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Abstract

Debris flows are often triggered by Hortonian overland flow during high-intensity rainstorms. Data derived from debris flow
trigger zones in the southern French Alps were fed into a physical model of debris flow triggering based on Takahashi. Using a
Monte Carlo approach with 1000 runs, the results show a wide distribution of safety factor values, indicating that physical
modelling based on actual field measurements may not always be practical.

As all safety factor values obtained are well below 1 even though debris flows only occur during very high-intensity rainstorms,
the model used must be inappropriate. Apparently, the composition of the overland flow plays an important role: during high-
intensity rainstorms it usually has a very high sediment content and contains stones. This prevents it from flowing through the pores
of coarse debris accumulations in the central gully of a trigger zone; it will rather run over the debris. This situation is more stable
than with the fluid flowing through the pores. The behaviour switch of the fluid above a certain sediment and stone content thus
drastically changes the triggering conditions for debris flows and it is concluded that debris flow triggering in the area requires the

occurrence of both overland flow and landsliding.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Debris flows are mass movements consisting of
granular solids, water and air moving as a viscous flow
(Varnes, 1978). They have been reported from mountai-
nous areas all over the world (e.g. Pierson, 1981; Kotarba,
1997; Sassa et al., 1997). Because of their high velocities,
usually in the order of several metres per second, they are
one of the most dangerous types of mass movement and
cause significant economic losses as well as casualties
(Martinez et al., 1995). With the increasing use of natural
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resources in remote areas, the economic significance of
damage by debris flows is likely to increase.

The study of debris flows is hampered by the
inaccessibility of their trigger zones. Not only are such
trigger zones often difficult to access, usually they are
also subject to other active processes such as rock fall
(Blijenberg, 1998). As a result, debris flows have long
received less attention from the scientific community
than landslides, especially field studies. Debris flow
studies have mainly dealt with laboratory simulations
(Bagnold, 1954; Van Steijn and Coutard, 1989),
modelling trigger and movement mechanisms (Takaha-
shi, 1978, 1981), deposits (Innes, 1985; Strunk, 1991)
and case studies of extreme events that caused damage
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or casualties (Campbell, 1974; Haeberli et al., 1990;
Zimmermann, 1990; Lahousse and Salvador, 1998; Lin
and Jeng, 2000; Villi and Dal Pra, 2002).

Modelling the triggering and motion of debris flows
has both practical and scientific interests. From a practical
viewpoint, risk areas may be identified where no building
will take place or evacuation plans may be developed in
the case of a built-up area. Also, critical conditions for
triggering debris flows can be identified and monitored,
and early-warning systems may be based on these. Ideally,
modelling debris flow triggering should be based on a
physical, and therefore generally applicable, model.
Rainfall, soil and terrain data obtained from field
measurements should be fed into such a model in order
to forecast the critical conditions and frequency. However,
the uncertainty in the measured values of the data to be fed
into such a model makes a fully quantitative physical
approach difficult (Ocakuglu et al., 2002) making a
probabilistic approach necessary (Duzgun et al., 2002).

This paper discusses the application of a physical
model to quantify debris flow triggering conditions
using input data obtained from field measurements. The
study was part of the project ‘The temporal analysis of
debris flows in an alpine environment’, which was part
of the EU-project “Temporal occurrence and forecasting
of landsliding in the European Community’ (Flageollet,
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1993; European Commission, 1994). It was carried out
between 1991 and 1998 at Utrecht University. Field data
were gathered during the period 1991-1995 in the
Bachelard Valley in the southern French Alps (Fig. 1).

The paper starts with the presentation of the physical
model and then proceeds with the field measurements.
In the next step the data obtained are fed into the model
to obtain model results. These results are discussed and
finally conclusions are drawn concerning the practical
use and limitations of the physical modelling approach
of debris flow triggering.

2. Modelling debris flow triggering

Debris flows can be triggered in many ways. Land-
slides can transform into debris flows by dilatancy or
liquefaction during movement, as described by Fleming
etal. (1989), Iverson et al. (1997) and Johnson and Rahn
(1970). Takahashi (1978, 1981) and Takahashi et al.
(1981, 1992) describe the spontaneous triggering of a
debris flow by dilatancy when a water film of a certain
thickness appears at the surface of a saturated body of
debris in a channel. Other triggering mechanisms include
spontaneous liquefaction, damming of water behind
debris dams with subsequent breaching (Costa, 1984),
undrained loading (Sassa et al., 1997).
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Fig. 1. Location of the study area.
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Usually an increase of pore pressures caused by a
supply of water to the material provides the force for
triggering movement. Water is supplied by rainfall,
snowmelt or a combination of both (Azimi and
Desvarreux, 1974) or —less frequently— by drainage of
lakes, rapid snow and ice melt during volcanic eruptions
or stream diversions. External forces can also trigger the
movement: vibrations from earthquakes (Martinez et al.,
1995), passing debris flows or volcanic eruptions, and
impact or loading forces from snow avalanches or mass
movements (Sassa, 1985; Sassa et al., 1997). When long-
duration rainfall of moderate intensity occurs, both the
groundwater table and the water content in the soil will
rise, resulting in high pore pressures. Both effects favour
debris flow triggering (Kobashi and Suzuki, 1987,
Zimmermann, 1990).

In the southern French Alps, most debris flows are
triggered by short-duration high-intensity rainstorms:
Van Asch and Van Steijn (1991) mention eye-witness
observations of 50—100 mm/h rainfall during 5—10 min
causing debris flow triggering. During such rainstorms,
Hortonian overland flow incorporates fine-grained
debris, concentrates towards a central gully in the trigger
zone and enters an accumulation of loose, cohesionless,
coarse debris. Depending on the fluid pressure exerted
by the muddy fluid, the coarse debris may or may not be
destabilized and move downslope as a debris flow.

Short-duration high-intensity rainstorms causing
debris flows have also been reported by Berti et al.
(1999), Cannon et al. (2001), Kotarba (1989), Okunishi
et al. (1988) and Zimmermann (1990).

The model for debris flow triggering used in this
paper is based on the model developed by Takahashi
(1978, 1981) and Takahashi et al. (1981, 1992).
Takahashi originally developed his model to describe
the spontaneous transformation of debris on a gully bed
into a debris flow. This happens by dilatancy as soon as a
water film of a certain depth %, appears on the surface of
a saturated body of debris. Fig. 2 shows three different

situations distinguished by Takahashi. The equilibrium
model used by Takahashi is based on an infinite slope
model. The shear stress 7 at depth y is given by:

© = (cx(ps=pe)y + pe(y + ho))gsinp (1)

and the maximum shear resistance 7,by:

Ty = c(ps=pp)g ¥ cosptang; @)

where: ¢, =volumetric concentration of solids; p;=solids
density; pg=fluid density; g=gravity acceleration, 3=
slope angle, @;=effective static angle of internal friction.

Situation 1 in Fig. 2 shows the non-stationary bed
situation, where shear stress increases faster with depth
than shear resistance:

dt dz¢

—_> . 3

dy o dy (3)
In this situation the whole bed of debris will start to

move. The combination of Eqs. (1) and (2) yields the

critical slope angle:

tanf> (M

tan(p/). 4
cx(ps—ps) + Py ) @

If ho=0 or the body of debris is not fully saturated,
failure may still occur. However, in this situation there is
not enough water available for the debris to dilate and
lose consistency, so a landslide is formed rather than a
debris flow.

In the second and third situations in Fig. 2 the shear
resistance of the debris increases faster with depth than
the shear stress:

dt dry
— <t 5
RIS (5)

In this situation failure can only occur if 45>0. At a
certain depth y; the shear stress equals the shear
resistance and up to this depth failure will occur. In

situation two, where yr is below the base of the debris

Fig. 2. Characteristic shear-strength and shear-stress distributions in saturated debris (after Takahashi, 1978, 1980).
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accumulation, the limit of moving and stable material is
formed by the gully floor. In the third situation, not all of
the debris mass will move. This is the (quasi-) stationary
bed situation. Takahashi gives an additional boundary
condition for this case:

nydch (6)

where: d.,=characteristic grain diameter.
For y¢<d., no debris flow can take place, only
transport by streamflow. A debris flow can occur if:

tanfi>

cx(ps—pr)
ho

tang, (7)
ex(ps—pr) + Pf(l + dch)

One more boundary condition is introduced by
Takahashi to exclude situations in which there is too
much water for the debris to be uniformly dispersed
throughout the depth of flow:

nyK/’l() (8)

Usually k ~ 1. Combination of the left part of Eq. (7)
with Eq. (8) gives the critical slope angle for the
occurrence of debris flows:

cx(ps—pr)
ce(ps—pr) + pe(1+1)

tanfi = tane. 9)

This equation can also be presented in a form similar
to slope stability equations. For fully saturated,
cohesionless materials (Blijenberg, 1995):

F shear resistance t¢

shear stress t© )
e (ps—ps) tangy

culpspe) + pe(1+1) tanf

(10)

For realistic values (cx=0.7; ps=2600 kg m >;

pe=1000 kg m ?; k=0.75; tanp,=0.8) debris flows
may occur on slopes between 14.5° and 22.9°. On
steeper slopes, landslides occur rather than debris flows.
Such landslides may or may not turn into debris flows
while moving.

3. Input data for the model

Eq. (10) was used to quantify the conditions in a
typical debris flow trigger zone (location TCP in Fig. 1)
in the Bachelard Valley. In order to use this model, the
parameters in the equation had to be determined. Five
out of the six parameters in this equation were derived
from field measurements at or near TCP; the value of k
was fixed at 1. As data collection in the field was

hampered by difficult terrain conditions, practical
considerations played an important role in deciding on
which methods to use.

3.1. Volumetric solids content of static, coarse debris ¢«

The volumetric solids content of static, coarse debris
¢, was measured by filling a bucket of known volume
with coarse debris (no sand or smaller-sized material)
and then filling the pores with water. Porosity 0 is
calculated by dividing the volume of water in the bucket
by the total volume of water and debris in the bucket,
and then ¢, can be calculated from its relation with
porosity: c.=1—0.

Measurements were done with samples varying in
average grain size, in sorting and in packing. Stone size
sorting was determined visually in the field and divided
into 4 classes with increasingly wide stone size
distributions: good, quite poor, poor and very poor.

Measurements of ¢, did not yield unexpected results
(Table 1): c. is independent of average stone size but
shows a strong relation with packing and stone size
sorting. Densely packed or poorly sorted samples have
higher c,. than loosely packed or well sorted ones. Field
observations revealed that coarse debris in debris flow
trigger zones usually has good, quite poor or poor
sorting. Therefore in this study, a ¢, distribution based
on the data in these three classes was used to feed into
the model: 0.54+0.04.

3.2. Solids density ps

The density of different rock types was calculated
from measurements of displaced water volume and
weight. These showed that sandstone and flysch have
solids densities p, of about 2.4-2.7-10° kg m ™ ; lime-
stone is slightly less dense with 2.2-2.5-10° kgm >. As

Table 1
Volumetric solids content of static, coarse debris c.
Debris Subset Number Volumetric solids
parameter of content
samples Average Standard
deviation
All samples 110 0.55 0.05
Packing Dense 47 0.57 0.04
Loose 57 0.52 0.04
Average 10-25 mm 36 0.56 0.05
grain size 30-50 mm 74 0.54 0.05
Grain size Good 58 0.52 0.04
sorting Quite poor 10 0.56 0.01
Poor 37 0.58 0.04
Very poor 5 0.63 0.04
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there were too few measurements to obtain reliable dis-
tributions of solids densities, we have used the distri-
bution of regolith material solids density: ps=2.51+
0.28-10° kg m * (N=41).

3.3. Liquid density pg

Unfortunately, liquid density p¢ of actual runoff
could not be determined in the field. Camcorder images
showed that runoff during debris flow triggering events
has a very high sediment content, which we estimated to
be in the order of 30—50% of the runoff volume. In fact,
the runoff may already have the characteristics of a
debris flow consisting of relatively fine-grained materi-
als derived from the regolith on the side slopes of the
trigger zone. Similar sediment contents have also been
reported by Oostwoud Wijdenes and Ergenzinger
(2003), who also noted the occurrence of miniature
debris flows during their rainfall simulations on marls in
Southeast France. They found sediment concentrations
in these miniature debris flows of 40% and up to 54% in
runoff. In the same area, Mathys et al. (2003) found
sediment concentrations of up to about 30% (800 g/1) in
runoff from an 86 ha large catchment. For the modelling
exercise in this paper, we assume a sediment content of
30+5%, which when combined with a regolith solids
density of 2.51+0.28-10° kg m > results in a fluid
density distribution of 1.48+0.12-10° kg m ™.

3.4. Effective static internal friction angle ¢

Static internal friction angles could not be determined
with the simple field test described in Blijenberg (1995,
1998) because single particle effects had too much
influence on initial failure. However kinetic internal
friction angles could be determined with the test method
and were later related to ¢/.

The tests were performed on the rough, angular
debris that can be found on many scree slopes in the
study area: mixture 1 consists of sandstone, limestone
and marl, and mixture 2 of sandstone and limestone. For
both debris types, 50 tests were done and the principal
axes of 100 stones were measured to derive stone size,
stone shape and stone size distribution parameters. The
maximum error for individual measurements was
estimated to be about 2°.

Kinetic internal friction angles ¢y, for individual tests
range from 31-43°. ¢y-distributions for both mixtures
are normal at a 95% confidence level. The results are
given in Table 2. The average ¢{ values range from
36.6° for mixture 1 to 38.7° for mixture 2, with standard
deviations of about 2°.

These values are in accordance with those obtained
by others. Kenney (1984) reported ¢ values of 37° for
well-graded, crushed, angular sandstone and slate with
average grain sizes of about 5—40 mm and Statham
(1977) found kinetic internal friction angles of 38—42°
for angular gravel and talus, slightly higher than in this
study. Martins (1991) obtained results for ¢; of 38—41°
for angular, 30—80 mm fragments of crushed rock.
Charles (1991) mentions results on unconsolidated
gravel at Megget Dam in Scotland yielding ¢;=37.5°
and Gregoretti (2000) found ¢@;=41-42.5° for well-
sorted fine gravel. For a sand—gravel mixture, Iverson
et al. (1997) determined ¢@;=40°.

The large difference in (| between the two mixtures,
could be due to the presence of a small (5-10%) marl
fraction in mixture 1, but it might also be the result of
differences in stone size distribution. The correlation
between ¢ and stone size sorting and stone shape
found by Blijenberg (1995, 1998) can completely
explain the difference in ¢y between both mixtures:

Q= 42.81 + 1.062 cvy—13.4 my), (11)

Where cvy, =coefficient of variation of stone volumes
and my,,=stone shape based on the intermediate to
major axis ratios.

Such a relation agrees with Lambe and Whitman
(1969) and Statham (1977). Average stone size probably
does not have an influence on ¢y, as was also concluded
by Statham (1977).

Taking into account that static internal friction angles
may be some 0-3° (Martins, 1991) to 4° (Hungr and
Morgenstern, 1984a,b) higher than kinetic internal
friction angles, and that debris on scree slopes usually
has a poor to good sorting, ¢y, values might be about 38°
and ¢, values about 40°. Therefore, in this study ¢} is
assumed to have a distribution of 40.04+2.0°.

3.5. Slope angle B

The slope angle S was determined in the main
channel of the TCP debris flow trigger zone. The
slope angle varies from about 35° at the lower edge

Table 2

Kinetic internal friction angles of two coarse, cohesionless debris types

Debris Number of Average Standard Stone Stone size

type samples deviation shape distribution
Mp/q CVvy

Mixture I 50 36.6° 1.8° 0.67 3

Mixture 2 50 38.7° 2.0° 067 5
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Fig. 3. Distribution of F-values from a Monte Carlo simulation of Eq.
(10) (1000 runs).

of the channel to about 38° at the top of the scree in
the channel. Debris flow triggering is assumed to
take place mainly at the lower edge of the channel,
even though smaller debris flow tracks have been
found higher up in the main channel. Therefore, the
slope angle at the lower edge of the channel is used:
35°.

4. Model results and discussion

Eq. (10) and the values of the input parameters
obtained in the previous section were used for
modelling debris flow triggering conditions in the
TCP debris flow trigger zone during an extreme
rainfall event. A Monte Carlo simulation was run to
take into account the uncertainties of the input
parameters due to natural variations and measurement
errors. The number of runs in the simulation was 1000
(see Fig. 3). With the assumptions of a fully saturated
layer of debris and additional assumptions about the
density of the runoff fluid—or more precisely the
sediment content—, the relation between the static and
the kinetic internal friction angle, normally distributed
input parameters (other than the slope angle), and the
value of k (=1), the resulting safety factor distribution
is F=0.1940.06. The input parameter values used are:

Cx 0.54+0.04

Ps 2.51+£0.28-10° kg m *

pr 1.48+0.12-10° kg m > (at 30+5% sediment
content)

ol 40.0+2.0°

B 35.0°

The combined effect of uncertainties in the input
values of the triggering model is clearly shown in Fig. 3:
the model results are much more scattered around the

mean than the values of the input parameters, as shown
by the coefficient of variation in Table 3.

Conspicuously, all F-values obtained from the model
runs are well below 1, indicating certain failure.
However, this is not in agreement with actual debris
flow triggering in the TCP debris flow trigger zone. Even
when using conservative estimates for the input para-
meters pg (1.09£0.03-10° kg m > at 4=1% sediment
content); ¢! (42.0+2.0°); B (30.0°) and x (0.75), the
safety factor is well below 1: F=0.36+0.07. This
indicates that the assumption of a fully saturated layer
must be incorrect. This also implies that the model given
by Eq. (10) must be inapplicable for debris flow
triggering at TCP, as saturation is a prerequisite for
debris flow formation in this model. According to
Takahashi (1981) failure may also occur in a non-
saturated situation, but a landslide occurs rather than a
debris flow. This indicates that debris flows probably
develop from small landslides in the TCP debris flow
trigger zone. As there is little or no direct field evidence
of landslide activity, the transformation must take place
immediately after initial failure of the landslide.

This hypothesis of debris flow formation is supported
by other observations at TCP. The main factor is the
flow behaviour of the fluid that triggers the debris flow.
Camcorder images showed that sediment content of
runoff can be very high during heavy rainfall and could
well be 30-50%. The fluid may also contain stones. Ata
high sediment content, viscosity can be very high and
depends strongly on small changes in sediment content,
as found by Bentley (1979; see Fig. 4) and Chen (1986):

—Bc,
c
WN:ﬂif<1_cs> (12)

%

where: nn=Newtonian viscosity; #;s=viscosity of
interstitial fluid; ¢,=volumetric solids content of debris;
c.=volumetric solids content of static debris.
According to Chen (1988), B represents an intrinsic
viscosity of the fluid and is about 2.5 for mono-sized
rigid spheres. With B=2.5 and ¢,=0.6, the fluid
viscosity would be about 3 times higher than water at
a sediment content ¢;=0.3, 5 times higher than water at
¢s=0.4 and 15 times higher at ¢;=0.5. This strongly
influences the fluid flow through the pores of an

Table 3
Relative uncertainties in values as indicated by the coefficient of
variation

Variable kK B ol P Cx Ds F
Coecfficient of variation 0 0 0.05 0.08 0.09 0.11 0.3
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Fig. 4. Relation between viscosity and water content (after Bentley,
1979).

accumulation of coarse debris: with a high discharge of
the fluid reaching the coarse debris, not all of the fluid
may flow into the pores of the debris. A part may simply
run over the debris. The heterogeneous composition of
the fluid enhances this effect, as the stones in the fluid
may effectively block pores in the debris mass.

In Fig. 5 the three typical situations are depicted
when sediment-laden runoff reaches the coarse-debris
accumulation on the channel floor of the debris flow
trigger zone. From left to right the viscosity and stone
content of the runoff fluid decrease. For each of these
situations, the value of the safety factor F' is calculated
from an infinite slope model using the average values
for each of the input parameters: =35°, ¢/=40°,
c+=0.54, ps=2510 kg m > and p=1480 kg m > and
effective cohesion for the coarse debris ¢’=0 N m™ 2.

The leftmost situation represents immediate and
complete clogging of the pores in the debris mass by
the stones in the runoff fluid. The runoff will flow over

P, =2510 kg'm®

p,;= 1480 kg'm*
fluid level m=1- z,/z,

the surface of the coarse debris and no flow takes place
within the coarse debris (Fig. 5(a)). This results in
F=1.20 (stable). The situation in the middle (Fig. 5(b))
occurs at a lesser viscosity and stone content. Now the
fluid flows through the pores of the coarse debris,
completely saturating it and resulting in F=0.33 (fail-
ure). Finally, the rightmost situation (Fig. 5(c)) is for a
low-viscosity fluid flowing through the coarse debris,
saturating only the lower half of the debris and resulting
in F=0.68 (failure). It can be seen that the F-values for
these situations vary by a factor 3—4. In situations (b)
and (c) failure would occur, situation (a) is stable. It
shows that debris flow triggering probably starts when
some runoff flows through the debris mass, triggering a
landslide. The remainder of the runoff, flowing over the
debris mass, can mix with the debris mass after initial
failure and thus saturate the debris. When this happens,
the slide can transform into a debris flow.

5. Conclusions

This study shows that in the TCP debris flow trigger
zone debris flows probably start as landslides which
quickly turn into debris flows as they move downslope.
Furthermore, it shows that quantitative physical model-
ling of debris flow triggering often still suffers from
shortcomings, which makes it hard to apply such an
approach to practical problems. This is caused by two
main factors:

Firstly, there is the variation in the values of the input
parameters of the trigger model, resulting from natural
variations and measurement errors. When applying this
variation in input values to a trigger model, this results
in a wide distribution of model output values. In this
study, the relative uncertainty in model results is 3 times

Fig. 5. Three typical situations if a rock—fluid mixture reaches an accumulation of coarse debris.
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wider than in any of the input parameters. These
variations however cannot explain the apparent sta-
bility in many situations as F in Fig. 3 stays far below
1.0.

This brings us to the second problem, the flow
behaviour. There appears to be an upper bound for fluid
flow through the pores of debris. With increasing stone
content and stone size of the fluid there is a point where
the stones in the fluid will block the pores; the fluid will
then no longer flow through the pores, but it will start to
run over the debris. This strongly influences the actual
trigger mechanism of debris flows.

6. Symbols

B Intrinsic viscosity [—]

Cy Volumetric concentration of solids in static
debris [—]

Cs Volumetric solids content of debris [—]

CVy Coefficient of variation of stone volumes [—]

den Characteristic grain diameter [m]

F Safety factor [—]

g Gravity acceleration [m s ]

ho Depth of water film at the surface [m]

Mp)y Mean ratio of intermediate to major stone axis
(-]

y Depth [m]

Ve Failure depth [m]

B Slope angle [°]

o Kinetic internal friction angle [°]

04 Effective static angle of internal friction [°]

K Constant~ 1 [—]

Nig Viscosity of interstitial fluid [kg m ' s~ ']

N Newtonian viscosity [kg m ! s_l]

s Fluid density [kg m ™3]

Ds Solids density [kg m73]

T Shear stress [Pa]

Tr Maximum shear resistance [Pa]

0, Porosity [—]
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