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The phenomenon of landslides-tsunami event

\2

The landslide starts to move from one %
of the boundaries of the water body \

The landslide interacts with the free
surface initially at rest and a transient

perturbation is generated %

The perturbation propagates into the

water body

The perturbation reaches the coastal
boundaries and wave runup occurs (if a

Y S

W y

dam exists wave overtopping may
occur)

.
Z

Tsunami experimental modeling: 2D and 3D wave
propagation, 2D runup and overtopping

Di Risio M.



Environmental and Maritime - .
University of Rome : i . I University of Rome
“Roma Tre” [ﬁ Hydraulic Laboratory — University l | “Tor Vergata”
—_—————

of L’Aquila

N

Experimental facilities

« Wave gauges
(time series of free surface oscillations)

» Wave flume
(18.0 m x 0.30 m x 0.45 m)

» Accelerometer
(time series of landslide accelerations)

» Wave tank
(12.00 m x 6.00 m x 0.80 m)

.."..':_ v =h_ I
g LU b

e Digital video system
(visualization of the phenomenon)

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump

* h: water depth

*z,: initial position above still
- water level

A « X: distance from generation area

* V,: impact velocity

* p: landslide porosity
W= : « p,: landslide density

X

* p: Water density
® = f(L,w,A,h,20,2,,P, 05,05 4,5, L AV) .

X X Vgh’ h’p’ Fﬁ&éh

2D Shear stresses Landsllde dimen-
are negligible sions and energy

* 1 water dinamic viscosity

* g: gravitational acceleration

g i
1& }ﬁ, X; % o t: elapsed time

 T,: underwater phase duration

» AV: velocity variation at impact

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump

generated waves: the 3D problem .r:jandslide dimensions

® = f (R: —R: h: <04 Ty UUJP:FS:F:ﬂ:g:t:Tmi""}r:]

* h: water depth

*z,: initial position above still
water level

o 1: distance from generation area
* V,: impact velocity

* p: landslide porosity

* p.: landslide density

* p: Water density

* 1 water dinamic viscosity

* g: gravitational acceleration

o t: elapsed time

 T,: underwater phase duration

» AV: velocity variation at impact

Tsunami experimental modeling: 2D and 3D wave
propagation, 2D runup and overtopping

Di Risio M.
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Generation and propagation of vertical slump
generated waves: the experiments

Experimental parameters
(90 tests - 720 experimental points)
) h L Zp X
{ fm] [m] [m] [m]
jj  Sezlone Verticale 0.06 0.05 0.01 040
) 0.10 0.10 0.03 0.85
0.18 0.15 0.05 1.30
0.23 0.07 1.75
0.10 2.20
0.15 3.10
0.20 400

640m _ 045m _ 045m _ G45m 2 G45m

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump
generated waves: the experiments

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump

generated waves: the experiments

Experimental parameters
(88 tests - 440 experimental points)

h R Zn r
m]  [m]  [m] [m]
0.09 0.157 0.015 0.63(0.86)
0.16 0215 0047 1.33(1.83)
0.28 0.078 2.04 (2.80)
0.36 0094 2.75 (3.76)
0.109 3.45 (4.73)
0.141
0.157
0.188
0.235
0314
j T fg =~ (R T)
A F ‘\‘Ilh_l:}}-! (h’\'ﬂfg'_h:h.f

Tsunami experimental modeling: 2D and 3D wave
propagation, 2D runup and overtopping

Di Risio M.
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Generation and propagation of vertical slump
generated waves: the experiments

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump

agenerated waves: 2D experiments

A = | : Y e 1
BTG A wide range of & , *
i wave type was = i Mwe—————
— generated during i
experiments O
q y 4 4 10 1 14 12 1
— ksl = =
“ T © ~ likebore waves N
% 1 _ X i =
x A - _ solitary waves i — Mt |
£ Asas / £t AN~ j
; 7 7 ) £ : m
—————  cnoidal waves © = )
A 53 S AR
E = linear waves — = |
b = a3 AN Al
3 —— e e

Time [s]

Time [s]

Tsunami experimental modeling: 2D and 3D wave
propagation, 2D runup and overtopping

Di Risio M.
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Generation and propagation of vertical slump

generated waves: 2D experiments
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Tsunami experimental modeling: 2D and 3D wave
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Generation and propagation of vertical slump
agenerated waves: 2D experiments
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propagation, 2D runup and overtopping
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Generation and propagation of vertical slump
generated waves: 2D experiments
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Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump
agenerated waves: 2D experiments
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propagation, 2D runup and overtopping
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Generation and propagation of vertical slump
agenerated waves: 2D experiments
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2D experiments:

5'F : : = in 12% of tests the first wave is
ol . i not the highest
g ] 1
05 | || | | = Maximum wave height
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Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.



“Roma Tre” Liam of L'Aquila “Tor Vergata”

n

Environmental and Maritime . .
i i University of Rome
University of Rome a‘v Hydraulic Laboratory — University l'l Y

Generation and propagation of vertical slump
agenerated waves: 2D experiments

25

: 2D experiments:
‘EE ' : _ = Maximum wave height
T o B ; : increases as landslide energy
A by | ' incr
us i | oo | [ ! ! I i I | | 1 creases
. ! §: lLoie bo g © o = Wave period related to
d o ' 14 2 28 * maximum wave height slightly
increases as landslide energy
. , increases
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Tsunami experimental modeling: 2D and 3D wave Di Risio M

propagation, 2D runup and overtopping
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Generation and propagation of vertical slump

agenerated waves: 2D experiments
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2D experiments:

» Maximum wave height
decreases as distance from
generation area increases

= Wave period related to
maximum wave height
increases as distance from
generation area increases
(frequency dispersion)

Tsunami experimental modeling: 2D and 3D wave
propagation, 2D runup and overtopping

Di Risio M.
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Generation and propagation of vertical slump
agenerated waves: 3D experiments

Also in this tests
a wide range of
wave type was

generated during

experiments

Surface elevation [m]

o 0 o o o o o
c B BoR BoB R o8B
o o o

cnoidal waves VY : ]
I A YA A =
linear waves — T R T
BT : 2,
E W
. : .
: Tirme [s] o e
Tsunami experimental modeling: 2D and 3D wave Di Risio M.

propagation, 2D runup and overtopping
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Generation and propagation of vertical slump
generated waves: 3D experiments

—-0.02 - | | | | | ]
3D experiments: e S S
Cnoidal waves ’ \/VVVW =~ i ~

Surface elevation [m]

4] 2 4 [ g 10 12 14 1a 18 20

U i ' ' ' ' -
4] 2 4 [ a8 10 12 14 18 18 20

Landslide generated impulsive waves: generation,

propagation and interaction with plane slopes DiRisio M.
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Generation and propagation of vertical slump
generated waves: 3D experiments

)
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Landslide generated impulsive waves: generation,

propagation and interaction with plane slopes DiRisio M.
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Generation and propagation of vertical slump
agenerated waves: 3D experiments

23 T T
2 3D experiments:
£ 15 = in the 50% of tests the first
2 ) :
= | : wave is not the highest
ol ; i | = Maximum wave height
fl i i ‘ increases as landslide length
a . Ii n 1 -
o a8 | 15 2 an z INCreases

= Wave period related to

; . . maximum wave height
1 - .
increases as landslide length
a increases
= a0
o
‘-’E il
= a0 .
o oce o # ‘ 2 B
o 05 1 15 2 25 3

R'h

Tsunami experimental modeling: 2D and 3D wave o
. . Di Risio M.
propagation, 2D runup and overtopping
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Generation and propagation of vertical slump
agenerated waves: 3D experiments

.5 T

-
3

3D experiments:

» Maximum wave height
= : 4 Increases as landslide energy
s increases

B .=i: K ‘I=:é;ﬁaﬁlﬁ'ééﬁ

o 0.3

= Wave period related to
maximum wave height slightly
increases as landslide energy

[
(]
i
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Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump

agenerated waves: 3D experiments
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3D experiments:

{ = Maximum wave height

decreases as distance from
generation area increases

= Wave period related to

=, Maximum wave height

increases as distance from
generation area increases
(frequency dispersion)

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping

Di Risio M.
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Generation and propagation of vertical slump
generated waves: the experimental findings

2D experiments:

= likebore waves, solitary waves, cnoidal waves and linear waves were observed
* in 12% of tests the first wave is not the highest
» Maximum wave height increases as landslide length increases

= Wave period related to maximum wave height increases as landslide length increases

» Maximum wave height increases as landslide energy increases

= Wave period related to maximum wave height slightly increases as landslide energy
Increases
» Maximum wave height decreases as distance from generation area increases

= Wave period related to maximum wave height increases as distance from generation
area increases (frequency dispersion)

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump
generated waves: the experimental findings

3D experiments:

» cnoidal waves and linear waves were observed
= in 50% of tests the first wave is not the highest
» Maximum wave height increases as landslide length increases

= Wave period related to maximum wave height increases as landslide length increases

» Maximum wave height increases as landslide energy increases

= Wave period related to maximum wave height slightly increases as landslide energy
increases
» Maximum wave height decreases as distance from generation area increases

= Wave period related to maximum wave height increases as distance from generation
area increases (frequency dispersion)

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump
generated waves: the new empirical formulations
2D empirical formulation:

1 1 1
o8 0.8 - o8 B = —
£ o8l 08 ///;d_, D8 f_____f,fip R_. £
P = — -
T 04 e T —— 0.4 04
o2 02 1 o2
040 &0 &0 100 D1 1.5 2 25 (1.5 2 25 3 0134953 DJDTBDE
x'h L/h - df{gh]uﬁ
1 [ - f
. ’ <o 0.87447 0.062935
T, N : 5=
mazx £ .. L N £ |
3 B ;
1 %, g | 091291  1.0238
o 15
O o2 e =
|
u u |_'I
o] 0.2 0.4 05 o8 1 -0.5 0 0.5
Estimated H__/h Error classes (H__ /h)
max max

Tsunami experimental modeling: 2D and 3D wave o
. . Di Risio M.
propagation, 2D runup and overtopping
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Generation and propagation of vertical slump
agenerated waves: the new empirical formulations

2D empirical formulation:

30 30 30
.a-"‘-ﬁ
25 e 25 25
= @ T e — o =
&
D s 15 15

max

T
S
=)
=]

: GED 30 40 a0 &0 01 1.5 2 28 q.ﬁ 2 25 3 D‘ 34953 D‘ DT BDE

x'h L/h N d’{ghj"'E

s - 0.87447 0.062935
5 z
N I
S . g. 091291  1.0238
£ 1 P
3 o :

0 ol |_|——| nlanF=
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Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump
agenerated waves: the new empirical formulations

3D empirical formulation:

0.4 ] 04 0.4 ] Rj E
.‘EE 03 03 0.3
Hl IE 02 1 oz / 0.2 1
// ey .
| —— ] S 0.95632 0018128
T 20 30 rjf;lll 50 &0 1 1.5 R‘Irh 2 25 1 ;Edr{ghjuzﬁ 25 | |
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Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.
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Generation and propagation of vertical slump
generated waves: the new empirical formulations
3D empirical formulation:
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Generation and propagation of vertical slump
generated waves: comparison with existing

fo rmu I ae Factor t/h R/h w/(v/gk) R* 5
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Panizzo, 2004
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Impulsive wave runup: the problem
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= H: incident wave height
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e e e ‘ = T: incident wave period

= h: water depth

LF‘
= o.: beach slope
R,=f(H,T,kha,p,u,gqg,d). = p: water density
= u: water viscosity
{ H

= g: gravitational acceleration
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= §: beach roughness
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Impulsive wave runup: the experiments
A

\

\

| X
Sy

N N N o e N N T N N N B N M P

Scott Russel Wave Generator

Tsunami experimental modeling: 2D and 3D wave

propagation, 2D runup and overtopping Di Risio M.



. . Environmental and Maritime . .
University of Rome %‘V ! University of Rome

« b Hydraulic Laboratory — University « -
Roma Tre Liam of L’Aquila Tor Vergata
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Impulsive wave runup: the experimental procedure

The experiments were performed in two phases h L, a

m]  [m]  [%]
006 0.85 22°
0.10 130 37°
0.18 175 84°

Phase 1. elevation time series were collected without
the plane slope into the wave flume to get the correct
incident wave parameter

Phase 2: digital video system was employed to get
the runup value on the plane beach without any wave
gauges into the wave flume to avoid flow disturbance

A
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. . Di Risio M.
propagation, 2D runup and overtopping



. . Environmental and Maritime . .
University of Rome b‘v ' University of Rome

« b Hydraulic Laboratory — University « -
Roma Tre Liam ¢ L'Aquila Tor Vergata

Impulsive wave runup: the experimental procedure
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Impulsive wave runup: the experimental findings
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Impulsive wave runup: the experimental findings
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Impulsive wave runup: the experimental findings

= likebore waves, solitary waves, cnoidal waves and linear
waves runup were observed

= \wave runup increases as incident wave height increases

= \wave runup increases as incident wave period increases, the
wave period must to be taken into account

= peach slope influence is different depending on incident
wave type
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Ilmpulsive wave runup: the new empirical
formulation

Factor H/h T(v/g/k) =in(a) R*
al az a3 a4
R, 1.3737 1.5149 0.4663 0.2633
+ 0.5838 +0.1078 +£0.1632 =+ 00636 0.955855 0.11011
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ra
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Impulsive wave runup: comparison with existing
formulae

_ 831 (Ej . Synolakis formula for non breaking solitary
h 1\ tana \ h waves (1987)
R, e Ej b Tadepalli & Synolakis formula for non
h “v tana \ k breaking N-waves (1994)

R, g 015 o _
= 1.3681 ( ) (f) o~ %20 Muller empirical formulation (1995)

&

=

Factor T(v/g/k) &in(a) F- z
a1 a: a3 a4
R, 1.3737 1.5149 0.4665 0.2633
+ 05838 £+0.1078 +£0.1632 +£0.0636 0.955855 0.11011

The present empirical formulation is valid for a wide
range of wave type and for breaking and non breaking
waves. It takes into account wave period influence
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| Mpulsive wave overtopping: the problem

A

|

Le

£l = f(H,T,?_L',IEE,CI’,S,P,,CE,Q’,E,G:]

.
fz_,.(HT;EX s . [pV/gk C
R O\ B VRN e B\ ek R

= H: incident wave height

» T: incident wave period

= h: water depth

= o.: beach slope

= p: water density

= u: water viscosity

= g: gravitational acceleration
= §: beach roughness

= C: crest thickness
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n

|lmpulsive wave overtopping: the experiments

h L, a 5
m] [m] [
The overtopped water volume is 0.06 0.85 22° 025HR,
collected by means of a small tank 0.10 130 37° 050K,

0.18 1.75 84° 0.75HR,

T v v v
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|lmpulsive wave overtopping: the experiments
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0.5
04+ . -
£ 03
a "
021 - -
', \
0.1 ¥ & L 5 . ]
' : : .
L]
'
% i
i} m I
Q 0.2 0.4 0.a o8
Hh

a/h?

0.5

04

03

02

0.1

o2 Dj4
a‘’/h

0s

0.8

Tsunami experimental modeling: 2D and 3D wave
propagation, 2D runup and overtopping

Di Risio M.



. . Environmental and Maritime . .
University of Rome b‘v ' University of Rome

« b Hydraulic Laboratory — University « -
Roma Tre Liam ¢ L'Aquila Tor Vergata

Wave overtopping: the experimental findings
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Wave overtopping: the experimental findings
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Wave overtopping: the experimental findings
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Impulsive wave overtopping: the experimental
findings

= likebore waves, solitary waves, cnoidal waves and linear waves
runup were observed

= wave overtopping volume increases as incident wave height
Increases

= wave overtopping volume increases as incident wave period
increases, the wave period must to be taken into account

» peach slope influence is different depending on incident wave
type

= wave overtopping volume increases as freeboard decreases
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Impulsive wave overtopping: the new empirical
formulations

Factor H/h T( -v’!g /k)  sin(a) s/h R’ £
a1 an a3z (#EN as
(2 0.0084 3.1765 1.5782 -06141 -l.6204

+ 0.0042 £ 0.1558 + 0.1858 + 0.0973 £ 0.0978 0.96042 0.022188
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|lMmpulsive wave overtopping: comparison with
existing formulae

Lo I L |

Q (1 B ij Muller formula (1995)
QU B RE;

4 4

Qp ij Ejg
=145 [ =) (1./8
Ch? Jﬂ“(h ( VE
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GRS, @ [GNGEN

Factor Hh T(\/g/k) sin(a) s/h R* g
ai an asz 4 s
Y 0.0084 3.1765 1.5782 -0.6141 -1.6204

+ 0.0042 4 0.1558 + 0.1858 + 0.0973 £ 0.0978 096042 0.022188
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Conclusions

1. An ad hoc experimental investigation on generation and
propagation of impulsive waves generated by vertical landslides
was performed.

2. New empirical formulations to predict vertical slump generated
wave main parameters (wave height and wave period) for both
2D and 3D water bodies are proposed.

3. An experimental investigation aimed at gaining insight about
landslide generated wave runup was performed and a new
empirical formulation is proposed. For the first time the incident
wave period is taken into account.

4. A new empirical formulation is proposed for a zero thickness
overtopped structure crest (resulting in a conservative estimation)
simple to use if compared to existing tools.
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