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Submarine debris flows are often accompanied by isolated blocks located some distance beyond the rest of the failed mass. These so-called outrun-
ner blocks have the ability to travel over long distances on very gentle slopes. Glide tracks of various depths are observed in some cases, while in
others no traces of significant erosion can be detected, which indicates that outrunner blocks are able to travel completely separated from the bed.
Similar phenomena occur in laboratory experiments, where chunks detach from the front of a small-scale debris flow and move out ahead of the
rest of the flow. We present a two-dimensional, small-scale model of a rigid block subjected to gravity combined with the complete dynamical inter-
action with the surrounding liquid. Our simulations indicate that the block is able to hydroplane completely separated from the bed and attain long
runout distances. The maximum velocity of the block is close correlated with the thickness of the block. For the simple shape assumed in our model
we find that the densimetric Froude number is <0.8 . Depending on the geometrical shape of the block, size and the slope angle, we observe oscilla-
tory motion, where the front of the block is lifted periodically and the rear part tends to scrape the bed. The pressure distribution around the block
indicates that the block is likely to deform at the rear end as well as the front.
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Introduction

Submarine debris-flow deposits are often accompanied
by isolated blocks located some distance beyond the
rest of the failed mass. These so-called outrunner
blocks are able to travel over long distances even on
very gentle slopes. Outrunner blocks have been repor-
ted from Kitimat in Canada (Prior et al. 1982), the
Nigerian sea (Nissen et al. 1999), the Faroe margin
(Kuijpers et al. 2001) and Finneidfjord in Norway
(Longva et al. 2003; Ilstad et al. 2004).

In some cases like Finneidfjord, only tiny traces of sig-
nificant erosion are visible, while in others like the
Nigerian sea, glide tracks up to 10 meters deep and 250
meters wide have been reported, matching the size of
the block itself. Blocks appear to be elongated in shape,
with the major axis directed perpendicular to flow
direction. Similar events are observed in laboratory
experiments with subaqueous debris flows (Mohrig et
al. 1998; Ilstad et al. 2004). A lubricating water layer is
formed under the frontal part of the debris flow that
increases its mobility and chunks of material are able to
detach from the front and come to rest well separated
from the rest of the debris flow deposits. The labora-
tory experiments provide a means to understand the
formation and flow of outrunner blocks, as well as the
frontal dynamics of subaqueous debris flows in general.

The recent work by Ilstad et al. (2004) deals with the
blocks of Finneidfjord, and focuses on the comparison

with experimentally created outrunner blocks and on
the mechanics of block detachment. Understanding the
generation and dynamics of outrunner blocks could
shed light on the problem of the extraordinary mobility
of subaqueous landslides. A more general review on the
mobility of submarine debris flows is given in this spe-
cial issue by De Blasio et al. (2006a). Recently, we have
investigated a simple hydrodynamic model of a rigid
block interacting with ambient water and subject to
lubrication with the sea floor (De Blasio et al 2006b).
With appropriate values of lift forces and water lubrica-
tion, the block was able to reach long runouts, in agree-
ment with data. Furthermore, oscillating motion of the
block arose naturally from the numerical solution,
which could explain the creation of periodic grooves in
the glide tracks seen Nigerian and Faroe blocks. Howe-
ver, a complete understanding of the dynamics of the
outrunner block cannot be achieved without detailed
knowledge of the water flow. An investigation of the
dynamics of outrunner blocks has been performed by
Harbitz et al (2003), who provided an analytical model
for the water flow under the block based on lubrication
theory, and is applied to determine the dynamics of
outrunner blocks. However, it is not possible to deter-
mine fluid flow completely analytically. In this work we
will calculate the torque as well as the forces on the
outrunner block explicitly by direct numerical simula-
tion of the complete fluid flow around the block. This is
a so-called fluid-structure calculation that has been
studied in great detail for isolated objects. To our
knowledge, this is the first time this kind of calculation
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is applied to investigate the movement of outrunner
blocks. In this work we will study the small scale pro-
blem, where the relatively complex fluid flow can be
determined accurately.

The aim of the work is to characterize the motion of an
outrunner block, in terms of periodicity and maximum
speed, depending on its size and on the slope angle. We
perform calculations for various Reynolds numbers, or
equivalently various sizes of the block as well as diffe-
rent slope angles.

For simplicity we restrict ourselves only to a simple
shaped body. To investigate the sensitivity to the shape
of the body, we also vary the relative length of the
block.

The hydroplaning block model

The dynamics of a block sliding on the sea bed is deter-
mined by the gravity force, the block interaction with
the fluid, and resistance exerted on the block by the sea
bottom. In contrast to gravity, whose magnitude is con-
stant, the other forces depend on the velocity, mass,
shape, and orientation of the block. Additionally, the
interaction with the sea floor is complicated by geome-
trical irregularities, bed composition and excess pore
pressure generation. The block is thus subjected to a
complicated system of forces and torques.

In producing a tractable model, we have simplified the
geometry and restricted the number of degrees of free-
dom allowed during block movement. We assume a
rigid plate of constant width W, thickness H and length
L with smooth surfaces and rounded edges. The
motion of the fluid as well as the block is restricted to
two dimensions with directions down slope and nor-
mal bed. The block is completely separated from the
bed, surrounded by fluid and hence, does not interact
directly with the bed via friction or normal forces. The
dynamics of the body is examined by direct numerical
simulations, where the coupled system of equations
describing motion for the body and the fluid is solved
numerically with the finite element package FEMLAB®.
The hydroplaning block model is characterized by
seven parameters: The thickness H and length L, the
densities of the fluid p., and plate p, the dynamic vis-
cosity of the fluid 7, the slope angle 8and the gravitati-
onal acceleration g.

The outrunner block becomes separated from the bed
when it cannot displace the ambient fluid fast enough.
A stagnation pressure in the front which is proportio-
nal to p,u?, where u. is the centre of mass velocity of
the block, determines a separation of the block from
the bed (Mohrig et al. 1998). When the block is com-
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pletely separated from the bed, and maintains an hori-
zontal position, the water layer must support the sub-
merged load per unit area from the block (p-p.)gH.
The square root of the ratio of these expressions defines
the densimetric Froude number
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Note that this definition is slightly different from the
one used by e.g., Mohrig et al. (1998) and Ilstad et al.
(2004) where the Froude number depends on the
slope angle 6. However, we find the above definition
more convenient in the investigation of the hydropla-
ning phase where the orientation of the block may
change with time. We define the characteristic velocity
for the object by
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The fluid flow is described by the Navier-Stokes equation
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where u=(u,u,)and w=(w,w,) are the fluid and mesh
velocities, respectively, and p is the pressure. The mesh
velocity accounts for the motion of the block and is
determined within the Arbitrary Lagrangian Eulerian
technique discussed below.

Hlw=w) V=5V +(Va) k- Ve=8 (1)

wlu-w) V-V glVa+(Va) +¥p=0 (2

The moving block imposes boundary velocities on the
fluid. The fluid motion generates reaction forces on the
block that alter its motion. Both the linear and rotatio-
nal dynamics of the block are taken into account by
L g . .-:.'-e'l:-'_ -

a7 & =iry + F, J!.'ll'_J. (3)
where u=(1,,)is the centre of mass velocity, w is its angular
velocity, m is the mass of the block, I is its moment of inertia.
Furthermore, G is the combined gravitational and buoyant
force, Fis the net fluid force and I is the torque, to which the
block is subjected. These values are determined by the fluid flow
using the Navier-Stokes model, together with the stress tensor

o=—pl+ r,r[F'u + (V) I
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where I'is a unit diagonal matrix. The fluid force on the
block is given by integrating the normal component of
the stress tensor over the surface of the block S:

F= I e F (4)
where n is the normal vector of the block surface.

Furthermore, the torque of the block is given by the integral
r=[rxinohs, (5)

where r=(x—x,y—y.) is the position on the surface rela-
tive to the centre of mass.

To track the block motion, we use the Arbitrary Lag-
rangian Eulerian technique as described in Donea &
Huerta (2003), Donea et al. (2003) and FEMLAB User’s
manual, 3.1 edition (2004). We apply a computational
domain that follows the centre of mass of the block
along the bed as shown in figure 2. The position of the
mesh and the mesh velocity are represented by field
variables, and the Laplace equation is used to deter-
mine the mesh velocity

Vow=1l. (6)

This equation is solved with appropriate boundary
conditions determined by the motion of the plate. The
velocity at the boundary of the plate is given by

W, =, - \F-F o,

where ris the position on the surface of the block and r.
is the centre of mass position. The fluid flow and mesh
velocities are constrained by boundary conditions:

u=0 and w=u. on boundaries A

u=u, and w=u, on boundary B

p=0 and w=u. on boundary C.

Thus the fluid is at rest when it enters the computatio-
nal domain in the front and it leaves the computational
domain at boundary C with zero pressure. The equati-
ons (1-4) are implemented numerically using the so-
called Weak form application mode provided by FEM-
LAB, with the boundary conditions given above. Note
that the position (x.,y.) and orientation of the block is
determined by integrating the center of mass velocity
and angular velocity, respectively, with respect to time.
The orientation of the block is denoted 6.

Results

We apply the numerical method to study the dynamics
of the block along an inclined bed. The aim is to see
how the Reynolds number, geometrical shape and the
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Fig 1: The important parameters entering the hydroplaning block
model. See text for explanation.
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Fig 2: The computational domain applied in the calculation is shown
in (a). For the boundaries A, B and C referred to in the text, different
boundary conditions are applied. The physical domain for a typical
slope angle at a given time is shown in (b). The physical domain is
moving along the slope according to the center of mass velocity and
the motion of boundaries B is determined by the angular velocity of
the block as well as its center of mass velocity. The position of the cen-
ter of mass normal to the bed is denoted y., while the orientation of
the block is 6.

slope affect the dynamics. The block is initially at rest
and oriented parallel to the bed, i.e., =6, with the cen-
tre of mass y=1.25H above the bed. Time dependent
calculations have been performed up to more than
250T, which is sufficient for the block to reach the ter-
minal velocity and to develop several periods of oscilla-
tory motion. In table 1 we show two sets of physical
properties and dimensions, consistent with a characte-
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ristic Reynolds number Re=686. In the calculations
presented below the characteristic Reynolds number is
varied by an order of magnitude from 69 to 686.

Table 1.
H L P n T U
[m] [m] [kg/m’] [Pas] [s] [m/s]
002 | 02 1600 0.01 0.058 | 034
0.0043| 0.043 1600 0001 | 0027 | 0.6

Table 1: Two sets of physical properties and dimensions consistent the
calculations with a characteristic Reynolds number of Re=686 The
first data set is consistent with the experimental data sets studied by
Mokhrig et al. (1998) and Iistad et al. (2004). The second data set is
equivalent to the outrunner block moving in pure water.

Fig 3: The magnitude of the velocity field around a hydroplaning
block at a given time 244T after release. The characteristic Reynolds
number is Re=686 and the slope angle is 6=3".
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Fig 4: The pressure distribution around the block plotted as a func-
tion of the longitudinal position X on the block. The red curve with
circles shows the results at 156T while the blue solid curve is the result
at t=2447. The upper parts of the respective curves correspond to the
pressure under the block, and the lower parts of the curves represent
the pressure at the top of the block.
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Figure 3 shows the magnitude of the velocity field
around the block after its terminal velocity of u=0.8U
has been reached. At this velocity the front of the block
is lifted to an almost horizontally position resulting in
an increased drag that balances the gravitation. A flow
separation is seen on top of the block that brings about
instabilities in the fluid flow that induce oscillations on
the motion of the block.

The main contribution to the force and torque origina-
tes from the pressure distribution around the block. In
figure 4 we show the pressure distribution as a function
of the longitudinal position relative to the centre of
mass position X=(x—x.)cos(0—0)—(y—y.)sin(6-6) at two
different times.

At t=156T (red curve) the front of the block is relatively
close to the bed and the block is oriented parallel to the
bed. At =244t (blue curve) the front of the block is lif-
ted up. Note that at the very front of the block the pres-
sure is close to zero. This reflects the fact that most of
the fluid is transported over the block and that there is
a relatively high vertical fluid velocity at the front. The
pressure increases along the surface under the block
and reaches its maximum at the stagnation point. Note
that there is a pressure excess under the block due to
the stagnation of the fluid. We find that the stagnation
point is situated significantly behind the centre of mass
position. In fact for a block of constant thickness we
find that the stagnation point is relatively close to the
rear end, resulting in a very steep pressure drop behind
the stagnation point. A local minimum of the pressure
is found close to the point of minimum separation bet-
ween the block and the bed.

There is a sharp drop in the pressure from the front of
the block to the top where the global minimum pres-
sure usually occurs. However, the pressure on top of the
block is characterized by large variations with space
and time mainly due to the flow separation which
depends strongly on the orientation of the block. The
strongest variations are found when the front of the
block is lifted up.

Our results clearly indicate that there are large pressure
gradients at the front of the block as well as at the rear
end. If we take into account the weight per unit area of
the block, we find that the block is exposed to an
upward bending stress at the front while at the rear part
of the block is pulled down by gravity as the pressure
difference vanishes. This is consistent with observations
in the small scale experiments of Mohrig et al. (1998)
where large deformation is observed in the front as the
sediment is lifted up and the rear part is elongated and
depressed.

It is instructive to study the motion of the block as a
function of time. In figure 5 the orientation and ave-



NORWEGIAN JOURNAL OF GEOLOGY

Small scale simulations of outrunner blocks 305

1 — . ) ) ]
2 H“‘-. Y Cirentabicn E
1} E\J I."r"‘"“xl |
< | / \ A~ |
1l ]
2
0 S0 100 1 200 2% 300
0.E
£ 06 Separation distance
' D4 |
i -
= 0 /’\___._.-'
ol — . _ , .
0 50 100 150 200 250 300
.8 __:"F e el N, .|
- DUl 4 -'-'.""l"-'ll'..' |
£ 0.4/ !/ |
02 /
|,
il f
o S0 100 150 100 250 300

Fig 5: The orientation of the block , the average distance between the
block and the bed, and the velocity of the block as functions of time.
Note that denotes the position of the center of mass normal the bed
The characteristic Reynolds number is 686 and the slope angle is 3°.

rage separation distance between the block and the bed
together with the velocity is shown.

After the block is released, it quickly loses height above
the bed and accelerates continuously along the bed. As
the block begins to fall, water quickly escapes at the rear
end. Due to the immediate down slope acceleration of
the block, there is a significantly higher pressure under
the front of the block. Thus the block immediately
starts to orientate itself more horizontally as seen by
the immediate drop in 6. from 3° to 2.3°. This effect is
similar to what is observed for freely falling objects,
where a fluttering or tumbling motion has been repor-
ted (Belmonte et al. 1998; Field et al. 1997). However, as
the block gets close to the bed, the water is obstructed
and the pressure increases rapidly, preventing the rear
end of the block to touch the bed. The block recaptures
its original orientation very close to the bed approxi-
mately at time 10T. The speed of the block is still small
but increasing. The motion of the block normal to the
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Fig 6: The speed of the block as a function of time. The characteristic
Reynolds numbers and slope angles are indicated.

bed is found to be very slow compared to the motion
parallel to the bed. The maximum speed normal to the
bed is reflected in the rapid decrease in separation dis-
tance during the initial stage observed and is about 0.1 U.

The centre of mass distance to the bed starts to increase
slowly again when the speed of the block has reached
0.5U, i.e., the densimetric Froude number is 0.5. In the
experiments of Mohrig et al. (1998), the sediment
could separate from the bed if the densimetric Froude
number exceeded 0.33.

As the block approaches the maximum speed, which is
close to 0.8U, the front of the block rises so that the
block is orientated horizontally, while the rear part of
the block remains close to the bed.

When the front of the block rises and the terminal vel-
ocity is reached, there is a flow separation at the top
that generates an oscillatory motion of the block.
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The orientation is generally highly correlated with the
centre of mass height above the bed. This is because the
rear end of the block is kept close to the bed, while the
front separation varies significantly over time. However,
in Fig. 5 small fluctuations in the orientation that do not
have a counterpart in the centre of mass height, can be
seen. These fluctuations, which occur only at the highest
Reynolds numbers, reflect the variation of the separation
distance between the rear end of the block and the bed,
and also affect the speed of the block significantly.

We have investigated the motion of the block for diffe-
rent slope angles and Reynolds numbers. In figure 6 we
plot the speed of the block for Reynolds numbers 69,
137, 343, and 686 on various slopes. At low Reynolds
numbers the potential energy released by the falling
block is efficiently consumed by the fluid, and the block
attains a stationary streamlined motion for gentle slopes.
At larger slope angles the front of the block lifts up to an
almost horizontal orientation that increases the drag,
and prevents the speed of the block to exceed 4=0.8U. .

It is useful to compare our results to the situation of a
freely falling plate. An estimate of the terminal velocity
of a rectangular plate with thickness H and area A, is
given by the balance between the gravity G=A,H(p-p.)
and the drag force Fr=CppU;A./2, where Cp is the so-
called drag coefficient. This gives the terminal velocity
expressed in terms of the drag coefficient by

2p—p el _ [2
- 3 [

L = 0.

\
For the extreme case of a thin flat plate normal to the direc-
tion of motion, the drag coefficient approaches C,=2 and
the teminal velocity simply becomes U=U. This is consis-
tent with the results found in our simulations. Our results
indicate that the maximum speed of the block is reached as
the front of the block is lifted to a horizontal position. Thus
the speed of a rigid flat plate is not likely to exceed U.

In our simulations we find that the motion of the block
becomes non-stationary at steep slopes. The front oscil-
lates markedly while the rear part of the block remains
close to the bed. Our model does not take into account
the possibility of bed erosion. However, we find that the
amplitude of the oscillations increases with the slope
angle and that the water layer under the rear part of the
block is not maintained during these oscillations. Our
simulations indicate that the block is likely to scrape the
bed, periodically, and reminiscent of regularly dashed
erosion marks observed for the Nigerian sea (Nissen et
al. 1999) and the Faroe margin (Kuijpers et al. 2001).

To investigate the sensitivity to the length of the block
we also have performed calculations for a block with
half the length of the previous block., H/L=5. The
results are presented in Figure 7.
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Fig 7: The speed of the short block with a height to length ratio . The
characteristic Reynolds numbers and relevant slope angles are indi-
cated. Results provided for each degree of bed slope.

Similar to our previous results with a longer block
H/L=10, we find that the maximum speed of the block
is close to 0.8 U. Note that the short block has less than
half the weight of the long block we initially conside-
red. It is more easily slowed down by the fluid forces,
and therefore, the slope has to be relatively steep to
attain a sufficient velocity to lift the front of the block.

At low Reynolds numbers we find that the initial oscillatory
motion is quickly damped and the block attains a constant
speed. The maximum speed that can be attained for steep
slopes is slightly less than 0.8U. At this velocity the block
maintains in an almost horizontal position. At large
Reynolds numbers Re=343 or 686 the friction from the
fluid is less effective and persistent oscillations are seen for
sufficiently steep slopes. Similar to the results for the long
block, we find an oscillatory motion of the block at steep
angles. The short block allowed for stronger variation in the
orientation angle without touching the bed. For the largest
Reynolds numbers we found periods of approximately 75T.
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Summary

To summarize, we have performed calculations of the
motion of a rigid block with a constant thickness H in
fluid along an inclined bed that takes into account the
main dynamics of small scale outrunner blocks. This
model takes into account the longitudinal and trans-
verse motion of the liquid and block as well as the rota-
tional dynamics of the block. We find that the maxi-
mum velocity of the block is not likely to exceed the
characteristic velocity U which is proportional to H”.

It is interesting to see that the mobility of the block is
closely related to the characteristic Reynolds number.
For a large Reynolds number 2500 the outrunner block
is able to maintain high velocities on gentle slopes, i.e.,
to <2to 3°.

The maximum velocity of the block is not strongly
influenced by the slope angle or the length of the block,
however it is constrained by the uplift of the front,
which results in an increased drag.

Our simulations indicate periodical motion that beco-
mes more apparent on steep slopes and is clearly affec-
ted by the length of the block. We generally find that the
rear part of the block is kept very close to the bed, while
the front part easily lifts up even at low angles. When the
slope angle is large (about 4-10° depending on Reynolds
numbers) we find large oscillations and we observe that
the rear part of the block tends to hit the bed, an effect
that also depends on the shape of the block. If the block
is thicker at the front, it will touch the bed less fre-
quently. It is also likely that the deformation of the
block will have significant effects on the periodicity as
well as on the maximum velocity. The results using the
rigid block model indicate that an outrunner block is
exposed to a dynamic pressure that is sufficient to cause
deformation both at the rear part and in the front. This
would clearly change the dynamics of the outrunner
block and should be investigated.
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