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INTRODUCTION

Debris flows are defined as a rapid mass movement of granula} solids, water
and air, moving as a viscous flow (Varnes, 1978). Their movement type, gravity
flow, differs from landslides, in which a more or less rigid mass slides along a distint
shear surface, as well as from streamflow, where the material is transported by the
shear forces caused by streamflow rather than by gravity. They occur in many
mountainous and semiarid regions all over the world. Figures 1 and 2 show some
examples of debris flows.

The effects of debris flows can be catastrophic when they occur in densely
populated areas. In Japan alone about 90 people a year die as a result of debris flows.
Well-known is. the catastrophic debris flow that resulted from the sudden melt of a
glacier caused by the eruption of the Nevado del Ruiz in Colombia in 1988. The flow
buried the village of Armero and over 30.000 people died. A more recent example is
the debris flow that occurred in september 1992 in the department Dréme in south-
east France. As a result of intense rainfall during several days a debris flow was
initiated which followed the course of the Ouvéze river and ruined a part of the
historic village Vaison-la-Romaine, causing several casualties.

As the dimensions of debris flows may vary over many orders of magnitude,
Innes (1983) proposed a scale classification for debris flows based on the volume of
the deposits: microscale (<1m?), smallscale (1-103m?3), mediumscale (103-105m3)
and largescale (>109m3) debris flows. Other classification systems have been
proposed. For example, a distinction can be made between valley-confined and
(unconfined) hillslope debris flows (Brunsden, 1979).

Within the EPOCH project "The Temporal Analysis of Debris Flows in an
Alpine Environment' attention is mainly focused on smallscale hillslope debris flows
in a part of the southern French Alps. These flows usually show a typical
morphology: a long, small, ribbonlike channel bordered by lateral levees which meet
downslope in a lobate or tongue-shaped terminal deposit, as can be seen in figure 2.
Hovius (1990) describes typical debris flow source areas in the Bachelard valley as
spoon- or funnel-shaped concave parts of slopes (Fig.3). Downslope they are
confined by an outcrop of resistant bedrock through which the source areas are
drained by a narrow channel. Slope angles within typical source areas are between
33° and 38°. On the channel floors coarse debris has accumulated, transported by
rockfall. The slopes bordering the channels consist of either solid bedrock or more or
less fine-grained regolith. Vegetation is largely absent in source areas, except for
some herbes and grasses.

Final aim of the project is to forecast initiation and frequency of debris flows
on the basis of morphologic and hydrologic characteristics of debris flow source
areas and of precipitation characteristics. Figure 4 presents a highly simplified
diagram representing the research ‘framework’. It combines two models, a stability
model and a hydrologic model, to forecast debris flow initiation.
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Figure 3: A typical debris flow source area: Pra Bouréou South.

Figure 4: Schematic representation of the study: initiation and frequency
of debris flows.
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DEBRIS FLOW INITIATION

Prerequisites for the occurrence of debris flows are steep slopes, high pore
pressures, available debris and a loss of consistency of the material after initiation of
movement. Debris flows can be initiated in many different ways. The best known
initiation mechanisms are the transformation of landslides into debris flow by
dilatancy or liquefaction during movement (e.g. Johnson, 1970; Johnson & Rodine,
1984), and the spontaneous initiation of debris flows by dilatancy (Takahashi 1978,
1980, 1981). Dilatancy is the increase of bulk volume which causes the incorporation
of additional water. Liquefaction is the loss of strength caused by a (sudden) increase
of pore pressure. Other possible mechanisms include spontaneous liquefaction,
damming of water behind debris dams (Costa, 1984) and the ‘firehose effect’ caused
by the impact of a high-speed stream of water (Johnson & Rodine, 1984).

External forces can trigger the movement: vibrations caused by earthquakes,
passing debris flows or volcanic eruptions, and impact or loading forces by snow
avalanches or mass movements (Bovis & Dagg, 1987). Usually however an increase
of pore pressures caused by a supply of water to the material provides the trigger for
initiation of movement. Water can be supplied by rainfall, snowmelt or a
combination of both. Less frequent water supplies include drainage of crater lakes,
rapid snow and ice melt during volcanic eruptions, glacial outburst floods and stream
diversions.

Johnson (1970) and Johnson & Rodine (1984) give examples of surficial
Jandslides transforming into debris flows. Therefore, their stability criterion for
initiation of a debris flow is the same as the stability criterion of a landslide sliding
parallel to the surface. The stability is given by the infinite slope model (Fig.5):

F = [c' + (y — myy,) z cos?f tang'] / 7y zsinP cosP 1
where
F = stability factor (-)
c' = effective cohesion (Pa)
m = relative groundwater level (-)
Y = (dry) bulk weight of debris (N-m"3)
Yw = unit weight of water (N -m'3)
z = depth of failure surface (m)
B = slope angle of (failure) surface (°)
0} = effective angle of internal friction (°)

When F = 1 the mass is at the point of failure. As soon as F < 1 failure will
occur and the mass will start sliding. The transformation is caused by either dilatancy
or liquefaction during movement.
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On short time scales groundwater level is the only variable factor in equation
(1). A rise of groundwater level causes an increase of pore pressure in the debris
mass. Pore pressure increase may also be caused by external forces like earthquakes
or rockfall.

According to Takahashi (1978, 1980, 1981) an accumulation of debris lying
on a gully floor may spontaneously turn into a debris flow. This may happen by
dilatancy as soon as a water film of a certain thickness h( appears at the surface of a
saturated body of debris. Figure 6 gives three different situations distinguished by
Takahashi. The force equilibrium model used by Takahashi is also based on an
infinite slope situation. Mathematically, the shear stress at depth z is given by:

1= g sinf [cx (0 —p)z+p (z + hg)] 2

and the shear resistance by:

1. = g cosP [cx (G — p)z] tan@ 3
where
T = shear stress (Pa)
T = shear resistance (Pa)
g = gravitational acceleration (9.81 m-s2)
c = solids density (kg-m™3)
p = liquid density (kg-m‘3)
C* = volumetric content of solids of static debris (-)
z = depth (m)
hg = depth of waterflow above surface (m)
B = slope angle (°)
[0} = angle of internal friction of debris (°)

Figure 6 a shows the situation of a non-stationary bed, when shear stress
increases faster with depth than shear resistance:

dt/dz > dtp /dz 4

In this situation the whole bed of debris will start to move. The combination
of equations (2) and (3) yields the critical slope angle:

tanf > [cx (6 — p) / c*x (G — p) + p] tan@® 5

If hg = O 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 figure 6 b and c the shear resistance of the debris increases faster with
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Figure 5: Forces on a soil wedge on an 'infinite’ slope.

Figure 6: Characteristic shear stress distributions in a debris layer
according to Takahashi (1978, 1980, 1981).
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depth than the shear stress:

dt/dz < dty /dz 6

For this situation failure can only occur if hg > 0. At a certain depth zj, the
shear stress and the shear resistance are equal and up to this depth failure will occur.
In situation two, where zj, is deeper than the base of the debris accumulation, the
limit of moving and stable material is formed by the gully floor. The third situation
gives the situation, in which not all of the debris mass will move. This is the
(quasi-)stationary bed situation. Takahashi gives an additional boundary condition
for this case:

ZL_>.d 7

where
d = characteristic grain diameter (m)

If z; < d, no debris flow situation can take place, only transport by
streamflow. The following equation gives the condition that must be fulfilled for the
occurrence of a debris flow:

cx (6—p)/[cx (o—p)+p (1+hp/d)] tang < tanf < [c* (6 — p)/c* (G — p) + p] tan@ 8
Another boundary condition is given by Takahashi:
z1, 2khg 9

where
k = dimensionless coefficient (-)

This boundary condition is introduced to exclude situations in which there is
too much water to have the debris uniformly dispersed throughout the depth of flow.
Usually k is about 1. Combination of equations (8) and (9) gives the critical slope
angle for the occurrence of debris flows:

tanB=[cx (c—p)/cx(c—-p)+p(1+1/k)ltan @ 10

For realistic values (cx = 0.7; 6 = 2600 kg-m~3; p = 1000 kg-m-3; k = 0.75;
tang= 0.8) debris flows may occur on slopes of 14.5°-22.9°.

Bovis & Dagg (1988) also used the model developed by Takahashi (1978,
1980, 1981). They emphasized the importance of the hydraulic conductivity of the
debris bed. The conductivity is not a constant, but changes in time as a result of
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selective removal of finer material by streamflow action. As mean pore size is
increased, the conductivity will increase as well. Equation (11) is the empirical
relationship given by Bovis & Dagg (1988) to calculate the hydraulic conductivity:

K=u6/sP

where

= hydraulic conductivity (m-s1)

mean flow velocity in debris (m-s-1)

porosity (-)

= hydraulic gradient (-)

= coefficient (-): 1.0 for laminar and 2.0 for fully turbulent flow

K
u
¢
s
b

The increase of conductivity causes an increase of the stability of the debris
mass as the discharge needed to reach a critical groundwater level in the mass is
increased. The increase in hydraulic conductivity can be many orders of magnitude.
Bovis & Dagg (1988) give an example in which conductivity may have increased by
a factor 103. Besides the large increase of conductivity, the angle of internal friction
may slightly increase as fine material is washed out. According to Bovis & Dagg
(1988) the increase may be about 2° from 37° for hillslope colluvium to 39° for
coarse channel deposits.

Debris flow research done by students in the eighties had shown that none of the
above-mentioned initiation mechanisms was realistic enough for the study area. On
gully floors coarse, cohesionless debris was present, whereas on the side-slopes much
fine-grained material was present. A hypothesis was formulated by Postma (1988)
and Hovius (1990) that during high-intensity rainstorms overland flow occurred
which would entrain much of the fine material. The muddy flow has a high density
compared to water and has a different viscosity. This mud would run over and enter
into the pores of the coarse debris on the gully floor and may destabilize this coarse
debris. The mixed material will then continue to move as a debris flow. Figure 7
gives the flow chart of this hypothesis. The hypothesis differs from Takahashi's
(1978) model on several points:

Takahashi assumes the presence of all grain size fractions in the gully, whereas
in this hypothesis a separation exists between coarse debris on the gully floors
and the relatively fine-grained material on the side-slopes.

The hydraulic conductivity of the coarse, cohesionless debris in the gully is
much higher than that of the debris assumed by Takahashi.

Instead of water, the fluid entering the pores of the coarse debris is a mixture of
water and fine debris with higher density and higher viscosity than water.

Fluid is not only supplied from upstream through the gully, as assumed by
Takahashi, but also from the side slopes of the gully.
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Postma (1988) has given a mathematical formulation of the hypothesis. She
assumed that instability of the debris mass will occur as soon as it is fully saturated
with the muddy fluid (Fig.8), i.e. when the discharge of fluid into the coarse debris
equals the maximum dicharge that can flow through the debris. For laminar flow
conditions Bernouilli's law can be used to calculate the discharge qy through the
coarse debris:

Ap/pg+A (u2) 2g + Az =Rqy 12
where
Ap =p2-DP1 with p1, p2 the fluid stress at points 1 and 2 (Pa)
A(u?) =u?-u? with uy, up the flow velocity at points 1 and 2 (m-s7)
Az =129 -27] with 27, z5 the ... at points 1 and 2 (m)
p = fluid density (kg-m3)
g = gravitational acceleration (9.81 m-s‘2)
R = viscous resistance (s-m'l)
Qv = discharge of fluid through coarse debris (m2-s-1)

The viscous resistance can be obtained from the following equation:

R = Ax/DK 13
where
Ax = distance (m)
D = depth of coarse debris layer (m)
K = (hydraulic) conductivity of saturated debris (m-s-1)

As can be derived from figure 8, fluid stress and flow velocity are equal in
the points 1 and 2, which gives:

qy = DKsinf 14

where
B = slope angle (°)

From equation (14) it follows that the critical supply of muddy fluid depends
on slope angle, debris depth and debris hydraulic conductivity. It is difficult to
determine the hydraulic conductivity K of coarse debris, and even more difficult for
fluids consisting of a mixture of water and fine-grained material.
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Figure 7: Flow chart of debris flow initiation according to Postma (1988).

Figure 8: Di.ychafge through a saturated debris layer.
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WATER AS THE KEY VARIABLE FOR DEBRIS FLOW INITIATION

The most important factor causing instability on short time scales in all the
models presented is the amount of water available. Rainfall is the most important
water supply in the study area. For debris flows and shallow landslides triggered by
rainfall Caine (1980) found a curve of minimum rainfall intensity from a literature
survey:

ip=14.82 D03 15
where
i = rainfall intensity (mm/hr)
D = rainfall duration (hr)

Debris flows are unlikely when i < 14.82-D03%. A similar curve has been
constructed by Innes (1983) for debris flows, using total rainfall instead of rainfall
intensity:

I, = 4.94 D 050 16

where
I = total rainfall in period (mm)

In the study area high-intensity short-duration rainstorms trigger most debris
flows; according to eye-witness observations 5-10 minutes of 50-100 mm/hr rainfall
intensity are sufficient for debris flow initiation (van Asch & van Steijn, 1991).
Long-duration low-intensity rainfall and snowmelt hardly produce debris flows. The
high intensities needed and the very quick response make it likely that infiltration
excess overland flow is responsable for the initiation of debris flows, rather than
saturation overland flow or subsurface flow. The overland flow is mainly produced
from bedrock slopes and slopes covered with fine-grained regolith.

Therefore, modelling the amount of water available is the same as modelling
the amount of water that does not infiltrate the ground, and tracing this water through
the debris flow source areas.

When rain falls on a surface, two situations may- occur. First, the ground
may be impervious, leaving all the rain water at the surface. Second, the ground may
be permeable and a part of or all of the rain will infiltrate. The first case can be found
in those areas where solid bedrock outcrops. The other situation is usually found in
areas where a regolith is present, but sometimes this may occur as well on solid
bedrock if it is permeable like some sandstones or limestones.

To model the amount of water available for overland flow in debris flow
source areas for any rainfall event a distinction was made between parts with solid
bedrock, with fine-grained regolith, and parts with coarse debris at the surface. It is
assumed that solid bedrock is impervious, coarse debris is extremely permeable
relative to rainfall intensities occurring in the area, and fine-grained regolith has in-
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between characteristics. Modelling the amount of water available for overland flow
using this assumptions is very simple for the bedrock and the coarse debris, leaving
only modelling the infiltration of the fine-grained regolith.

During rainstorms infiltration excess (Hortonian) overland flow may occur
on the regolith slopes. Rainfall intensity, rainfall duration and the infiltration capacity
of the regolith determine whether or not overland flow will occur. The infiltration
capacity of the regolith is not constant, but it generally decreases with time until a
constant value is reached, the steady state infiltration capacity. Cumulative
infiltration is given by:

I =Kt + Stl/2 17
where
I = cumulative infiltration (L)
t = time (T)
K = steady state infiltration capacity (LT-1)
S = sorptivity (LT-")

The steady state infiltration capacity usually is a little less than the saturated
hydraulic conductivity Kga¢. This is caused by the enclosure of air bubbles in the
pores during infiltration. In practice, however, Kga¢ is often used instead of K. This
gives the widely used Philips' (1957) mass infiltration equation for ponded
infiltration (Fig.9):

Which after differentiation gives:
where i = infiltration capacity LT

Sorptivity is the dominant factor during the first phase of infiltration (Dunin,
1976). It represents the absorption of water by a dry soil. This absorption depends on
soil texture and structure and on the initial water content of the soil. Green & Ampt
(1911) have developed an analytical solution for infiltration (Fig.10) based on the

decrease of the hydraulic head with time during infiltration. The following
assumptions have been used:

The initial water content, T, is constant throughout the non-infiltrated zone.

Throughout the infiltrated zone the volume fraction of water, Tt, is uniform and
constant with time.

The change of 7 to T; at the wetting front takes place in a layer of negligible
thickness.

174




‘adojaaua uoypAILful Y3 03 UOD]AL SI1
pup Jua42 [jofuivs v Sulnp £100dpd uonpLIful Y[ [ [ 24n81

jo
o,
|

t

/ Ty ¢
adojaaua uones)iui 1

(1161) 1duwy ® u2a.1£ 01 Sup102op
uonvifus (papuod) Suranp uonnqGLISIP 424pM 110§ :OJ 24n81y ‘(£S61) Sdifiydg 01 SUrp40220 S3441D UOUDAINU] :6 24NT14]

175

—« < N« DU} JB o w
') awy e

llllllllllllllllllllllllllllllllllllllllll anwx
a_ONQNU uonenjyui

yISH+ N =1

e T T,

 ewy je
ajyoid |eas uofjes)jyut aaje|InwnNd
jes -
HS I = |
o 0 ] 4




The pressure head at the wetting front, hy, has a constant value, independent of
the position of the wetting front, sf.

The water layer at the soil surface has a negligible thickness: hg=0at s =0.

These assumptions are realistic for infiltration into coarse-textured soils with
low initial water content, as can be found in the regolith slopes in debris flow source
areas in the study area.

From the second assumption it follows that throughout the transmission zone
the hydraulic conductivity, K¢, is constant. The flux density, q, is also constant
throughout the transmission zone at any moment. Using the last three assumptions,
Darcy's law can be rewritten:

i = q = - K [0H/ds] = K [0h/s + 02/0s] = Ky [he/sf - 1]

where
1 = infiltration capacity of the soil (m's'l)
q = flux density (ms~1)
K¢ = hydraulic conductivity of transmission zone (m-s‘l)
= hydraulic head (m)
= pressure head (m)
= gravitational head (m)
= distance (m)

Cumulative infiltration can be derived from the continuity equation:

1= ol (B¢ - 8;) ds = (6 - 6;) sf

i = dl/dt = (B¢ - 6;) dsg/dt

Combining with equation (20) gives:

Kq(1 - hy/sp) = (8 - ;) dsg/d; 23

As sorptivity is dominant in the early stages of infiltration, gravity can be
neglected:

_ Ky (hefs) = (6 - 8;) dsg/dt




After integration, with the condition s¢ = 0 at t = 0, the following equation is
obtained:

sf= [-2Kihf / 6 - ei]llz t1/2 25

which can be read as sg/\'t = constant, i.e. the depth of the wetting front increases
proportional with the square root of time. Entering the solution into equation (21)
gives:

I=[-2 K¢ hy (8¢ - 6))]1/2 t1/2 26
And from equation (18) it follows that, when gravity is neglected:

S = [-2Kihr (6; - 6;)]1/2 27
which gives a physical meaning to the sorptivity parameter.

When rainfall intensity is less than or equal to the steady state infiltration
capacity, the infiltration rate will equal the rainfall intensity. When the rainfall
intensity is higher than the steady state infiltration capacity, a slightly different
situation occurs. The infiltration capacity decreases with time until at time t. it
equals the rainfall intensity (Fig.11). At this moment ponding will start, and the time
tp is called the time-to-ponding. For t > t,, the infiltration rate will be determined by
tge monotonically decreasing infiltration capacity. As this is less than the rainfall
intensity, infiltration-excess overland flow will occur. The place of ponding point tp
of the infiltration curve depends on rainfall intensity. t, increases with decreasing
rainfall intensity and is infinite for a rainfall intensity equal to the steady state
infiltration capacity. The curve obtained by connecting the ponding points of
infiltration rate curves for different rainfall intensities is called the infiltration
envelope. The infiltration envelope approaches K for t — . The equation for an
infiltration envelope is given by Smith & Parlange (1978):

oJ® irgt = A/K In (ig/iy - K) »
where
ol idt = total amount of rainfall until ponding (L)
i = rainfall intensity (LT-l)
A = 15482 (LZT‘I)

177




The total amount of runoff can be calculated by summation of the difference
between rainfall intensity and infiltration capacity from t, until the time when
rainfall stops, te, as long as rainfall intensity is higher than the infiltration capacity:

te
Tof = plt® (i - i) dt = e ip dt + [S (t - to) 2 + K(t-tg)] - for ipi 29
tp

where
Iof = total amount of overland flow (L)

and:

t0 = tp - [S2/ 4(i-K)? 30

is the virtual starttime (t = 0) of the infiltration curve of equation (17).

The water that can not infiltrate into the regolith will start to flow downslope
over the steep slopes in the debris flow source areas. Several types of runoff models
will be used to model the runoff in debris flow source areas.

A very simple model is the exponential storage model, which can be seen as
a very simple tank model. In this model the discharge Q from a catchment is
proportional to the amount of water present in the catchment:

Q=0aV =-(dV/dt) 31
where
A" = total amount of water in catchment (L3)
o = catchment constant (T“l)

The change of the amount of water can be written as:

dV/dt=A(;-1)-Q=A(ip-i) -aV 32
where
A = surface of source area (L?)
ip-i = the rainfall surplus (L)
The total amount of water in the catchment at time t is obtained by
integration:
V=V+][AGp-1) - Q= A (if - i) - aVIdt = Ve-odt + JAi-i)dt 33

and the discharge by taking the value of V from equation (33) in equation (31).
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The discharge of the monitored catchment has been modelled using the GIS
PC-RASTER. One of the modules of this GIS-package is the program
WATERSHED, that can be used to calculate catchment discharge (van Deursen &
Kwadijk, 1990). Every time step the water present in a pixel is transported one pixel
downslope. The downslope direction is determined as the steepest slope downwards
to one of eight neighbouring pixels using a digital terrain model of the catchment.
The transport over one pixel for each time step implies that the time steps have to be
chosen to conform to the real displacement of the water over one pixel distance in
one time step. This type of calculation does not make a differentiation between
(subsurface flow,) sheetflow and channelflow possible. Values of the infiltration
parameters K and S in each pixel of the catchment were drawn randomly from a
known frequency distribution of these parameters that had been obtained from the
field measurements. The frequency distributions of the randomly drawn values agree
with those of the field data.

Difficult parameters in the water flow modelling are fluid density and
viscosity. These parameters depend on the amount of sediment entrained in the water
and appear in many flow equations. They also determine the character of the flow,
i.e. whether the flow is laminar or turbulent. The sediment content of the flow
usually is not constant during a rainstorm, but may be very variable, as found by
Olyphant et al. (1991).

RUN OUT MODELLING OF DEBRIS FLOWS

The mobility of the debris flows and therefore the run out distance depends
basically on two factors:
- The viscous behaviour of the flow.
- The strength characteristics in terms of ¢ and @

It can be proved that, despite the high velocities of the flows, there is rate
dependent strength within these high mobile masses. This means that flow adopts its
velocity to the slope angles along the flow path. This can be expressed by the simple
physical law:

t/tg=1/Falogv+b ; 34
where
T = shear stress
70 = mobile shear strength
1/F = inverse of the Safety Factor (F)
v = velocity of the flow
a,b = constants, related to the mobility of landslides
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Equation (34) and also other viscous laws show that the velocity is linear or
exponential correlated to the shear stress T which itself is related to the sine of slope
times the weight component of the debris mass. There is no permanent acceleration
or deceleration because of the excessive shear stress over shear strength as is the case
with the large catastrophic slope failures.

A good illustration of the viscous strength behaviour of these debris flows
can be given with the data given by Suwa and Okuda (1985). The velocity of
different debris flows could be measured at 16 points along the same flow path over
a horizontal distance of 2300 m in the Kamikamihori valley in Japan.

The velocity of the debris flows can be described by energy lines showing

the movement of the point of gravity in relation to the energy line of frictional loss
along the flow path. The difference in height between these two lines gives the
velocity of movement at that point which is equal to vo/2g. (Sassa, 1988) (Fig.12). If
there exists no viscous rate dependent strength in the material the friction line is
dependent on the internal mobile friction of the material which can be constant
during movement (straight line a in figure 12), or there may be an increase of the
friction due to the loss of water (line b); or first a decrease of friction due to
generation of heat and high pore pressures and then an increase in strength due to
pore pressure dissipation (line ¢). There are more alternative patterns which depend
on the mechanism of the flow (or slide). All these patterns however show
accelerations and decelerations which are not directly related to the underlying slope
angle of the flow path.
In flows with a viscous strength however, the friction line tan @4 follows the same
angle as the gravity line tan (Fig.12 line d.) In other words the resistance increases
with velocity to a level where tan@,= tanf. The angle of the friction line therefore
follows the angle of the gravity line.

In figure 13 a profile is given of the flow path of the Kamikamihori debris
flows. The measured velocities along the flow path are multiplied by a factor v2/2g
(= m; Fig.12) and plotted as vertical length at the observation points above the
gravity line (which is the slope profile of the track, Fig.13). It can be seen that the
friction line follows the gravity line. The velocities varies between 0.5 and 5 m/sec
hence v2/2g between 0.012 and 1.25 m which is not observable on the graph. If no
viscous drag component was present in these flows, the friction may have a more or
less constant value which is given by the line a in figure 12. In that case velocities
would have been 10 to 100 times higher than the measured velocities.

The quaestion remains whether the relation between 1/F and the velocity is
linear or exponential. In the latter case velocities can become extremely catastrophic
at higher excess shear stresses and the viscous drag component does not play a role
any more. Figure 14 shows 1/F -velocity relationships obtained from debris flows in
the French Alps in the basin of Barcelonnette. The data show no clear trend towards
an exponential relationship but the data are very scattered due to changes in water
content and hence viscosity along the flow path.
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The second problem in describing the mobility of debris flows is the
definition of the strength threshold component 7, in equation (34). This component is
important for the determination of the run out distance of the debris flow.

The strength threshold component can be considered as:
-an undrained cohesion term including pore pressure conditions,
-a drained friction angle term excluding pore pressure,
-a drained cohesion and friction term.

The models of Johnson (1970) work with an undrained cohesion term. In
this case the debris flow will stop at a certain threshold slope angle or at a critical
minimum thickness of the flow.

If a drained friction angle is assumed the strength 7, is built up of a mobile friction
angle of the material and a pore pressure term obeying the Coulomb law: Ty = (T-
u)tang @, where 7 is the total normal stress, u is the pore pressure during movement
and @p, the mobile friction angle of the material. In this concept of a drained @-
strength material the stop of the debris flow is only dependent on a threshold slope
angle which depends on the mobile friction angle of the material and the existing
pore pressure. The problem is to determine the existing mobile friction angle and the
pore pressure during moving which may be higher than static pore pressure. A
lumped undrained cohesion factor, determined by back analyses, might give a
solution to avoid this problem. Another problem remains however wether the
threshold conditions for stopping of the debris flow are different for an undrained
cohesive material (slope angle and thickness) and a drained @-material (only slope
angle). '

The assumption that the debris flow material also has a drained cohesion factor
seems unlikely for a highly mobile unconsolidated material.

In the run out model developed in the framework of this EPOCH project, it
is assumed that the debris flow mass is a typical @-material which means that the
material stops at a certain slope angle, which is determined by the mobile friction of
the material and the existing pore pressure. It is further assumed that the initiation
occurs by plastic failure due to a rise of pore pressure in the debris mass which
comes from a concentration of run off water or direct infiltration in the debris mass.
The debris mass has a certain static friction value @4 and during movement a
dynamic friction factor @p,. These are important parameters to be measured carefully
in the field. The volume of water involved in the debris flow at the start depends on
the difference between the static friction angle @g of the debris mass at rest and the
slope angle 0 of the debris mass. A higher difference between these values means a
higher amount of water to initiate movement and also a higher mobility of the mass
as we will see later. The minimum amount of water required for mobilisation can be
calculated by the following simple static equilibrium equation:

ug/G = ryg = 1 - [tanBj/tangy) i 35
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where

ug = pore water pressure

o] = total normal weight of debris

Tus = pore pressure ratio for at rest condition
6 = slope angle of debris at initiation

dg = static friction angle of the debris

Essential factors for the mobility are:

- the reduction of the static friction angle 05 to a mobile friction angle ¢,
- the increase in pore pressure due to velocity of the fluid,

- the loss of water by drainage of the debris during movement.

In the here proposed model it is assumed, based on current observation, that during -
the movement an increasing part of the debris becomes immobile due to drainage
loss of water while a decreasing volume part stays mobile until no volume is left or
the mobile part meets an slope angle 8 where the pore pressure ratio is not sufficient
to overcome friction (see below). It is further assumed that in the mobile part there is
no loss of water during movement.

When the debris starts to move, the pore pressure ratio rym increases because of
debris movement (Sassa, 1988) especially when there is nearly no vertical drainage.
If one assumes no loss of water in the mobile part the pore water ratio rym stays
constant irrespective of the depth of the flow. The pore pressure ratio can be
calculated in the following way:

Equation (35) means that we can write for o:

where
oy, = normal stress of the saturated layer of the debris

o4 = normal stress of the unsaturated layer above it

The pore pressure up, during movement is given by:

U = Ow Tum’ 37
where 1y is the pore pressure ratio of a debris mass which is totally saturated. rym’
has to be determined by experiments. It depends on the velocity of the debris. The
experiments of Sassa (1988) showed that the pore pressure ratio rymy tends to
develop to a constant value with increasing velocity of the flow towards about 0.8 in
case the debris mass is fully saturated. This value is reached at a velocity of about 1
m/sec. These excess pore pressures can be maintained during a certain time even
when the mass comes to rest. The pore pressure ratio ryy, for a moving debris mass
which is partially saturated is given by:
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rym = U/(Cy + Od) = Oy rym/(Ow + 04d) 38
Combination of (36) and (38) results in:

Tum = fum’ Tus Ow/Us 39
If we assume at initial failure that the groundwater is moving parallel to the slope we
can write:

Owlug = Vs / Yw c0s6; 40

where

Ys = Bulk density of wetted mass

Tw = Bulk density of the pore fluid

8; = Slope angle of the debris mass at initial failure

Hence (39) becomes:

Tum = fum’ Tus [Ys / Yw cosbj] 41

Note that for the calculation of ryy, the depth of the moving mass at
initiation and during movement and the ratio between the depth of the saturated and
unsaturated zone is not required if we assume that no water is lost in the mobile part.
Note also that if 1y, is constant, so not depending on velocity, rym is also constant.
Combining (35) and (41) and substituting ryg delivers:

Tum = Tum’ [¥s / Yw cos8i] [1 - tan0;/tan(Qg] 42

Equation (42) shows that the amount of pore pressure generated in the fluid
is among others dependent on the difference in the static friction angle @g and the

slope angle at the start of movement 6;. :
Along the debris of the flow path the inverse Safety Factor 1/F can be calculated as

follows:

1/F=tan® /(1 - rym) tan®m 43
where

0 = the slope angle at a certain placei along the debris flow path
@y = the mobile friction angle of the debris
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In this scenario the amount of water at the start of the debris flows is back
calculated according to the principle of limit equilibrium conditions of the debris
mass. This is the minimum amount of water required for initiation. However more
water than this calculated minimum amount can be supplied to the debris at the start.
Sudden waves of water with mud, with heights higher than the critical ground water
level, can pass through the debris. The water and mud is delivered through sudden
rapid discharges from the catchment above the debris mass. Also extra run off water
can be supplied from adjacent slopes along the flow path. These conditions are
difficult to model if no hydrological details of the surrounding area are known. In
that case it is advised to make a conservative estimate and to assume that the debris
mass is completely filled with water and hence:

rum = rum' 44

Figure 15 shows a sensitivity analysis for the calculation of the critical angle
where the debris flow will stop according to equation (43) for different values of
Iy ranging from 0.6-0.75, tan 6i from 0.30-0.75, tan 0g from 0.57-0.75, Ys/Yy from
1.2-1.6 and tan ¢y, from 0.3-0.58. The graph shows that the initial slope angle and
the mobile friction angle are the most sensitive parameters. Unfortunately the last one
is very difficult to measure.

DISCUSSION AND RECOMMENDATIONS FOR FURTHER RESEARCH

The inaccesibility of debris flow source areas in mountainous environments,

and the danger caused by the activity of processes like (single particle) rockfall have
always obstructed the study of debris flow initiation. Modern techniques like video
cameras and automatically monitoring equipment will be important for future
investigations in such difficult terrain. Other equipment, that has to be taken into the
field by researchers must be portable as far as dimensions and weight are concerned.
Besides, energy and water supply can be problematic.
All these problems have resulted in only little being known yet of debris flow source
areas, even though debris flows are an important transport mechanism in many
mountainous areas. A lot more work remains to be done to improve the knowledge of
debris flow source areas and debris flow initiation conditions. This must in part come
from direct field measurements and observations of processes at work in and
characteristics of debris flow source areas. On the other hand, simple methods have
to be found to be able to make statements on debris flow activity and hazard over
larger areas.

Some recommendations for further research:

- Video camera recordings of processes in debris flow source areas, especially during
high-intensity rainstorms.

- Detailed rainfall data: short-duration intensities and intensity-frequency-duration
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curves.

- Monitoring of rainfall and runoff in debris flow source areas.

- Monitoring of runoff sediment content.

- Measurement of flow characteristics of overland flow containing a high amount of
sediment.

- Measurement of flow characteristics of sediment-rich fluid through pores of coarse
debris.

- Inventarization of debris flow source areas and their characteristics. Characteristics
are morphological, lithological, climatological, hydrological and strength
parameters.

- Measurement of static and dynamic angles of internal friction for coarse debris.

- Datation of debris flow deposits: relative and absolute.
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