeling of rigid block (streamlined) SMFs on a 

plane slope: �
    => Semi-empirical laws of motion (based on a balance of forces) and initial �
        surface elevation (Watts et al., 2005)�
    => Specified SMF motion �

"-> 2D (e.g., Grilli and Watts, 1999, 2005)�
"-> 3D (e.g., Grilli et al., 2002-2010)�
"-> Long wave (Boussinesq) models (e.g., Lynett and Liu, 2002-2005; �

            Fuhrman et al., 2009)�
"-> Non-hydrostatic sigma-layer model (NHWAVE; Ma et al., 2012)�

    => Many case studies (PNG 2008, Unimak 1946, Kalapana 1975, Tohoku �
       2011, Goleta, Currituck,…) (Fryer and Watts, 2004; Day et al., 1975; �
       Tappin et al., 2008, 2014; Greene et al., 2006; Geist et al., 2009; Grilli �
       et al., 2015;…)�
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Rigid slide/inviscid 3D-
BEM-FNPF model�

n  2D then 3D-BEM Fully Nonlinear 
Potential Flow model (Grilli et al., 1999, 
2001-2010): �
 -> Specified slide shape and motion �
 -> Free surface time deformation �

42 �NTHMP-MMS 07/14/2015 �
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BEM-FNPF Computations vs. gage measurements�

[Enet and Grilli, 2005, 2007; Grilli et al., 2010; symbols are experiments] �
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NHWAVE simulation of Enet and Grilli’s slide exper. �

44 �NTHMP-MMS 07/14/2015�

NHWAVE (Ma et al., 2012): �
-> Non-hydrostatic 3D  (σ-layer in 
the vertical) model solving Euler or 
Navier-Stokes equations�
-> Enet and Grill’s exp., 7 layers�
-> Grilli et al. (2015) Currituck 
modeling and US East Coast slides�
-> Tappin et al. (2014) Tohoku-SMF 	
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NHWAVE simulation of Enet and Grilli’s slide exper. �

tances off the centerline axis of the sliding mass. Model results are
presented as time series in comparison to measured data at each of
the three gages, with two representative tests chosen. Fig. 13
shows model/data comparisons for the case of an initial submer-
gence of the landslide center of d = 61 mm. The model is seen to
represent the amplitude and the phase structure of the generated
wave train well. As would be expected, wave heights are highest
at the gage lying along the axis of the landslide motion and drop
off with distance away from the centerline axis. Fig. 13 also dis-
plays the results of a hydrostatic model simulation, which are ob-
tained by neglecting the pressure correction steps indicated in Eqs.
(14) and (16). These results are markedly different from the non-
hydrostatic model results, indicating the great importance of dis-
persion in this test. The hydrostatic result basically consists of a
strong drawdown of the water column immediately behind the
sliding mass. This drawdown first grows in magnitude and then
decreases as the relative depth of submergence becomes larger.
In contrast, the nonhydrostatic model result consists of a packet
of dispersive waves which lag behind the relatively faster moving
slide as the slide accelerates. This behavior is further illustrated
in snapshots of the generated wave trains at times t = 1, 2 and
3 s shown in Figs. 14 and 15, with nonhydrostatic behavior shown
in the sequence of panels in Fig. 14 and hydrostatic behavior
shown in the sequence in Fig. 15. The absence of dispersion in
the generated waves in Fig. 15 is clear, emphasizing the impor-
tance of frequency dispersion in the present example. We note that
the results of Fuhrman and Madsen (2009), obtained using a high-
er-order Boussinesq model, showed comparable capabilities in
predicting wave phase structure as the nonhydrostatic model here,
but tended to overpredict crest and trough heights to some degree
in comparison to the results here; see their Fig. 14.

Fig. 16 illustrates similar results for the case of an initial depth
of submergence of d = 120 mm. Generated wave heights are lower
here than in the previous case due to the greater depth of submer-
gence, but the pattern of sea surface response is qualitatively sim-
ilar to the previous case. Hydrostatic results for this case have not
been computed as the problem is in relatively deeper water than
the previous case.

4.7. Longshore current on a plane beach

The implementations of turbulence closure and periodic bound-
ary condition enable us to simulate longshore current in the surf
zone. The laboratory measurements of breaking-generated long-
shore currents on plane beaches reported by Visser (1991) are em-
ployed to demonstrate the capability of the model. We particularly
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Fig. 13. Comparisons between nonhydrostatic numerical results (solid lines), hydrostatic numerical results (dash-dot lines) and experimental data (dashed lines) for free
surface elevation for landslide-generated waves at three wave gauges with initial depth of submergence d = 61 mm. Gauge coordinates (x,y): (a) (1469,350) mm; (b)
(1929,0) mm; (c) (1929,500) mm, where x is distance from shoreline and y is perpendicular distance from the axis of the shore-normal slide trajectory.

Fig. 14. Snapshots of landslide-generated waves simulated using nonhydrostatic
model at times (a) t = 1.0 s; (b) t = 2.0 s and (c) t = 3.0 s after release of the sliding
mass. The surface elevation is exaggerated 5 times.

32 G. Ma et al. / Ocean Modelling 43-44 (2012) 22–35

45 �

Solid: observed; dash: fully-dispersive; dash-dot: non-dispersive�
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Rigid Slide law of motion and curve fit�
[Grilli and Watts 1999-2005] �

s(t) = so ln cosh t
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Measurements vs. “curve fits” for rigid slide�
[Grilli and Watts 2005; Enet and Grilli, 2007] �

With R2  = 0.961�

Curve fitting of 
numerical results 
agrees well with 
laboratory experiments�

!
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Rigid slide/inviscid 3D-BEM-FNPF model�

n  Definition of semi-empirical tsunami sources for rigid underwater slides 
or slumps, based on many FNPF simulations for a wide variety of governing 
parameters : �

48 �NTHMP-MMS 07/14/2015 �

η3D (x, y, to ) =ηmin f W( )sech2 κ f W( ) y
W
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;   α1 =  1+κ 'g2 (xmin )
1− g1(xmax )g2 (xmin )

   ;     ; α2 =  1+ (1 /κ ')g1(xmax )
1− g1(xmax )g2 (xmin )

 

[Grilli and Watts 2005; Watts et al, 2005] �
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Review of models/modeling approaches�
•  Navier-Stokes modeling of rigid block (non-streamlined) subaerial slides on a plane 

slope: �
    -> 2D,3D (Abadie et al., 2008-2010 => implicit motion)�
    -> 3D (Liu, Raichlen, Synolakis, Borrero, 2005 => specified motion)�
•  Navier-Stokes modeling of deforming/granular subaerial slides on a plane/or 

arbitrary slope => implicit motion : �
    -> 2D Bingham fluid (Watts and Grilli, 2003)�
    -> 3D multi-material (air-water-slide as heavy Newtonian fluid �
        (Heinrich, 1992; Assier-Rzadkiewicz et al., 1997; Gisler et al., 2006; �
        Abadie et al., 2008-2012; Weiss et al., 2009; Horrillo et al., 2013;  Viroulet �
        et al., 2014) �
    -> 3D multi-layer (NHWAVE for sediment/density flow; Ma et al., �
        2013) => implicit motion �
•  NSW/NSW modeling of deforming/granular subaerial slides on a plane/or 

arbitrary slope: (Jiang and Leblond, 1992, 1993; Fine et al., 2005)�
�

�
�
�
�
�
�
�
�
�
�
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Modeling rigid, non-
streamlined, slide as 

viscous fluid�
n  Multi-fluids 3D-Navier Stokes-VOF model 
(THETIS) (Abadie et al., 2010) �
n  Model of Liu et al.’s (2005) slide experi-
ments as heavy fluid of very large viscosity�
  => very good agreement with experi-
ments for both slide motion and waves�
�

�
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Deforming slide mod-
eled as a viscous fluid�

n  Multi-fluids 3D-Navier Stokes-VOF 
model (THETIS) (Abadie et al., 2010) �
n  CVV flank collapse Abadie et al. (2012) �
  �
�

�
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[Model of Fritz et 
al., 2004] �
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Extension of NHWAVE to multiple-fluids/debris flows�

52 �NTHMP-MMS 07/14/2015�
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Figure 12: The motion of the mudslide illustrated as the distributions of sediment con-
centration at (a) t = 10s; (b) t = 50s and (c) t = 100s for run 2c. The initial water depth
of the slide is 120 m. The density of the mudslide is 2000 kg/m3. The settling velocity of
sediment is 0.1 m/s.
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[Ma et al. 
(2013)] �
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Review of models/modeling approaches�
•  Navier-Stokes modeling of 

deforming/granular 
subaerial/submarine slides 
on a plane/or arbitrary 
slope: �

   -> 3D multi-layer (NHWAVE �
      for granular flows; Ma et �
      al., 2015)�

�
�
�
�
�
�
�
�
�
�
�
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�

�
�
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25 Km 

[Ward and Day (2001); Grilli et al., (2005); 
Pérignon (2006); Lovholt et al., 2008; Abadie et 
al. (2008-2012), Theranirad et al. (2015)] �

Case study: CVV flank 
collapse case study (Abadie 

et al. 2012)�
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CVV Flank Collapse source �
n  Multi-fluids 3D-Navier Stokes-VOF model 
(THETIS) (Abadie et al.; 2006-11) �
n  Slope stability analysis (FLAC 2D; 2D-FEM)�
-> Most likely scenario of 80 km3 �
n  Various scenario simulated with 20-450 
km3. Large 3D grids.�

                         [U. of Bordeaux)�
�

�
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Flank Collapse : 3D THETIS grid�
n  Source + near-field propagation : Multi-fluids 3D-NS-VOF model (THETIS)�
For lack of better information, slide is assumed to behave as an inviscid 
fluid with constant density (basalt, 2.9) => worst case scenario.�
n  If known, an arbitrary rheology can be used.�
�
�
�
�
�
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CVV Flank Collapse : extreme scenario �
n  Source + near-field propagation : THETIS 450 km3 CVV source (as WD 01)�
�
�

�
�
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CVV Flank Collapse : 2D sensitivity analysis�
n  Source + near-field propagation : THETIS 80 km3 CVV source : �
 High resolution (50-100 m grid) 2D simulations (t = 50, 100, 150, 200 s)�
�
�

�
�
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CVV Flank Collapse : 2D sensitivity analysis�
n  Source + near-field propagation : THETIS 80 km3 CVV source : �
 Slide max./mean velocity; Froude number; Max. leading wave elevation �
�
�

�
�
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CVV Flank Collapse : 2D sensitivity analysis�
n  Source + near-field propagation : THETIS 80 km3 CVV source : �
Detailed velocity field around slide tip at t = 396 s, showing the strong 
current generated in the water by the slide motion and Kelvin-Helmholtz 
instabilities along the slide/water interface.  �
�
�
�
�

�
�
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CVV Flank Collapse : 3D sensitivity analysis�
n  Source + near-field propagation : 3D-THETIS 80 km3 CVV source�
�

�
�
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Surface elevation (m)�
at t =: a) 101 s,  b) 
232 s, c) 340 s, d) 
558 s�
�
=> Main direction of 
propagation 20 deg. 
off W�
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n  Source + near-field propagation : 3D-THETIS 20, 40, 80, 450 km3 �
CVV sources�
�

�
�
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Surface elevation 
(m) at : t = 450 s �

CVV Flank Collapse : 3D sensitivity analysis�



URI � UOD�

�
n  Regional/Transoceanic/East coast propagation : 2D-horiz Fully Nonlinear 
Boussinesq model FUNWAVE in various nested grids�

�

�
�
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�
n  Regional/Transoceanic/East coast propagation : 2D-horiz Fully Nonlinear 
Boussinesq model FUNWAVE in various nested grids (80 km3 CVV source)�
�

�

�
�
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�
n  Regional/Transoceanic/East coast propagation : 2D-horiz Fully Nonlinear 
Boussinesq model FUNWAVE in various nested grids (80 km3 CVV source)�

�

�
�

65 �NTHMP-MMS 07/14/2015 �



URI � UOD�

Far-field sources modeling : CVV collapse �

NTHMP-MMS 07/14/2015 � 66 �

-> Initial surface elevation (m; left) specified in grid G1, from 3D 
THETIS/FUNWAVE-TVD simulations of the 450 km3 CVV flank 
collapse scenario, 20 min. after the event. �
-> Initial horizontal velocity (m/s; right), 20 min. after the event �
�
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n  Regional/Transoceanic/East coast propagation in FUNWAVE-TVD grid G1 of 
450 km3 CVV source: -> Instantaneous surface elevation (m)�
�

�

�
�
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n Modeling of regional/Transoceanic propagation in FUNWAVE-TVD for 
450 km3 CVV source : �
�

�

�
�
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-> Surface elevation (m) in grid 
G1, after : 1h20’, 2h20’ and 
4h20’ of transoceanic 
propagation since the event.�
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n Modeling of regional/Transoceanic 
propagation in FUNWAVE-TVD for 450 
km3 CVV source : �
-> Surface elevation (m) in grid G1, 
after 7h20’ of propagation and time 
series at 6 numerical gages�
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-> Envelope of maximum surface elevation after 8h of propagation �

n Modeling of regional/Transoceanic propagation in FUNWAVE-TVD 
for 450 km3 CVV source : �
�

�

�
�
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n  July 17th, 1998: A modest earthquake (Mw = 7.1) off of Papua 
New Guinea (PNG) north shore triggers a tsunami that floods 
Sissano lagoon with over 16 m inundation/runup and kills 2000 
people.�

�
NTHMP-MMS 07/14/2015 � 71 �

Case Study: PNG 1998 propagation 
simulation�
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PNG 1998 Case Study: geological map (2003)�

•  PNG 1998: Very complex geology (Tappin, 2003) �

-> 1500 m deep, 6 km3 slump �
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PNG 1998 Case Study: geological data�

•  Tappin, Watts and Grilli, (1999-2003) : �
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PNG 1998 Case Study: geological data�
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PNG 1998 Case Study: propagation simulation�

Earthquake tsunami elevation 
Initial co-
seismic source 
 Mw = 7.1 
(Okada, 1985) 

Earthquake tsunami runup 

(see Tappin et al., 2008)�
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PNG 1998 Case Study: propagation simulation�

Landslide tsunami elevation (m) 
Initial slump 
source (m) 
(Tappin et al, 
2002-2008) 

Landslide tsunami runup 

(2003 results; �
see Tappin et al., 2008)� !
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PNG 1998 Case Study: propagation simulation�

(FUNWAVE�
Dispersive�
 simulation, �
50 m grid)�
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PNG 1998 Case Study: propagation simulation�

(FUNWAVE�
Non-Dispersive�
 simulation, �
50 m grid)�
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Dispersive vs.�
non-dispersive �
solution (PNG 1998) �
�
Same slump source, same code, 
bathymetry, and dissipation 
parameters �
�
(Tappin et al., 2008 (NHESS)) �

FUNWAVE 
simulations�
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Recent higher-resolution 
simulations �
�
(Grilli et al., 2012 (ICCE12))�

FUNWAVE-TVD 
simulations�
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Case study of US East Coast slide: Currituck �

NTHMP-MMS 07/14/2015� 81 �

[Grilli et al., 2015 (Nat. Haz.)] �
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Currituck: slide geometry reconstruction�
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Currituck: slide geometry and kinematics�

83 �

ζ (ξ, χ ) = T
1−ε

max 0,  sech(kbξ )sech(kwχ )−ε[ ]
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ξ = (x − x0 )cosθ − (y− y0 )sinθ − s(t)
χ = (x − x0 )sinθ + (y− y0 )cosθ

h(x, y, t) = h0 (x, y)+ζ{ξ (x, y), χ (x, y), t}−ζ{ξ (x, y), χ (x, y), ti}

dh
dt
(x, y, t) = d
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Currituck: NHWAVE tsunami source generation�

NTHMP-MMS 07/14/2015� 84 �

NHWAVE (Cd = 0; 500 m grid; 3 sigma levels). Instantaneous 
surface elevation (color scale is in meters) after: (l) 125 s; (m) 
500 s; and (r) 800 s (13.3 min.) �
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Currituck: NHWAVE early propagation�

NTHMP-MMS 07/14/2015� 85 �

NHWAVE instantaneous surface elevation (---) after: (a) 125 s; (b) 
250 s; (c) 500 s; (d) 800 s (13.3 min); (e) 1100 s; (f) 1400 s; (g) 1700 
s; (h) 2000 s (33.3 min). Results are shown along an E-W transect 
through the SMF center (36.39 N lat.), as a function of the 
distance to the center of the SMF.�
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Currituck: NHWAVE/FUNWAVE early propagation�

NTHMP-MMS 07/14/2015� 86 �

 NHWAVE (33’)    FUNWAVE (33’)   NHWAVE (max to 33’)   FUNWAVE (same)�
�
[FUNWAVE is initialized form NHWAVE results at 13’ (on same 500 m grid)] �
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Currituck: FUNWAVE propagation shelf/coastal�

NTHMP-MMS 07/14/2015� 87 �

 FUNWAVE (33’)    FUNWAVE (49’)        FUNWAVE(82’)      FUNWAVE (99’)�
�
[FUNWAVE is initialized form NHWAVE results at 13’ (on same 500 m grid). 
After that, bottom friction coefficient is Cd = 0.0025] �
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Currituck: FUNWAVE shelf/coastal nested grid�

NTHMP-MMS 07/14/2015� 88 �

              FUNWAVE (27’)                  FUNWAVE (57’)   FUNWAVE (117’)�
[FUNWAVE is initialized form NHWAVE results at 13’ (on same 500 m grid). 
After that, bottom friction coefficient is Cd = 0.0025. Nested grid is 125 m.] �
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Currituck: FUNWAVE shelf/coastal nested grid�

NTHMP-MMS 07/14/2015� 89 �

FUNWAVE transects from 42’ to 117’: 125 m (solid); 500 m (dash) (mesh is 
still not fine enough for undular bores to appear)�
[FUNWAVE is initialized form NHWAVE results at 13’ (on same 500 m grid). 
After that, bottom friction coefficient is Cd = 0.0025. Nested grid is 125 m 
initialized from BC time series from 27’ on.] �
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Currituck: FUNWAVE/Chesap. Bay in nested grid�
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  MAX in 125 m grid          Transects in Chesap. Bay from 57’ to 201’�
FUNWAVE transects: 125 m (solid); 500 m (dash) (mesh is still not fine 
enough for undular bores to appear)�
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Currituck: FUNWAVE 1D transect/undular bores�
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  1D grids at 5, 2, 1 m => E/W Transects. Mesh is fine enough for undular 
bores to appear -> shorter wavelength breaking waves. Don’t affect 
inundation too much but provide high momentum flux from breaking waves�
(Grilli et al., ICCE12)�
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Thank you �
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