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Abstract A failure mechanism of submarine landslides
based on the phenomenon of shear band propagation has been
investigated using the energy balance approach. Dynamic
analysis includes inertia effects in the sliding layer and vis-
cous resistance of the water, but ignores elastic and plastic
wave propagation in the sliding layer. The resulting differen-
tial equation has been solved numerically. Analytical approx-
imation of this numerical solution provides a convenient
basis for the parametric and sensitivity studies. The solution
allows assessing the velocity and acceleration of both the
landslide and the shear band at the moment when the slide
fails due to the limiting equilibrium (i.e., the initial post-fail-
ure velocity). The effects of the initial landslide velocity on
the tsunami wave height are discussed and validated for a
number of landslide examples.
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1 Introduction

Understanding the mechanisms of tsunamis and their sources

is a key task for the tsunami hazard assessment and
mitigation. Recent devastating tsunami events, such as the
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1998 Papua New Guinea tsunami and the event in 2004 in the
Indian Ocean have aroused the public and scientific interest
on an improved understanding of the triggering mechanisms
and tsunami hazard assessment [1-4]. Although tsunamis
often occur directly due to normal faulting of earth plates
[5], it has been shown that submarine landslides, triggered
by earthquakes, may also cause tsunami waves of a signifi-
cant height. Overview on earthquake related triggering mech-
anisms of submarine and shoreline slope instabilities have
been provided by several authors [6,7]. The authors distin-
guish between direct, such as acceleration- or liquefaction-
induced sliding, and indirect triggering mechanisms, such as
a delayed failure mechanism due to excess pore water pres-
sure. The general tendency, however, is to assume that the
landslide fails simultaneously along the entire sliding sur-
face, which can be tens and 100 km long. This assumption is
also behind the fact that numerical simulations of landslide
induced tsunamis [8—10] tend to underestimate the tsunami
wave height.

These limitations can be overcome, if the landslide fail-
ure is considered as a dynamic process, and not as a static
limiting equilibrium event. Such an approach has been pro-
posed by Puzrin and Germanovich [11,12], who suggested
that an initial shear band emerges along a certain length of
the potential failure surface. Within this shear band the shear
strength drops due to the softening behavior of the material.
Therefore, the soil above this weakened zone starts mov-
ing downwards, causing the shear band to propagate further
along the potential failure surface. This produces an initial
landslide velocity already before the slide reached the state
of the global limiting equilibrium; i.e. the post failure stage.

Analysis of the mechanism is based on the energy bal-
ance approach of Palmer and Rice [13]: for the shear band
to propagate, the energy surplus produced in the body by an
incremental propagation of the shear band should exceed the
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energy required for this propagation. The main advantage of
this model is that it allows distinguishing between progres-
sive and catastrophic shear band propagation and treats the
shear band as a true physical process and not just as a mathe-
matical bifurcation problem [14]. Applications of the energy
balance approach to the phenomenon of progressive shear
band propagation in trapdoor- and shear blade tests on sand
and silt have been investigated experimentally, analytically
and numerically [15,16]. It seems that the energy balance
approach provides a reasonable quantitative description of
the shear band propagation phenomena in granular materi-
als.

Analysis of the catastrophic shear band propagation in an
infinite submerged slope built of normally consolidated clays
has shown that relatively short initial failure zones are suffi-
cient to cause a full-scale landslide [17]. An attempt to assess
the initial landslide velocity at failure was also made [11],
based on a quasi-static approach, neglecting the fundamental
dynamic terms.

As will be shown below, this initial landslide velocity at
failure plays an important role for the tsunami height assess-
ment. Therefore, in spite of the complexity of the dynamic
problem, it is worth exploring a possibility of producing a
better estimate of this velocity. This paper briefly outlines
an attempt to provide an improved approximation of the true
dynamic solution. In this simplified approach, the stress dis-
tribution in the sliding layer is calculated using inertia terms
and the viscous resistance of the water, but excluding prop-
agation and reflection of elastic waves. In spite of this sim-
plification, the energy balance includes the kinetic energy of
the moving landslide and leads to a non-linear differential
equation. While this equation can be solved numerically, for
large lengths of the shear band the landslide velocity asymp-
totically approaches a closed form solution. This allows for
estimation of the initial landslide velocity at the moment of
failure. Some preliminary results of this work have been pre-
sented in [18]. This paper shows derivation of the landslide
velocity equations and their solutions, parametric studies,
validation of analytical approximations, and real landslide
examples.

2 Dynamic shear band propagation in an infinite slope
2.1 Geometry and soil behavior

Consider an infinite slope inclined by angle « to the hori-
zontal with a discontinuity zone at the depth s parallel to
the slope (Fig. 1). Starting from the initial weak zone of the
length larger than critical [ > [, [17], a shear band propa-
gates down the slope parallel to the surface. At the top of this
zone, the soil fails in active failure with the active pressure
Ppa- It is assumed that the length of the discontinuity / is
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Fig. 1 Propagation of the shear band in an infinite slope. Parameters
7,7, are the same as defined in Ref. [13]

0 S, ) )

Fig. 2 Strain softening behaviour in the shear band process zone

sufficiently larger than its depth and the length of the process
zone @ : | > h > w. Within this small process zone, the
shear resistance t gradually drops from the peak 7, to the
residual value 7,, as a function of the relative displacement
(Fig. 2). Within the rest of the shear band, the shear resis-
tance is constant and equal to 7,.. Outside the shear band and
at the tip of the process zone, the shear resistance is equal to
the peak value 7. If the gravitational shear stress 7, above
the shear band exceeds the residual shear strength t,, the soil
above the shear band starts moving downwards, driving the
shear band to propagate along the slope, until it comes to the
surface and the slope fails (Fig. 1).

As the slope slides down, it mobilizes viscous resistance
on the interface with water, which is proportional to the veloc-
ity of sliding v:

Ty = UV ()

where  is the coefficient of proportionality that scales with
the viscosity of water, /t,,. The main focus of this paper is the
velocity of the shear band propagation and of the landslide
velocity at the moment when the slide fails. Within the slid-
ing layer (I x h x 1 in Fig. 1), the undrained character of the
dynamic soil behavior requires total stress analysis. Although
the total normal stress in the x-direction is a function of depth
Z, in this derivation, only the average value of this total stress
across the sliding layer oy (x) is being considered. Before
the shear band propagation, the average normal stress in the
intact slopeis o, = po. As the shear band propagates, it starts
growing. The soil behavior in the sliding layer is described
by a one-dimensional elastic-plastic model with linear hard-
ening, which in plastic loading is given by: 6, = po+¢&x/E,
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Fig. 3 Motion of the sliding layer (E = oo denotes domain which is
assumed to be rigid)

where E is the tangent elasto-plastic modulus of soil. Unload-
ing is linear elastic governed by the unloading-reloading tan-
gent modulus E,,.

2.2 Equation of motion

The main simplification of the proposed model is in con-
sidering the sliding layer in the dynamic case, when all the
points above the band are moving with the same velocity
v and, therefore, acceleration v. Then, at each moment of
time, the layer above the shear band can be considered as
rigid body (Fig. 3) and from the equation of motion for this
body the average normal stress above the tip of the shear
band is obtained (Fig. 3):

hoy(l) =hoy = (tg—1,)] + pah — phlv — phiv — vl (2)

where p is the density of the soil. The second term on the right
side gives a contribution of the earth pressure at the upper
boundary of the sliding layer (Fig. 1). While this boundary
moves downhill with the sliding layer, the earth pressure is
assumed to stay constant and equal to total active pressure p,,
which is the minimum total earth pressure achieved at large
displacements. The fourth term reflects the fact that the mass
of the moving body is increasing during the shear band prop-
agation (the additional mass accelerates from zero velocity
to v). The last term comes from the hydro-mechanical water
resistance in Eq. 1.

2.3 Energy balance approach

The energy balance criterion for an incremental dynamic
propagation of the shear band can be expressed in the fol-
lowing equation:

AW, — AW; — AD; — AD, — AK = AD, 3)

where W, is the external work made by gravitational forces
on downhill movements of the layer; W; denotes the internal
work of the normal stress acting parallel to the slope surface
on the change of strains in the layer; D; is the dissipated
energy due to plastic work along the shear band; D), is the
dissipated energy at the soil-water interface; K is the kinetic
energy and D,, is the plastic work required to overcome the
peak shear resistance at the tip of the band, i.e. the softening
in the process zone, see Egs. (6)—(12). This equation is the

same as suggested by Palmer and Rice [13] for the static case,
except it includes the change AK of the kinetic energy and
A D, of the dissipated energy at the soil-water interface.

Incremental propagation of the shear band by Al over the
time increment Ar produces displacement of the entire slid-
ing layer, proportional to the strain &; in the portion of the
sliding layer above Al:

AS = g Al 4

The above equation reflects the fact that in the process of
the incremental shear band propagation by A/, the segment
Al x h at the front of the sliding layer is being deformed
from zero strain to ¢, resulting in its shortening A§ = g Al,
which causes the corresponding downward displacement of
the entire layer.

Velocity of the sliding layer is then given by

v=—=81—t=81i 5)

where [ = Al/At is the velocity of the shear band propaga-
tion.

The corresponding work increments are then given by the
following expressions:

AW, = t4lei Al + pahei Al (6)

is the increment of the external work due to the work of
gravity on the moving layer and of the active pressure at the
failure scar on the displacements induced by the incremental
shear band propagation;

&
AW; = Alh / oxdex 7
0

is the internal work of the normal stress acting parallel to the
slope surface on the change of sub-horizontal strains in the
layer above the shear band increment;

AD; = t.lg; Al (8

is the dissipated plastic work of the residual shear strength
along the failure surface on the displacements induced by the
incremental shear band propagation;

5
AD, = Al/(r —1,)d8 = IAl )
0

is the plastic work required to overcome the peak shear resis-
tance at the tip of the band, i.e. the softening in the process
zone, where

8r
1= / (t —1,)ds (10)
0

@ Springer



256

A. M. Puzrin et al.

Equations (6)—(10) do not differ from those derived for the
static analysis of the shear band propagation [12]. The follow-
ing two energy terms, however, are specific for the dynamic
analysis. The first term

ADy, = pvlg Al (11)

is the dissipated energy due to the viscous resistance of water
proportional to the velocity of the slide on the displacements
induced by the incremental shear band propagation. Here p
is the coefficient of proportionality that scales with the vis-
cosity of water, i,,. The second term

AK = vA (mv) = vA (phlv) = phlvAv + phv’ Al (12)

is the change in the kinetic energy of the sliding layer induced
by the incremental shear band propagation. The change in
kinetic energy is defined as a product of velocity and the incre-
ment of momentum, and for the bodies with the changing mass
it has two components: due to increasing velocity and mass,
respectively. The mass of the sliding layer increases propor-
tionally to the increasing length of the shear band.

Substituting these equations into the energy balance and
dividing each term by the time increment At, gives after cer-
tain manipulations

[(te — )1 + pah — pvl — phlv — phiv] g
&l

—h/o‘xdé‘x =1 (13)
0

where from Fig. 2 (the dashed line corresponding to a linear
approximation of the shear strength diagram):

8 .
I=/(r—t,)d5=§(tp—tr)3m (14)
0

The term in the square brackets in Eq. (13) can be recognised
from Eq. (2), leading to

&l
1
Greg — / Gudey =, (15)

0

2.4 Differential equation of the shear band propagation

The left side of the Eq. (15) is equal to the complimentary
strain energy:

&l ]
0¢8] —/6xdex =/sxd6x (16)
0 Po

The average linear strain &, can be related to the average
normal stress o, in the layer along the shear band:

£y = LEPO (17)
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Equations (17) can be then substituted into (16), integrated,
and the result substituted into (15):

&l

_ _ @ —po)? I

G161 —/axdsx - z—bf’ = (18)
0

This gives

_ n 21 E o1 — po |21 (19)
o] = _—, g = — = _
[} Po h 1 E hE

i.e., the shear band propagates at the constant normal lateral
stress in the sliding layer above the band tip.
Equation of motion (2) can be then rewritten as:

phl + phiv + vl — (tg — 1) ([ — 1) =0 (20)
where
hoy — pah  ~2IEh — (pa — po) h
lcr = = (21)
Tg — Tr Ty — Tp

is the critical length of the initial shear band beyond which it
starts propagating. Substitution of the Eq. (5) into (20) gives
the following non-linear second order differential equation:

O+l I+ +ay+ly)y—by=0 (22)
where
y=1—lo (23)

g o lmmw) _(m—w) [hE (24)
ph g1 ph ph 21

with initial conditions:
y0)=y0)=0 (25)

2.5 Simplified solution for the velocity of the shear band
propagation

Equation (22) can be solved numerically. However, for large
lengths of the shear band y > /., and zero viscosity (¢ = 0
for sub-aerial slides), it can be simplified as

y¥+ () —by =0 (26)

and solved with initial conditions (25) in the closed form:

_bp 27)
Y76
Therefore,
b N
l=y+lcr=6t2+lcr, I=y=3 (28)

and dependency of the landslide velocity on the shear band
length is given by

. [2b
v=og¢l=¢ 3 =1 (29)
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Finally, substituting (19) and (24) into (29) results in

_ 81 1, — 1,
YSVVohE o

2.6 Limiting condition for the shear band propagation
velocity

[ =ler (30)

Approximations (28)—(30) are, strictly speaking, only valid
for sub-aerial landslides. For submarine landslides, viscosity
cannot be neglected (a # 0) and another approximation has
to be made. Introducing dimensionless length and time

Y=y/lee,T =at (31)
into Eq. (22) and dividing both parts by ¥ + 1, gives

(Y.)z 5
——+4+Y —c—— =0, wherec=
Y +1 Y +1 a’le,

Y+ (32)
We are looking for a limiting condition for the shear band
propagation velocity. If for large ¥ >> 1 velocity stabilizes,
the second term in the above equation becomes small and the
forth term approaches c, leading to

Y+Y—c=0 (33)

which can also be solved in closed form with initial condi-
tions (25). This gives ¥ = ¢ (1 — e_T) or

)’:;(1

- e*‘”) (34)
which confirms that the shear band velocity cannot grow infi-
nitely and stabilizes at larger y, limiting the initial landslide
velocity to the maximum value of

vmgimgl =BT (35)

a 2

The above relationship is obtained by substituting a, b and
&7 from Egs. (19) and (24).

Note that the shear band propagation velocity is not lim-
ited by the elastic wave velocity and, therefore, theoretically,
the shear band (or crack) growth can be supersonic [19] in our
formulation. This situation arises because elastic wave prop-
agations in the sliding body has been ignored and one-dimen-
sional description of the deformations at the front, x =1, of
the thin sliding layer has been employed. This is somewhat
analogous to cases in fracture mechanics when the loading is
applied directly at the crack tip and does not require energy
delivered by the means of elastic waves [20,21].

3 Parametric study

Numerical solution of the Eq. (22), and in particular its ana-
lytical approximation (30) provide an opportunity to study

effects of the landslide geometry and soil properties on the
initial post-failure landslide velocity, i.e, at the moment when
the sliding layer separates from the underlying sediment. This
velocity at failure, referred in the literature as initial land-
slide velocity is an important input parameter for subsequent
hydrodynamic processes such as possible generation of a tsu-
nami or a deposit of turbidities following the landslide.

3.1 Soil properties

Coefficients of Eqs. (21), (22) and (30) include terms, which
have to be expressed via the slide geometry and soil prop-
erties. Assumptions with respect to these relationships are
summarized in this section.

The gravitational shear stress is calculated as in the static
case [13]

To=y-h-sina (36)

where y is the total unit weight of soil. In undrained saturated
conditions, where y/ = y — y,, (yy denotes the unit weight
of water), the peak undrained shear strength of clay can be
estimated using the formulation

Tp = Su = k(y —yw)h 37

where k is a factor relating the undrained shear strength to
the effective stress normal to the failure plane.

In order to estimate the largest possible landslide velocity
at failure, it will be assumed that the development of pore
water pressures causes the residual shear strength to vanish:

7, =0 (38)

e.g., as a result of the flow (static) liquefaction [22-24]. The
tension crack at the top of the sliding layer is assumed to be
filled with water, acting as active pressure onto the moving
layer

Pa = Vwﬁ (39)
2
while the initial total sub horizontal stress is
h h
po = Ko (y —J/w)5+7/w§ (40)

where K| is the earth pressure coefficient at rest.

In sedimentary soils, the increase of stiffness with depth
can be roughly assessed from the following empirical rela-
tionship:

h
E(h) = Eo - \/hio (41)

where Ej is the deformation modulus of soil at the depth Ay.

Finally, substitution of Egs. (37) and (38) into the expres-
sion of specific work dissipated within the process zone (14)
gives
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1
I = Ek (Y — yw) kb, (42)

3.2 Velocity of shear band propagation

Now all the coefficients of the differential Eq. (22) and its
solution (30) can be expressed via the slide geometry and soil
parameters. Substitution of Egs. (36—42) into Eq. (21) gives
a formula for the critical shear band length, such that if the
initial weak zone exceeds this length, the propagation of the
shear band becomes catastrophic:

2
h\/,/,fl—OEmk(y — V) 8 + Ko (v — yu) &5

loy = 43
k(y —vw h (43

which can be reduced to

\/7 Koh
=\ (44)
k (V J/w) ho

The parameters in the differential Eq. (22) are then given by

pmio [ B 1 K
k(y = vw) 2k’ ph’

(45)

where g = £ 5 =9.815 ~

Substituting (36)— (44) 1nt0 Eq (30), results in the post-
failure landslide velocity as a function of true soil parameters
and the landslide size:

10 ™ is the gravity acceleration.

V=

4k (Y —yw) 8m ¥ - sina \/7 Koh
9E0.\/h7_0 \/k()/ J/w) ho

(40)

3.3 Effects of the viscosity of water

In this section, the effect of the viscosity of water on slide
velocity is analyzed. Because the analytical approximations
(30) and (46) were achieved by neglecting the coefficient of
proportionality u that scales with the viscosity of water iy,
finite differences numerical integration of Eq. (22) with ini-
tial conditions (25) and parameters (45) have been used and
the results have been compared with the analytical approx-
imation (46). Two different landslide geometries have been
considered: a shallow long slope (slope 1) and a deeper rather
short slope (slope 2). Geometries are shown in Table 1.

Soil parameters have been chosen for a normally con-
solidated clay: y = 20 kN/m3; Ko = 05k = 0.25;
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Table 1 Geometric parameters of the two slopes

Parameter Slope 1 Slope 2
Slope length L (km) 150 4.5
Depth of failure surface 4 (m) 114 600
Slope inclination o (°) 0.5 12
(a) 12 slope 1
10
8
@
£ 6
>
4
— analytical approximation
2 numerical solution; x =y,
numerical solution; 4 =100 4,
0 0 5‘0 1 60 1 éO
| [km]
(b) 10 slope 2
8
‘w» 6
~
E
> 4
— analytical approximation
2 numerical solution; g =y,
numerical solution; 1 =100004,
0 0 1 2 3 4 5

I [km]

Fig. 4 Comparison of numerical and analytical solutions for two
geometries: a slope 1; b slope 2

8m = 0.1 m. The stiffness curve is calibrated assuming the
elasto-plastic stiffness in loading to be Eg = 1,000kPa at
the depth of hp = 100 m.

The density of water is y,, = 10kN/m?> and its dynamic
viscosity uy = 0.001 %

Results of the comparison are presented in Fig. 4a and b,
for the slopes 1 and 2, respectively. It follows, that for both
geometries the difference between the numerical solution and
its analytical approximation becomes negligibly small, when
the shear band length reaches the failure length / = L and at
this moment the sliding layer separates from the underlying
sediment. In the vicinity of the critical length, the approx-
imation limits the velocity from above, mainly due to the
non-zero acceleration at / = /.. Very soon, however, accel-
erations in both solutions become very close.

Exact determination of the coefficient of proportionality 1
requires a solution of the corresponding hydrodynamic prob-
lem, which is beyond the scope of this paper. The parametric
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study of the range of these coefficients, however, indicates
that for a rather broad range of coefficients i (namely, u =
(10% = 10%) x 1, for slope 1and 1 = (10° — 10%) x 41, for
slope 2), the analytical formula (46) produces a reasonable
approximation of the numerical solution (Fig. 4).

As is seen, within the adopted assumptions, the water does
not have a significant effect on the shear band propagation.

3.4 Parametric and sensitivity study

Because the comparison between numerical solution and its
analytical approximation has shown a good agreement at
larger [/ L ratios, the sensitivity study on different geomet-
ric parameters can be performed using the analytical closed
form solution. Substitution of the soil parameter values for
normally consolidated clays presented in the previous sec-
tion into Egs. (45) and (46) gives formulas for the critical
length

Vh+h)2
I 7)
4. sina
and the initial landslide velocity
/ sine Vi1 s
V= . — _
3.9 24 12

which are the functions of the slide geometry only. Using
Eq. (48), the effect of the landslide inclination « on the ini-
tial landslide velocity is investigated in Fig. 5a for a constant
thickness of the sliding layer # = 100 m. The effect of the
thickness of the sliding layer on the initial landslide velocity
is investigated in Fig. 5b for a constant landslide inclination
of @ = 2°. Results are shown in a semi-logarithmic scale.

As is seen in Fig. 5a, the increased landslide inclination
leads (for the same length at failure) to a drastic increase in
the initial velocity, mainly, because the critical length for a
steeper slide is shorter and it has more time to accelerate.

From Fig. 5b it can be concluded, that the increased land-
slide depth leads (for the same length at failure) to a decrease
in the initial velocity, mainly, because the critical length for a
deeper slide is longer and it has less time to accelerate, even
though its initial acceleration is higher.

4 Initial velocities of some historic and recent
tsunamigenic landslides

4.1 Background

In the recent years, a number of attempts have been under-
taken in the literature to simulate numerically tsunami events,
triggered by submarine landslides [e.g., 9,25]. However, only
few of them have been able to deliver an explanation for the
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h=100m
(a) 16 1
—a=0.5°
— 12* Q=1_0°
g a=2.0°
L 8 o
- a=5.0
4A
OJ\; ‘\\\\} \\\\H} \\\\\\}
100 1000 L[m] 10000 100000
a=2.0°
(b) 16
12 1
@
E 8-
>
4 -
100 1000 L[m] 10000 100000

Fig. 5 Results of parametric studies: a sensitivity to changes in the
slope inclination; b dependency on the thickness of the sliding layer

trigger source to the full extent. Most of them underestimate
the tsunami wave height, indicating a necessity to account
for some kind of the initial post-failure landslide velocity.
The approach proposed in this paper allows for estimation of
the largest possible initial velocity of a landslide at failure.
But can it explain the larger tsunami wave heights? It can,
provided the following two conditions are satisfied:

— Initial velocity makes a non-negligible contribution to
increase the maximum landslide velocity;

— This increased maximum landslide velocity leads to a
significant increase in tsunami wave height.

In this section the first condition is validated using example
of five historic and recent tsunamigenic landslides, while the
second condition will be assessed in the following section 5.

4.2 Storegga slides
4.2.1 Description

The Storegga slides, situated on the continental slope off the
western coast of Norway, are among the largest and best-stud-
ied submarine landslides in the world [26-28]. It is recog-
nized that three separate landslide events occurred in the area.
The first slide (Fig. 6) occurred about 30,000-50,000 years
before present involving a volume of 3,880km?, the average
thickness of 114m and a run-out distance of 350-400km
from the headwall [26], during which the altitude of the cen-
ter of gravity decreased by roughly 1,500 m. According to the
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Fig. 6 First Storegga Slide
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geological data, this landslide generated a tsunami wave with
a height of 10—12 m on the coast of Norway; on the Shetland
Island it was higher than 20 m [10]. The average water depth
of the slide before the failure was about 1,500 m.

The second slide occurred about 8,200 years ago. It has
been found that the second Storegga slide consisted of one
giant slide, with a volume of about 3,100 km? and a runout
of about 750km, followed by a multitude of smaller events.
The average thickness was about 144 m, and the height of a
tsunami wave generated was of the same order of magnitude
as for the First slide. The third event was limited to the upper
part of the second slide scar and has not been considered
here. Numerous numerical simulations of the tsunami wave
heights for the first and second Storegga slides [8,10,29-
31] indicated that rather high maximum velocities of up to
35-50m/s are required to get a correct correlation to the run-
out distances. Such high velocities are difficult to explain
without accounting for some kind of the initial post-failure
landslide velocity.

@ Springer

4.2.2 Assumptions

Parameters describing the geometries of the Storegga slides
have been found from Refs. [8,10,26]. The total unit weight
of soil has been chosen as y = 17kN/m?, peak strength
has been estimated using 7, = 0.250,/, i.e. k = 0.25 in
Eq. (37). The material stiffness has been calculated using
the expression from Eq. (41), with the stiffness curve cali-
brated assuming the elasto-plastic stiffness in loading to be
Ey = 1, 000 kPa at the depth of 7y = 100 m. Furthermore, a
global inclination angle of « = 0.5° has been assumed. Earth
pressure coefficient at rest was assumed to be Ko = 0.5, the
relative displacement to reach residual shear strength 6, =
0.1m.

4.2.3 Results

With the obtained information and using the adopted
assumptions from above, initial landslide velocities has been
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Fig. 7 Seafloor image of
Goleta Slide in Santa Barbara
Channel [32]. Marked area:
Western Goleta Slide

calculated to be 10.7m/s for the first and 10.2m/s for the
second Storegga slide, respectively. Considering that max-
imum velocities required to explain the observed tsunami
wave heights are 50m/s for the first and 35 m/s for the sec-
ond Storegga slide, respectively, the obtained initial veloci-
ties provide a non-negligible contribution.

4.3 Western Goleta slide
4.3.1 Description

Goleta Slide is situated near Coal Oil Point off the shelf edge
in the Santa Barbara Basin in California (Fig. 7). It consists of
three major slides (lobes) situated beneath each other. Intense
detailed measurements using bathymetry, seismic reflection
and remote operated vehicles (ROV) [32] allowed determi-
nation of the geometry of the slide. The compound has a
total length of 14.6km, a width of 10.5km. Because it is
unlikely that the entire slide failed at once, for an assessment
of the presented theory only the western part is considered.
The western slide had a length at failure of 6.33 km, average
thickness of 39 m and is located at the average water depth
of 455m. Average inclination of the slide was 6.6°. From
oxygen isotope stratigraphy the age of the slide has been
estimated to be about 5,500years [33] Landslide analysis
[29,34] produced a maximum landslide velocity of 22.8 m/s
and a simulated wave height of maximum 10 m [32].

4.3.2 Assumptions

Parameters for the Goleta slide have been taken from Refs.
[29,32-34]. The unit weight of soil has been chosen as

y = 18kN/m?>, peak strength has been estimated using
7, = 0.250). The material stiffness has been calculated us-
ing the expression from Eq. (41), with the stiffness curve
calibrated assuming the elasto-plastic stiffness in loading to
be Eg = 1, 000 kPa at the depth of 2o = 100 m. Earth pres-
sure coefficient at rest was again assumed to be Ko = 0.5,
the relative displacement to reach residual shear strength
Sm = 0.1m.

4.3.3 Results

From the geometry, using the assumptions provided, an initial
landslide velocity has been calculated to 9.3 m/s. The max-
imum velocities required to explain the observed tsunami
wave heights was estimated at 22.8 m/s, which indicates that
the obtained initial velocity provides here even more signif-
icant contribution than for the Storegga slides.

4.4 Slides in Lake Lucerne
4.4.1 Description

The Weggis and Chriitztrichter Slides located in Lake
Lucerne (Fig. 8) occurred after an earthquake in the year
1601 and triggered a tsunami wave, with a height up to 4m
[35]. Field investigations [36,37] using bathymetry and core
drillings in the bed of the lake allowed for estimation of the
volume (8.5x10° m? and 0.18x10° m?) and an average
thickness (3.75 and 5.5m) of the two slides, respectively.
The average run-out distance of the Weggis slide was in
the range of 1,500m, loosing approximately 50m in aver-
age altitude. Chriitztrichter slide had a run-out distance of
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Fig. 8 Bathymetric map of a
part of Lake Lucerne with
outlines of the Weggis and
Chriitztrichter Slides. Dark grey

L s

indicates erosional, light grey Chriiz-
depositional zones. Contour trichter
interval is 10m (after [36,37]) basin

hriztrichter

_

Slide

Vitznau
basin

b

about 600-800 m. The average water depths at Weggis and
Chriitztrichter slides are roughly 100 and 90 m, respectively.

In order to make an assessment of the maximum velocity
of the slides in Lake Lucerne, simplified assessment of the
maximum landslide velocity can be calculated according to
(29]

vmax=@/“;”(§cd Pi-me)
where H denotes the average water depth above the sliding
body and Cyis the global hydrodynamic drag coefficient, L
is the length of the slide, p is the material density and ¢ is
the friction angle below the slide.

In order to get an upper bound of the maximum landslide
velocity Eq. (49) can be rewritten, assuming zero friction
below the slide ¢ = 0 and Cy = 1.0 to

Lsina
Umax = ) T (Y — Yw)

(50)

From Eq. (50) obtained maximum velocities are for the Weg-
gis slide 28.5 m/s and for the Chriitztrichter slide 19.7 m/s.

4.4.2 Assumptions

For the Weggis and Chriitztrichter slides, the peak strength
has been back-calculated from the static stability analysis. It
has been found that for the Weggis slide the shear strength
can be estimated with 7, = 0.3 — 0.70,/, depending on the
chosen cross-section, with inclinations of « = 5 — 15°. For
the Chriitztrichter slide, with an inclination of approximately
12°, the shear stress can be estimated using 7, = 0.560{). Soil
unit weight has been taken from [36,37] as 16 kN/m3. Like in
previous cases, earth pressure coefficient at rest was assumed
to be Ko = 0.5, the relative displacement to reach residual
shear strength 6, = 0.1 m.

@ Springer

4.4.3 Results

For the Weggis slide, the initial landslide velocities has been
calculated to be within the range of 4.2-8.9m/s, for the
Chriitztrichter slide about 3.2m/s. The maximum veloci-
ties required to explain the observed tsunami wave heights
were estimated for the Weggis slide at 28.5 m/s and for the
Chriitztrichter slide at 19.7 m/s. Apparently, the initial veloc-
ity of the two lake slides does not contribute to the maximum
velocity as much as by the Storegga and Goletta slides.

4.5 Summary of initial velocity calculations

The summary of the landslide parameters and the correspond-
ing calculated initial velocity is shown in Table 2.

As is seen, the initial velocities for these very differ-
ent landslides lie in a rather narrow range between 3.2 and
10.7 m/s. These are non-negligible velocities, when com-
pared to the maximum velocities ranging 19.7-50 m/s, and
they may have contributed to these high maximum values.
Unfortunately, this does not necessarily mean that they are
sufficient to affect the tsunami wave height significantly.

5 Dependency of tsunami wave height on landslide
velocity

5.1 Background

The quantitative assessment of the effect of the initial veloc-
ity on the tsunami wave height of each particular landslide
can be only given on the basis of numerical hydrodynamic
analysis of individual cases, which is outside the scope of
this paper. Some interesting qualitative observations, how-
ever, can be made based on the following considerations.
Tsunami wave height generated by an underwater land-
slide can be in general related to hydrodynamic parameters
of the motion of the landslide, which is modeled (in the first
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Table 2 Summary of calculated

initial slide velocities for Landslide L (km) h(m) «af(°) y(kN/m3) 7 (kPa) Initial Estimated maximum
investigated landslides velocity (m/s)  velocity (m/s)
Storegga 1 150 114 0.5 17 0.250] 10.7 50
Storegga 2 150 144 0.5 17 0.250] 10.2 35
Goleta 6.33 39 6.6 18 0.250] 9.3 22.8
Weggis 1 375 5-15 16 0.3-0.70], 4.2-8.9 28.5
Chriitztrichter 0.2 5.5 ~12 16 0.560), 32 19.7

n/h

Anl

Fr=v,. /JeH

0

Fig. 9 Typical dependency of the tsunami height on the landslide
velocity (after [38])

approximation) as a solid block [34]. In this case, wave height
n and landslide velocity vmax can be related via the Froude
number [25]. For tsunamigenic landslides this number relates
the linear long-wave velocity ¢g = +/gH at a water depth
of H (where g is the gravity acceleration), to the maximum
landslide velocity vmax and is defined as

Umax
vegH

Sub-critical, critical and super-critical landslide motions are
defined as Fr < 1, Fr = 1 and Fr > 1, respectively. Crit-
ical landslide motion produces tsunami waves several times
higher than the thickness of the landslide /4 (Fig. 9). For larger
water depths, most of the landslides are going to be sub-
critical. In this sub-critical zone, however, effect of the ini-
tial velocity of the landslide is not uniform: as is seen from
Fig. 9, for smaller Froude numbers initial velocity causes a
relatively larger increase in the tsunami wave height An than
for larger Froude numbers, due to the strong nonlinearity of
the n (Fr) plot. In the following this effect is discussed for
the five landslides introduced in the previous section.

Fr = (G20

5.2 Storegga slides

For the first Storegga slide the maximum landslide velocity
was estimated at about 50 m/s, for the second 35m/s [8].
Assuming an average water depth of the Storegga landslide
of 1,500 m results in a tsunami wave velocity co = +/gH
of about 120 m/s. Consequently, with the relatively small

Froude numbers of 0.41 and 0.29 for the first and the sec-
ond Storegga slides, respectively, the corresponding initial
velocities in of 10.7 and 10.2m/s are likely to increase the
tsunami wave heights more significantly than their relative
contribution to the maximum velocities.

5.3 Western Goleta slide

Simulation of Greene et al. [32] resulted in a maximum land-
slide velocity for the Goleta slide of 22.8 m/s. The wave
velocity has been estimated to be cp = 67 m/s, resulting in
a Froude number of 0.34, which again is in the lower part
of the subcritical region (Fig. 9). Therefore, similar to Stor-
egga slides, the initial velocity of 9.3 m/s is likely to increase
the tsunami wave heights more significantly than its relative
contribution to the maximum velocity. Note, that this rela-
tive contribution for the case of Goleta landslide is also the
highest one among the landslides analyzed in this paper.

5.4 Slides in Lake Lucerne

Maximum velocities for the Weggis slide (28.5 m/s) and
for the Chriitztrichter slide (19.7 m/s) were obtained from
Eq. (50) in the Sect. 4. Water wave velocities have been cal-
culated for average water depth of 90-100m for the Weg-
gis and Chriitztrichter slides, resulting in ¢ = 32 m/s and
co = 30 m/s, respectively. The Froude numbers, though still
being in the subcritical zone are rather large (0.89 and 0.65,
respectively). Therefore, unlike Storegga and Goleta slides,
the initial velocities of 4.2-8.9 and 3.2 m/s for the Weggis and
Chriitztrichter slides, respectively, are likely to increase the
tsunami wave heights less than their relative contributions to
the maximum velocity, which are not high anyway.

5.5 Summary and discussion

The calculated Froude numbers for all the landslides are sum-
marized in Table 3. As is seen from Table 3, the Froude num-
bers for all the landslides are smaller than unity; i.e. their
motion appears to be subcritical. From Fig. 9 it follows, how-
ever, that different initial velocities will have a different effect
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Table 3 Summary of calculated Froude numbers for investigated landslides

Landslide Average water Wave Estimated maximum Initial Froude Tsunami wave
depth H (m) velocity (m/s) velocity (m/s) velocity (m/s) number (—) height (m)

Storegga 1 1,500 122 50 10.7 0.41 10-12

Storegga 2 1,500 122 35 10.2 0.29 10-12

Goleta 455 67 22.8 9.3 0.34 10

Weggis 100 32 28.5 4.2-8.9 0.89 4

Chriitztrichter 90 30 19.7 32 0.65 4

on the tsunami waves caused by these landslides. The largest
effect is expected for the Goleta and second Storegga slides,
where initial velocity is 30—40% of the maximum velocity
and small Froude numbers ensure that their relative effect on
the tsunami wave height will be even higher. The smallest
effect is expected for the Weggis and Chriitztrichter slides,
where initial velocity is only 15-25% of the maximum veloc-
ity and larger Froude numbers cause their relative effect on
the tsunami wave height to be even smaller. More detailed
quantitative conclusions, however, can be only made based
on a proper hydrodynamic numerical analysis, in which the
initial velocities from Tables 2 and 3 can be used as an input
parameter.

6 Summary and conclusions

A stable numerical solution and its closed form approxima-
tion have been obtained for the velocity of the submarine
tsunamigenic landslides at failure. The landslide mechanism
is based on the phenomenon of the dynamic shear band prop-
agation, analyzed using the energy balance approach. Iner-
tia effects and viscous water resistance have been included
into the analysis, while the propagation and reflection of the
P-waves within the sliding layer have been neglected. For a
number of different landslides these velocities appeared to
be of the order of magnitude of 1-10m/s.

The shear band propagation velocity in this solution is not
limited by the shear wave velocity, and for an infinite slope
this velocity can become rather large. This does not repre-
sent a problem, however, because the proposed formulation
does not require energy delivered to the shear band tip. In the
nature, however, no infinite slopes exist and the shear band
would sooner or later propagate to the surface, causing the
slope failure at a finite velocity.

In a number of very different slides considered in this
paper the initial velocities did not exceed the order of 10 m/s,
which are, probably, the largest initial velocities that could
develop in realistic environment. For subcritical slides with
low Froude numbers and maximum landslide velocities this
may affect significantly the tsunami wave heights and run-out

@ Springer

distances. A proper rigorous hydrodynamic analysis, using
the estimated initial velocities as an input, is required to con-
firm these findings.
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