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Abstract

Impulsive waves in dam reservoirs may be generated by any type of geophysical mass
flow, including debris flows, debris avalanches, landslides, and rock falls. This phenom-
enon may be endangering the dam stability, human life and devastating downstream
cities. The estimation of the landslide generated waves amplitude 1s of the utmost
importance in dam engineering and water reservoir planning. In this work, a higher
order Boussinesg-type numerical model 1s applied to study the sensitivity of the wave
amplitude to the landslide geometry and kinematics. The numerical results are also used
to provide an engineering estimation method to predict the landslide generated wave
amplitude in dam reservoir using the landslide geometry parameters and water body
conditions. The estimation method 1s verified and proven by comparison of the results
with several experimental and real cases.

Keywords: Dam reservoir, submerged landslide, impulsive waves, landslide,
Boussinesq model, Numerical model

1. Introduction

Underwater landslides in artificial reservotrs can trigger local impulsive waves with
high run-up, endangering dam stability, human life and devastating downstream cities.
Submarine landshdes, which often accompany large earthquakes, can disturb the over-
lying water column as sediment and rock slump down slope. Any sort of geophysical
mass flow, including debris flows, debris avalanches, landshides, and rock falls can gen-
crate submarine landslide impulsive waves. Estimating the amplitude of Landshde
Generated Waves (LGW) 1s of the utmost importance in dam engineering and water
reservolr planning. There are a several real cases in which the LGWs destroy the dam or
the villages around it. For instance a landslide on October 9, 1963 with a volume of 270
million m' generated an impulse wave initially more than 70m tall in Vaiont dam reser-
voir in Italy, the worlds' tallest double thin arch dam. The impulse wave completely
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destroyed five villages and about 2500 people were killed. Other examples of _E.mn
es are known from Lituya Bays, Alaska {18];
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impulse waves generated by landshid
vanahuin Lake. Pert; and Shimabara Bay 1n Japan [21].

modelling and experimental investigations have been developed to
se wave characteristics. An overview of numerical modelling of land-

ated in Table 1. A major part of this body of works 1s related to
waves caused by slope

Landslide Tsunami
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The numerica.
predict the impul
slide waves 1s prese .
landslide tsunami waves which are a special type of tsunami used |
instability. As it can be seen, the submarine landslide generated aE.EE_ 1s fairly EE__
investigated but the application of impulse wave models tor ?Ewmm::m the ,mwdﬁﬁmﬁ_
| GW characteristics in dam reservoirs still requires further studies. In addition to the
cumerical studies, experimental investigations have been performed E:.: regards 10
L GWs. An overview of laboratory works related to this topic is presented in Table m.. It
that most experimental works are related to submarine landslide
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can be seen in this table
The basic parameters in experiments consist of bed w_own., geometry
and initial submergence of failure mass and particularly the laws of motion ow sub-
merged body are set in accordance with landshde E\.ﬁm::m”. Zo_.mocn_.p the mc:n._cz.g:_,i
empirical formulations 1s specially made and veritied *.c_. tsunami mvw:wm\._:.c:v. T.:
instance, the reeent studies on landslide generated tsunamis performed by Grilli et al. 1n
2005 [§] has a main constraint for bed slope as 6 < 30° or in other recent works mﬂ@wnsﬁ_;
in 2005 {22) the maximum bed slope is fixed on 8 = 36" and it

SPH: Smooth Particle Hydrodynamics

BEM: Boundary Element Method
FDM: Finite Difference Method
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ed by Panizzo ct al. ixe ”
focuscd on sub-acrial landshde. There are noticeable constraints in other geometrica
of landslide and characteristics of water body when using landshide tsuna-
more research is required for forecast-
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specification
mi predictive methods in a dam reservoir. Thus, p recus
ing the main characteristics of impulse wave caused 3. landslide 1n dam Evr_éo___,,
cre the bed slope may be much steeper than the inclined sea floor and E.m water
er body specifications are
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seriously different from ocean. | |

In this work. an extended higher order Boussinesg-type model is used ”‘o provide a
simple engineering estimation method for Ec&n:c:.cﬂ:sv:_mn.émé u:.%:Egn E:vrg
by underwater landslide i dam reservoirs. The main 5?3.25: EA.,._::,,..“; CONSIStS c..m
landslide geometry and water body conditions. The sensitivity m.:m_wm_m ot im.é ampli-
rude is also made here using numerical results. The Mathematical formulation of the

model is an extension of (4,4) Padé approximant [4] to include moving bottom g_,.:,_a-
to study LGWs. The detalls of derivation for extended formulations
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LSW: Linear Shallow Water Wave Equations

BW: Boussinesg-type Wave Equations

The mathematical formul
hased on fourth order Boussinsg-type ¢quations, known as (4,4)
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The model includes the moving bottom boundary. The extension procedure 1s a forward
step of the Lynett & Liu approach [15] which was used for extension of second-order

Boussinsg wave equations. A schematic of the main geometric parameters 1s shown in

The dimensionless form of governing equations and boundary conditions 1n

Figure 1.
three-dimensional domain can be described as [15]: "
WV +w, =0 on -h<zs<e!l (Continuity equation)
u, + euv.u + .m.ws__:m =-Vp (2)
M on-h<sz=<el |
(Momentum Equation 1n 2 horizontal dir.)
g, £”
ew; + £7UVW + = W, = -eP, — 1 (3)
1 on-h<z=<e.
(Momentum equation in z dir.)
‘SBC (4)
w = p* ({; + e.u. V) onz=e¢.l (KFSBC)
(9)
p=0 on z==¢ (DFSBC)
p? _
w+piuVh+—h =0 on Z=-h (BBC) (6)

are the horizontal coordinates scaled by /, which 1s the horizontal

where v and y | -
scaled by h, which is the characteristic waler

length scale, z is the vertical coordinate
depth, t is time and scaled by Iy/(ghg)”, 8 1s the water surface displacement scaled by
impulse wave amplitude, h is the total depth based on still water consid-

a,y which 1s the . -
ering the moving bottom boundary (h(x,v,1)) and scaled by A, u 1s the {nin.; 0 .S_._-
2w is the velocity in vertical direc-

sontal velocity components (u,v) scaled by (e(ghy)” tic :
tion scaled by (e/p).(gh®)', p 1s the watcr pressure scaled by yay, E:,* d“-w:i;m , O/0y )
s the horizontal gradient vector. The subscripts denote the partial aczé.:cn. dun non-
lincarity and dispersion parameters are £ = ayhy and p = hy/ly, E%cn:é__%. [he no-
nd the numerical simulation shall be

How condition is assigned for lateral boundaries a |
1011

stopped before the generated waves are received by lateral boundaries. In perturbat

, : * " . N TR | I L | IS [ o ; W - {0 —.J
analysis, the velocity domain componcents il and "w" shall be expanded in to [15]

Uu=1ug-t _PNF: + ?&CN (7)

&
EHFN«E.T?QEM (8)
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1 is the basic small parameter in analysis. Using perturbation m:mﬁa_m and m:cm:::-
mg an expanded form of velocity components nto goveming ﬁiﬁf:m &HM mcﬁw:”_w_w
conditions, the main three equations, Equations (9) and (10) (considering AH cv 1S a M _,
component vector equation) that describe the water E.:.wmwm response to :?. M:w: _ :“,.
placement are concluded as follow. The details of derivation are presented in Reference

(1]
_ . B
T nm_m“ ﬁ. mwcm + YA +5 2 (el + WA -5 (702 - :N_v%.mi% Mmﬁ + h)(V.B)]
+ pd _.@_Lm 5 + W5)V(V.A) — 55 (el ;&Eq.z -5’0 + PY)V(V.(Z°.A)
120

Lol + WRV(V.(2 A)) +4(8% 14— H)V(V.(VB) —¢ (L + HZV(V.(VE))
& Mﬁmm 3+ W)YV(V.(ZVB)) +.,_.~.Amw + h)zZV(V.(ZVB))
+ 122 - BHVC — (L + WV C] } = O(e%, pu°)

(9)

Mot id.ccfw Mmm_m..“ ,___.M,Womﬁd. ?__Nu%co + ma_co;:__m&v‘ + mﬁ%m_q&ucom iE__H&V?n_l:
A

+ t(p zmﬂ_uu@ + &(V. Gm_mnovvco T mﬁﬂ.ﬁc__mnovv?__nu@v+ mAQ.Ccv?m_W&

) oo

nnévll... 0 Amo, tlauv

+ m?nm
+ V(P

(10)

where vector A = V.(V.uy), scalar B = V.(huy) + h /e m:g. Z1s a weighted average wﬁ
awo distinet characteristic water depth as described by Oc&m. et al. [4]. j:.w, mgww wmﬁ-
tions are solved simultaneously to obtain the main three a.‘m:mznm 1, v Aroq__wo:“.w w_r o“
ity components) and { (water wave elevation). A numerical anw_ has _”w.rr%. ﬁ.SF ,_%“ ,
based on this set of equations using finite ditference method to simulate t .n ,_:“._m,c‘ M._ ”
wave generation and propagation. The sixth order a_.ﬁn_,n:nn scheme u__:g a__".,.ﬁ.”;h,“ﬂﬂ“”w
method is applied following Gobbi et al., {4] numerical model but the moving

boundary 1s included here.

3. Wave amplitude sensitivity analysis | -
As shown in Figure 1, two main categories of parameters can be Ec:ms_mna.w _ﬂr H
rected the landslide impulse waves. The first category includes EEEGHJ .,.c?,r_,_ &.r
related to the geometry of the failure mass and sloping bed. These nrm..mn.ﬁ_‘_m:n” .r,ﬁ_”:vuﬂ
of bed slope; 8, the Jength of shiding block along the slope; B, the JJ_mx:,_:,._,___,._M .ﬂ :ﬁr _wr.vw
ot shiding block; 7, the initial still water depth at the Emmm. center _Euﬁ cM S _ ”:m_”www
hye and the sliding soil density; y. The second category 18 the generated wave ¢
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Figure 1: A schematic of main geometric parameters in submerged landslide generated impulse wave

teristics such as amplitude (or maximum depression); ay, wavelength, and period. It is
convenient to define the basic dimensionless parameters that describe the landslide and
its location. Based on laboratory investigations [5], two dimensionless ratios can be
defined which describe the mass failure geometric and its initial location as follows:
Maximum thickness (T) over the length of sliding block along the slope (B); (i.e. 7/B),
and the initial submergence of failure mass (4yc) over its length (B); (i.e. hy/B).
Another non-dimensional parameter can be defined using maximum depression of water

surface (ag) divided by a characteristic Iength. This characteristic length is named as S,
and defined as [9]:

2
u
So =— where u,=\/g.B.

oo

sint

Y- 1) in g and aouw.J‘lH
Mﬁ.& v + C,,

(1)

In this equation, uz 1s the terminal velocity of failure mass, o is its initial acceleration
and C; and C,, are the shape related coefficients of failure mass consist of drag and
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1dded mass coefficients, respectively. For investigation of influences of various para-
meters on impulse wave amplitude, the numerical results in various conditions are pre-
sented as a set of graphs in Figure 2. In this Figure, the interaction of landshde geome-
try and wave amplitude can be secn. The results presented for different values of bed
slope; 0, consist of 5, 15, 30 and 45 degrees. The range of variation of dimensionless
narameters is selected based on observed underwater landslide in real cases and avail-
able experimental characteristics. Some of these specifications are mentioned in section
1 As it can be seen, in a constant value of bed slope, the wave height will be increased
when the initial submergence of failure mass diminishes or the sliding block thickness
ereases. The effects of the thickness of shiding block increases in shallower shiding.
When the bed slope increases, the sliding velocity and its acceleration will be increased
and the impulsive wave amplitude will be enlarged. For further investigation, the cffect
of bed stope on the impulsive wave generation and propagation are discussed. As can be
seen in Figure 3, the wave amplitude increases when the bed slope enlarges. In Figure

3 the wave propagation pattern can be seen at three time stages. All of the conditions
consisting of landslide geometry and kinematics as well as failure mass density are
dentical in all cases. The numerical wave tank dimensions assume 8x8 meters. The
peometric ratio of sliding block is supposed as 7/7B=0.1 and the initial submergence of
sliding block ratio; hy/B=1. For Figures 3a, 3¢, and 3e¢; the bed slope is assumed 8=5"
and for tigures b, d, and f; 0=10". In constant geometrical and kKinematics specifications,
the bed slope influences on the impulsive wave generation and propagation can be
observed in Figure 3. The wave heights are multiplicd by 10, for a better recognition In
the figures, The wave height near o the source of the landslide is influenced intensively
by bed slope rather than far from it Furthermore, it seems that the wave length as well
as wave propagation speed and wave group velocity increase in steeper slope landslhide

at least 1n near field.

4. Wave amplitude prediction method

The numerical simulation results that are used for sensitivity analysis and illustrated 1n
Figure 2 can be applied for estimating the amplitude of impulsive wave caused by an
anderwater landslide in a dam reservoir. The basic parameters which should be known
' use the estimation method are listed here: 1) The pcometric parameters of shiding
mass consist of slide length along the bed stope (B8), maximum thickness of failure mass
(7). and initial submergence at the mass center (Mo ). 2) The characteristic length of
motion; S, which is detined in equation (11). Based on this equation, the shding mass
density as well as the shape related coefficients of failure mass consists of drag and
added mass coefficients (C,; and C,,, respectively) should be defined. Definition of the
cocfticients in real case problems can be carried out using empirical methods based on
the shape and dimensions of sliding mass. It must be noted that the range of validity of

presented prediction method 1s 7y € (1.8, 2.1] where vy is the fatlure mass density.
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Figure 2: Impulse wave amplitude (a,) vs. landslide geometry and water body conditions, the bed
N . — - o 9 o . __

N U ow.m. 0= a)45° b)30°, ¢c) 15" and d) 5°, hy is the initial submergence of landslide, B is the

andslide length along the inclined bed, T is the maximum thickness of landslide and Sy is the char-

acteristic length of the landslidemotion which is defined in Equation 11
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Figure 3: Numerical results for impulsive ) . . e o enat
height and propagation pattern, in all cases the ratio.

s influence of bed stope on the wave L
the ifiu / =], y= 1.85, the wave heights

144

(A

Hﬂ-huh
§3888

[ hy /B is assumed 0.1 and 1: respectively, Cy4= 1, C,,
multiplied for better display

0 =5° T/B=

0 =5°, T/B=0.1,

8 =5° T/B=0.1, h,/B=1, t=1(s)

vave amplitude in depth integrated model to evaluate
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4.1. Validation of prediction method
4.1.1 Comparison with experimental data

In this section, some available experimental measurements are used to validate the pre-
sented prediction method. The estimated impulse wave amplitude is compared with lab-
oratory measurements 1n several cases. The experimental data that are used to validate
the presented estimation method are selected from Table 2. The comparison is made
with laboratory data obtained from experiments in which the impulsive wave caused by
submerged sliding mass and the constraint of landslide density described later is satis-
fied. All of the experimental specifications and the procedure of prediction method are
presented tn Table 3. In this Table, the sliding mass geometry, failure mass density and
landslide kinematics are listed. All of the experimental data are obtained from the corre-
sponding reference mentioned in Table 3. Moreover, the basic dimensionless ratios that
are used in the presented prediction method are determined in this Table. The descrip-
tion of experiments in each case is discussed briefly in Table 2. The comparison of pre-
dicted wave amplitude and the measured data are seen in the last columns of Table 3.
As 1t 1s shown, the prediction error is about 5% and it confirms a good reliability of pre-
sented prediction method.

In Grith et al's experiments [6], the submerged sliding block is a semi-ellipse solid sheet
and equation (11) can be used for the determination of slide kinematics parameters consist-
ing of terminal velocity (i,) and initial acceleration (wy). A schematic of their experimental
tank is shown in Figure 4. The law of motion for underwater sliding block is similar to the
real case condition of submerged landslide [30]. Thus in real cases, equation (11) can be
used to apply presented prediction method for estimation of impulse wave amplitude. The
use of the prediction method 1n some real cases is discussed in the next sections. It must be
noted that for laboratory works of Watts (1998) [31] and Heinrich (1992) [10], because the
sliding mass is a solid triangle block, equation (11) can not be used for determination of u,
and oy, thus the measured data of these kinematics parameters are used in prediction proce-
dure. Figure 4 shows also a schematic of these experiments and adefinition of landslide geo-
metric parameters in these cases. The dimensions and other specifications of these laborato-

ry cases are presented in Table 2. The use of basic parameters to predict the impulse wave
amplitude and comparison with experimental data is presented in Table 3. As seen, in spite
of different shape of landslide in these cases, the present method works very well.

4.1. 2. Comparison with 3D numerical models

In this section, presented prediction method is compared with BIEM numerical mode]
as a three dimensional fully nonlinear potential flow model. The high degree of its accu-
racy in simulating of a submerged landslide impulse wave is well documented [8, 9].
All of the numerical cases properties are listed in Table 4. The BIEM results are directly
obtained from Watts et al. (2005) [33]. We use the numerical results of BIEM to vali-
date presented prediction method. The specifications of BIEM are listed in Table 1.
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Table 4 shows the comparison of BIEM and presented prediction method. As it is

shown, the results of simple prediction method are in a good agreement with BIEM
numerical results. The predicted impulse wave amplitude caused by under water land-
slide has a maximum deviation from 3D numerical model as 5% and it confirm an
excellent reliability of presented engineering estimation method to predict the impulse
wave amplitude in a water body. The details of the prediction procedure and the basic

dimensionless ratios that is used in the prediction method are listed in Tatle 4. The
comparison of results can be scen in the last columns in this table.

aOM (m) | %o
0.0035

amplitude [ amphtude

4.2. Application of prediction method in some real cases

Most observations and real case studies about underwater landslide generated waves are
related to the tsunamis which were caused by submarine mass failure. Thus, although the
presented estimation method is developed based on dam reservoir characteristics and

checked in different condition by experimental and other numerical data, for additional
evaluation of prediction method it

Predicted
8] as a fully nonlinear potential flow model, the main

s applied in some real cases of submarine LGWs.

0.052] 0.259

I are mentioned in Table !

Basic ratios

4.2.1. The 1946 Unimak, Alaska submarine landslide

More than half a century later, scientists are beginning to piece together the puzzle of an

submergence depth is 1600m. The results come from Figure 2 for
1/B=0.0075 and hy/B=0.042 is ay/Sy=-0.0004. Assuming that the shape related coeffi-

.
> E ; : . " ;
- T [ s P B B S April 1, 1946 wave that killed 159 people in Hawaii, smashed into the Marquesas Istands
= t~ [~ [~ [~ 0~ [~ [~ [>= <+ < <t < = = : : : £ B . ..
% SIS 9 o o <+ < ¢ T T M o i w w 5w and kept going to Antarctica. The outcome of investigations is that the most scientists
2 Eleg of of of < < <t <t < T <P T 2 8 . . : .
= v S beheve that the waves were caused by a submarine landslide, presumably, triggered by the
= ~ o~ = ¥ ; Co | ; s
¥ i Vil 2 i s R I A R el el Sl PR P e o2 & 83 > £ shaking of the initial earthquake. Based on the results of investigations, the geometry of
= Hﬂmﬁ_hﬂ.ﬁpﬁ.?_ﬂfjjjjj - I - o = . :
=z M s oo o coc o000 ™ T T = 3 submarine fatlure mass can be defined by the parameters presented here [32]: the bed slope
iy < : 2 . o i : : : . .
| = S R N e I A A B a M 1s 4.3°, the sliding soil density is 1.85, the length along the bed 1s 40,000m and the thick-
| S e o D D WD o0 O WV W W v W0 W ;
.m nﬂ. S oK ® = IR SIPG EDS S EPS P S ness 18 300m. The 1nitial
3 |- - - 7 - 7 =
S

d prediction method with

ctents of sliding mass consist of added mass and drag coefficients are both equal to one and
- | using equation (11) for determination of S, the impulsive wave amplitude estimated as
M . 71.6m can be compared with other numerical models which result in the value of 64m [32].
- The comparison shows acceptable reliability of prediction method presented here. It must
M g 3 be mentioned that the estimation graph used in this case is according to bed slope 6=5"
" -_M s Al AN A R o R W e w© ..%m mm = S although the bed slope in the real case is 6=4.3",
= Sl — = = e e = o T — =
.w ml i G g g e o o ER T __...,.,. H — w 4.2.2. The 1994 Skagway, Alaska submarine landslide
|5 e e ekl aiie eI 2 The impulse wave of November 3, 1994 in Skagway, Alaska, was generated by an under-
mw m_? e pe 0 -75.. L o3 - Om water landslide formed during the collapse of a cruise ship wharf undergoing construction
= oo S o o9 M M M M R === - at the head of Taiya Inlet. The impulsive waves could be caused by two distinct landslides
Mw.. — s oo === m with the geometric and kinematics of them listed here [32]: For slide A; the angle of bed
- ml — — e N e e el @R e T T a slope is 26°, the soil density is 1.85, the length and thickness are 180 and 20m, respectively.
e per o W ol G BG ol s R i i The 1nitial submergence ts 24m and the shape coefficients are unit. It can be obtained that
Dam Engineering Vol XVII [ssue 3 Dam Engineering Vol XVII Issue 3
148

149

AL Pl b o ] P AT




A= ing Figure 2, the ratio
ngth S,=807m, 7/B=0.11 and hy(/B=0.13. Using higure =, the

e NArl > Vﬂ—ﬁ #hw YT
the characten 8.5m. It can be compared

=.0.023 can be acquired and the wave amplitude obtained 1 | P2
32]; 17.3m. The estimated value 15 acceptable con-
9=26") is less than the bed slope in Figure 2 {18
G X | . N x . ¥ A ’ ..r.___.___ 1 _._m
1=30°). For slide B; bed angle 1s 227, the length of sliding block 15 215m and 1ts thickness _*
N | u * ] ; L ot L y (
the initial submergence is 95. The parameter Sy can be ain:ﬂ_:rg as .ooh::* an
7/B and hy /B as 0.07 and 0.44, respectively. Using TmE.r
| itude 2.4m. Comparing
1 it can be obtained that @/ Sy=-0.0025 and 1t leads to wave amplitude ....AE ( w_:_ w g
that is 2.06m. an acceptable reliability of present-

be considered that the bed slope angle in real

il
Ly 2y . .
with the obtained numerical results of |
sidering that the bed slope in real case (1e€.

1 3m and
the basic dumenstonless ratios,

nredicted and other numerical result {32]

ed prediction method can be shown. It must

case is less than prediction graph.
The agreement between the

~umerical results are summarized in Figure 5.

results from prediction method with experimental and
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| . . Ve wave . s results obtained by experunents,
Figure §: Accurucy of predicted impulsive wave amplitude vs rest

numerical models and real cases

5. Conclusion

A sensitivity analysis carried out for submerged landslide generated wave in dam reser-
voir using a higher order Boussinesq-type numerical model. The main geometric char-
acteristics of submerged failure mass are investigated in dimensionless form. It is con-
cluded that the main geometrical ratios which affected the impulse wave amplitude are
as follow: the maximum thickness of sliding mass (7) over its length along the bed
slope (B) (i.e. 7/B), the initial submergence of center of failure mass (hoc) over the slid-

ing mass length (B) (i.e. hy/B). The main characteristic related to kinematics of sliding
mass 1s assumed S, defined based on the initial acceleration and terminal velocity of

sliding mass. Furthermore, the influence of bed slope is investigated on the impulse
wave amplitude, wave length and its propagation pattern. The results show that the
Increasing effect of sliding thickness on the wave height multiplied in shallower land-
slides. These effects are fully nonlinear particularly for steeper bed slope when the ini-
tral submergence of sliding block diminishes.

Lastly, a simple and applied approach for estimation of impulse wave amplitude 1is
presented. The method is validated using several experimental data and well-known 3D
numerical models, and good agreements were obtained. The maximum error of predict-
ed values i1s about 5% and the reliability of prediction method is confirmed. In addition,
the predictive method is applied in some real cases for submarine mass failure and the
impulse wave amplitude is appraised and compared with well-known numerical models

and a good agreement is obtained. The present method can be used as an applied and
engineering utility for the first estimate of LGWs.
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Notations

{ = the water surface displacement from still water level scaled by a0 [-]
o = the slide mass density [MT L]

> = the nonlinearity ratio = ay/hy [-]

0 = the bed slope angle [deg. ]

L = the frequency dispersion ratio = hy/l, [-]

Vv = the horizontal gradient vector =(8/0x , 0/0y)

ol = the 1nitial acceleration of slide mass [LT?]

3 = the weighting parameter for determination of a characteristic depth [-]
A

= a two-component vector which is used in model derivation (Equation Al la)
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o

a face waves. II: Extension to O(kh4), J1 of Fluid Mechanics, Vol. 405, pp 181-210, 2000.

dy = the impulse wave amplitude [L]

B = the length of slide mass along the bed slope [L.] [5]. Goto, C., and Ogawa, Y., "Numerical method of tsunami simulation with the leap-
c - Added masss eoatticient ] frog mn:nE.n.., Translated for the TIME project by N.Shuto, Dept. of Civil m:mm:cm_,_.:w
C = Drag cocfficient [-] Tohoku university, 1992, ,
W = Acceleration due to gravity [L'T-2] »

h — the characteristic water depth {L] [6]. Grilli S. T., Vogelmann S., Watts P, "Development of a 3D numerical wave tank
h(x,yv,t) = the depth of moving bottom boundary from still water level scaled by Ay [-] for modeling tsunami generation by under water landslides" JI of Engrg Analysis with
hoc = Initia! still water depth at center point of sliding mass [L] Boundary Elements, Vol. 26, pp 301-313, 2002

L = the horizontal wavelength scale [L] o

2 — the water pressure scaled by y,.qq [-] [7]. O:_.: S. T., and Watts P., "Under Water Landslide Shape, Motion, Deformation and
9 = the kinematics length sacale of sliding mass (Equation 11){L} I'sunami Generation" JI of Intl Society of Offshore and Polar Engrs, ISBN 1-880653-5

! = dimensionless time scaled by [/(ghy)'” [-] pp 364-371 2003 )
T = the maximum thickness of the slide mass [L ]

U ~ the vector of horizontal velocity components (1, v) scaled by e.(ghg)' ™ {-] [8]. Grilli S. T., and Watts P., "Tsunam; Generation by Submarine Mass Failure. [
1! _ the terminal velocity of shide mass [1.17] ;

Modeling, Experimental Validation, and Sensitivity Analyses”

, JI of Waterway, Port,
Coast. and Ocean Engrg, ASCE, November/December, pp

Ug.up,Uy  — the dimensionless factors used for expanded form of u (Equation 7) {-]

283-297, 2005

W = the velocity component in vertical direction scaled by (e/p).(ghg) * [-]
wy, ey = the dimensionless factors used for expanded form of w (Equation 8) -] [9). Grilli S. T., Watts P., Kirby J. T, Fryer G. F., and Tappin D. R., "Landslide
X, ¥ ~ the horizontal coordinates scaled by 10 [-] Tsunami Case Studies Using a Boussinesq Model and a Fully Nonlinear Tsunami
7 — the elevations that the horizontal velocity components are described in Generation Model" J1 of Natural Hazards and Earth System Sciences, Vol. 3 pp 391-

them, scaled by hO [-] 402, 1999 ?
Z _ the characteristic variable depth which is a weighted average of two distinct

ovater tepthis, ., % - [10]. Heinrich P., "Nonlinear water waves generated by submarine and aerial land-
z = the vertical coordinate scaled by Ay [-] ”.Mwwm: JI of Waterway, Port, Coast. and Ocean Engrg, ASCE, Vol. 118, pp 249-266.
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