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Abstract 

Recent investigations on tsunami generation from submarine mass failures show 
that one of the most important factors influencing the source characteristics of the 
wave is the initial acceleration of the failure itself.  In a number of these studies, a 
translational slide is modeled as a rigid body sliding down an inclined plane and 
basal resistance is neglected.  In this paper, a similar rigid body model is proposed 
that incorporates basal resistance, which is related to the shear strength of the soil.  
Initial slide kinematics were investigated under two triggering mechanisms 
including overpressures at depth and rapid sedimentation.  The model results 
show that soil behavior significantly influences the acceleration time history as 
well as the magnitude of the peak acceleration.  The slide kinematics depend 
largely on the initial stress state and on the undrained residual shear strength of 
the soil along a potential failure surface, which highlights the importance of 
performing detailed geotechnical site investigations when assessing these 
geohazards.  More research is needed to determine the influence of using more 
realistic basal friction models on the initial wave heights generated by submarine 
mass failures. 
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1. Introduction 

Tsunamigenic mass failures are of major concern for proper risk analysis related 
to the development of offshore and coastal structures, seafloor resources and for 
the protection of coastal communities (Locat et al. 2001).  There is a variety of 
types of submarine failures (Locat and Lee 2000); however many tsunamigenic 
slope failures can be classified into two basic categories (e.g. Grilli and Watts 
2005): (1) slides, which are defined as thin translational failures with long runnout 
distances, and (2) slumps, which are thick rotational failures. The focus of this 
paper is on submarine slides in normally consolidated clay. 
 
In order to investigate the generation of tsunamis from submarine mass failures 
and its sensitivity to governing parameters, Watts and Grilli (2003) and Grilli and 
Watts (2005) modeled a translational slide as a semi-elliptical or Gaussian shaped 
rigid body sliding down an inclined plane.  A semi-elliptical body was shown to 
produce the largest (i.e. worst-case) initial tsunami.  In their analyses, the basal 
resistance was assumed to be negligible as compared to hydrodynamic resistance, 
thereby limiting the number of parameters in the model.  However, since the 



parameter of greatest influence on tsunami generation was shown to be the initial 
acceleration of the center of the failed mass (Haugen et al. 2005, Watts et al. 
2005), removing the soil behavior may result in an acceleration time history that is 
not representative of actual slide motion. 
 
This paper presents an analysis of the effect of basal friction on the initial 
acceleration of a submarine slide.  A modified solid body model was developed, 
which includes the resistance to sliding due to the shear strength of the soil.  First, 
a slide model developed by Grilli and Watts (2005) is described along with the 
governing equations of motion.  The incorporation of a new basal resistance 
function into this model is described, and the impact of soil behavior on the slide 
kinematics is thus investigated.  

2. Slide Model 

The equation of center of mass motion for a 2-D semi-elliptical body moving 
down an inclined plane, as shown in Figure 1, is given by the following 
expression (Grilli and Watts 2005): 
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where γ = ratio of the bulk density of the soil composing the slide to the density of 
water, g = gravitational acceleration, B = slide length, Cm = added mass 
coefficient, Cn = Coulomb friction coefficient, Cd = hydrodynamic drag 
coefficient,  = slide acceleration, and  = slide velocity (the upper dots denote 
time derivatives).  
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Figure 1.  Rigid semi-elliptical body used in the underwater landslide model. 

 
For translational slides, Grilli and Watts (2005) and Watts et al. (2005) assumed 
that Cn was approximately zero thus eliminating the basal resistance term from 
Equation 1.  To account for more realistic soil behavior, a revised equation of 
motion is proposed: 
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where S(s,B) = basal resistance function that depends on slide displacement (s) 
and slide length (B), ρw = density of water, and T = slide thickness. 

3. Basal Resistance Function 

As a slide develops, the shear strength decreases from its peak value to a residual 
condition due to strain softening behavior.  The onset of failure can occur if the 
shear strength is exceeded due to applied loads (e.g. rapid sedimentation), the 
shear strength is reduced (e.g. overpressures), or a combination of the two (e.g. 
earthquake loading).  For this analysis, triggering due to both overpressures at 
depth and rapid sedimentation were considered.  In order to develop a reasonable 
shear strength function, it is important to first understand the stress paths that 
occur before, during, and after landslide triggering.  Figure 2 illustrates the stress 
paths for both cases, where the shear stress on a potential failure surface is plotted 
versus the normal effective stress.   
 
In the case of overpressures at depth (Figure 2a), an increase in pore pressure 
causes a decrease in effective stress with no change in the driving shear stress. 
From an initial stress state, the stress path moves horizontally to the left in the 
diagram, during which time the soil swells slightly from the decrease in effective 
stress.  Some deformation occurs at this point but triggering is not yet initiated.  
Eventually, the stress path reaches the failure envelope (defined as 'tan' pφσ ) 
where the applied shear stress (τf) is equal to the shear strength of the soil.  Any 
further reduction in effective stress initiates landslide motion, and the soil is 
sheared under undrained conditions.  With continued shear displacement, the 
strength eventually reaches the residual undrained shear strength (Sur) which is 
located on the residual strength envelope (defined by 'tan' rφσ ).  Since Sur is a 
steady-state strength, it remains constant at very large strains.  It is important to 
note that landslide motion will only occur if the soil is strain softening (i.e. Sur < 
τf).  
 

   
(a)      (b) 

Figure 2. Stress paths showing the initiation of failure and reduction of shear strength during 
landslide triggering due to (a) overpressures at depth and (b) rapid sedimentation. 
 
In the case of rapid sedimentation (Figure 2b), the thickness of the overburden soil 
increases thereby increasing the driving shear stresses within the slope.  In low 
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permeability soil layers (i.e. clays) the sedimentation may be so rapid that the 
soils do not have sufficient time to fully consolidate. Therefore, the effective 
stress will only increase slightly as the shear stress increases, causing the stress 
path to move up and to the right towards the failure envelope in the diagram.  
Similar to the first case, once the shear stress exceeds the strength of the soil, the 
motion of the slide is initiated and the clay is sheared undrained to a residual 
condition. 
 
For purposes of modeling initial slide kinematics, only the conditions after 
triggering were considered.  For the semi-elliptical body shown in Figure 1, the 
strength at failure is equal to the average driving shear stress, given by the 
following expression 
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where θ = slope angle. Results of undrained ring shear tests performed on 
undisturbed samples of normally consolidated Drammen clay (Stark and 
Contreras 1996), shown in Figure 3, indicate that the undrained strength decreases 
logarithmically with shear displacement from peak to residual where it remains 
constant.   
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Figure 3. Ring shear test results obtained from an undisturbed sample of normally consolidated  
Drammen clay (after Stark and Contreras 1996).  The soil model used in the slide modeling is also 
shown. 
 

Large runout distances observed during past landslides also suggest that 
underwater landslides eventually reach a hydroplaning condition (e.g. Issler et al. 
2003).  Therefore, it was assumed that the basal resistance goes to zero for any 
portion of the slide that overrides the soils down slope of the initial slide location.  
Based on the results in Figure 3, the shear strength function was defined by the 
following set of equations 

)(95.0),( sBBsS f −⋅= τ  ;  s < 0.001 m                [4] 
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where Sur = undrained residual shear strength (Pa), and sr = displacement at which 
Sur is fully mobilized (m). The soil model is shown along with the laboratory test 
data in Figure 3. 

4. Initial Slide Kinematics 

The equation of motion (Equation 2) was solved numerically using a finite 
difference approach with the following slide parameters: T = 60 m, B = 4 km, θ = 
10°, and γ = 1.8.  These parameters were chosen to illustrate the impact of basal 
resistance, and represent a relatively short slide on a steep slope (Canals et al. 
2004).  The coefficients Cm and Cd were taken to be unity (Grilli and Watts 2005). 
The numerical results were first validated by comparing them to the analytical 
solutions of Grilli and Watts (2005) for a translational slide having zero basal 
resistance.  Subsequent model runs were then performed for the two cases 
described above assuming a residual strength ratio of 0.11 which is fully 
mobilized at 20 mm (Figure 3).   
 
Figure 4 plots the time history of slide velocity and acceleration for the case of 
overpressures at depth.  Two plots are shown; one assuming zero basal resistance 
(i.e. S(s,B) = 0) and the other assuming S(s,B) calculated using Equations 4 
through 6.  When basal resistance is neglected, the maximum acceleration (~0.48 
m/s2) occurs at t = 0 and gradually decreases to zero as the slide reaches a terminal 
velocity of 90 m/s.  When soil shear strength is included, the slide eventually 
reaches the same terminal velocity only the acceleration time history is very 
different.  The acceleration increases from zero at t = 0 to a maximum value of 
~0.38 m/s2 at about t = 270 s and then decreases back to zero.  Soil behavior in 
this case had the effect of shifting the peak acceleration later in the time history 
and decreasing magnitude by about 20%. 
 

The velocity and acceleration time histories for the case of rapid sedimentation are 
shown in Figure 5.  The various curves in the figure are shown to illustrate how 
the initial stress state of the clay can affect the acceleration time history.  The U in 
the legend indicates the average degree of consolidation on the potential failure 
surface just before triggering occurs.  The curve at U=100% is identical to the 
curve in Figure 4 because the clay was assumed to be fully consolidated in both 
cases.  For reference, the curve for zero basal resistance is also shown in Figure 5.  
As shown in the figure, as U decreases the Sur decreases, and the time history 
shifts from the U =100% curve toward the curve with no basal resistance.  Similar 
to the previous case, when shear strength is included, the peak acceleration is less 
and typically occurs later in the time history. 



 
Figure 4. Time history of slide velocity and acceleration for the case of overpressures at depth 
(B=4 km, T=60 m, and θ = 10°). 

 
Figure 5. Time history of slide velocity and acceleration for the case of rapid sedimentation (B=4 
km, T=60 m, and θ = 10°). The U in the legend indicates the average degree of consolidation along 
the failure surface when triggering occurs. 

5. Conclusions 

A modified solid body slide model was proposed that includes basal resistance 
that is a function of the undrained residual strength of the soil.  The equation of 
motion was solved to obtain the time history of velocity and acceleration for a 
relatively short translational slide on a steep slope.  The model results indicate that 
the soil shear strength had a significant influence on the acceleration time history 
of the slide.  The effect of the modeled time histories on tsunami generation was 
not investigated in this paper.  However, the model results do suggest the 
importance of characterizing both the initial stress state of the soils as well as their 



shear strength properties.  Furthermore, identifying these properties in situ will 
ultimately allow for better prediction of actual landslide kinematics. 
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