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MUDDY DEBRIS-FLOW RHEOLOGY AND HYDRAULICS APPLIED TO THE
RIOU SEC STREAM IN THE FRENCH ALPS

Philippe Frey'
ABSTRACT

Muddy debris-flows are concentrated suspensions of clay, gravel and rocks in water,
occuring in torrents. The flow rate strongly increases with the depth of flow which
cannot drop below a certain threshold. This behaviour is taken into account by a non-
newtonian constitutive relationship based on a Herschel Bulkley model defined by two
rheological parameters, one being the yield stress. In 1994, a debris-flow occured in the
Riou Sec stream, French Alps, responsible for extensive flooding due to the obstruction
of the main road bridge. Available heights and velocities data are used to assess the
rheological parameters. An hydraulic analysis is then performed under steady-state but
non uniform conditions. Calculations of free surface profiles actually allow to explain
the obstruction due to too mild slopes. The bed profile has been improved since then.
New free surface profiles are then derived based on a scenario as the rheological
parameters can vary between events. This analysis shows that an obstruction could still
occur. Other bed profiles are tested showing no solution avoiding a higher upstream
vertical clearance of the bridge.

INTRODUCTION

Flooding in torrents is always affected by solid transport. The most common form is bed
and suspended load. In some cases debris-flows can occur. It is a completely different
kind of solid transport, responsible for extensive damages. In particular, muddy debris
flows are highly concentrated suspensions of clay, gravel and rocks in water.

First of all some theoretical elements are given concerning the rheology and discharge
laws of muddy debris-flows showing considerable differences with clear water.
Secondly, a case study is presented on the Riou Sec stream recently affected by several
debris-flows with extensive flooding due to the obstruction of the main road bridge.
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Rheological parameters are inferred with depths of flow and velocities data. Free
surface elevations are then calculated helping explaining the obstruction of the bridge.
Finally, an analysis of future debris-flows is performed with the help of a scenario as
rheological parameters can vary between events.

THEORETICAL BACKGROUND FOR MUDDY DEBRIS-FLOWS

Theoretical elements for muddy debris-flows are presented here. Further information

can be found in Coussot (1996). Depending on the clay content and the amount of fine

material, a distinction is made between muddy and granular debris-flows. A muddy

debris-flow is usually composed of :

- agranular front made of big boulders ;

- the bulk of the debris-flow with a large range of grain sizes and a high solid
concentration (60 to 90 % in volume) ;

- the tail where a two-phase flow with bed and suspended load takes place.

A theory is available only for the bulk of the flow considered as a monophasic fluid

flowing in laminar regime.

Muddy debris-flows have a behaviour characterized by a yield stress and are generally
shear-thinning. To describe such a behaviour, Coussot (1992) proposed to use the
Herschel-Bulkley model because it appears to be in good agreement with rheometrical
measurements for a very large range of shear rate. For simple shear conditions, the

constitutive equation reads :
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where T : shear stress (Pa), T, : yield stress (Pa), d_u : shear rate, K : rheological
34

parameter. The yield stress is typically comprised between 1 000 and 10 000 Pa and the
ratio K/t between 0.1 and 0.3.

In the case of the infinite plane, an analytical expression can be obtained for the velocity
profile under steady-state and uniform conditions in laminar regime. Discharge laws can
thus be derived. Such laws are in good agreement with experimental results and have
been extended for rectangular or trapezoidal cross sections. The same following formula
can be established with a correction factor (A) depending of the considered cross
section (Coussot 1994) :

10
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where U : mean velocity (m/s), h : flow depth (m), Ry, : Hydraulic radius (m), p : density
(kg!m3), i: slope angle (-).
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For the infinite plane, A = 1.93 and the hydraulic radius is equal to the depth of flow.
For a rectangular cross section of width L (h<L) :

20
A= [.93—0.43&1’0tan[(%} :l €))
For a trapezoidal cross section of base B (banks with a 45° slope) (h<4B) :

20
A=193-06 arctan[[%] } 4)

Formula (2) together with formulae (3) and (4) give results with an uncertainty of 30 %.
The yield stress T. appears in the formula (2) through the ratio t/p which can be
inferred from field observations. It is not necessary to know the density of the debris-
flow directly related to its water content which can only be measured on fresh material.

Figure 1 shows that the behaviour of a muddy debris-flow is very different from clear
water. The discharge strongly increases with the flow depth which cannot drop below a
certain threshold due to the yield stress. Increase of the discharge is the more so
important as the ratio K/t is low.
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Figure 1 : Discharge versus depth of flow for two rheological datasets (t/p =1.1;
K/t =0.3) and (1/p =1.4 ; K/t.=0.1). Comparison with water (Manning Strickler
formula)

APPLICATION TO THE RIOU SEC STREAM
The Riou Sec located near Briangon in the French Alps with a catchment area of

0.7 km” flows along 2.4 km between 2408 and 980 m a.s.l. Several debris-flows have
occured recently in particular in 1994 with extensive flooding due to the obstruction of
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the main road bridge. A reprofiling of the bed near the bridge has been taking place
since then. A study was commissioned in 1997 by the Local Council for the mitigation
of debris-flows. One aim of this study was to understand how this bridge could have
been obstructed and to analyse the new bed profile with the help of scenarios.

First of all, accounts by eyewitnesses, photographies and various reports together with
field visits made it possible to conclude that flooding was actually due to a debris-flow.
More investigations were necessary to be reasonably sure to be dealing with a muddy
debris-flow. A grain size distribution analysis performed on a sample from the more
recent 1996 debris-flow showed that the fine fraction (diameter lower than 40 pm)
represents more than 10 % in weight. This criterium used to distinguish muddy debris-
flows is questionable and has to be considered as one piece of evidence among other.
However, a rheometrical analysis of a fresh sample showed that the behaviour of the
fine fraction is in agreement with the Herschel Bulkley model. These elements all
pointed out towards a muddy debris-flow.

Assessment of the rheological parameters

Data on depths of flow and velocities are available upstream of the bridge where the
5 metre wide rectangular channel is composed of live bed reaches separated by check
dams. The average slope between checkdams is 18 % and the banks are located 2 m
above the bed. Depths between 1.5 and 2 m and velocities between 1 and 2 m/s were
observed in this channel.

The flow regime of a debris flow is generally neither steady state nor uniform.
Moreover, no definite answer could be obtained whether a granular front was present or
not. Based on eye witnesses, it can however be considered that the data are relevant to
the bulk of the flow and that a steady-state and uniform regime could have occured
between check dams at least during a few minutes. Depths and velocities data allow
then to infer the rheological parameters with the help of equations (2) and (3). Giving
the extreme values of 0.1 and 0.3 to K/t¢, and taking into account the average slope of

18 %, following values for the ratio 7/p were obtained :

Kit.=0.1; L4 <t/p<l.7
or
K/t.=0.3; l.l1<1/p<1.45

To be on the safe side, the ratio K/to = 0.3 will be taken since for high discharges
calculated depths are higher than with K/t = 0.1 (see figure 1).

The obstruction of the bridge in 1994

Figure 2 shows the bed length profile in 1994 for the reaches up-and downstream the
bridge as well as the position of the roadway. The upstream vertical clearance of the
bridge was only 3 m. A check dam was located only 8 m upstream of the bridge. It is
noticeable that the slope under the roadway was very low (9 %) as well as immediately
downstream (14 %).

o Bl



_ 95
E
= 9%
2
S 85 -
2
j£3}
80
75 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Abscissa (m)

Figure 2 : bed profile around the bridge

First of all, an analysis under uniform conditions was performed. Although uniform
depths are unlikely to be obtained because of the check dam and the short reaches, it is
interesting to assess their values because it generally gives the maximum possible
depths under steady-state conditions. Figure 3 shows that the uniform depth is very
sensitive to the slope whereas this depth is not sensitive to the discharge (figure 1).
Indeed, with a discharge of 20 m?/s and a value of T/p = 1.1, when the slope decreases
from 14 to 9 %, the uniform depth increases from about 2 to 4 m. It is worth noting that
for this discharge the depth of clear water calculated by the Manning’s formula with a
roughness coefficient of 20 only slightly varies from 0.8 to 0.9 m. With a value of T/p
of 1.45, the uniform depth for 9 % is well above 5 m. This value has to be compared
with the vertical clearance of 3m, showing that an obstruction of the bridge was
ossible.
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Figure 3 : Uniform depth of flow versus slope (discharge of 20 m’/s). Debris flows
for two yield stresses (t/p =1.1 et 1.45) and water
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Secondly, an analysis in non uniform conditions was attempted. It has been shown that
gradually varying debris-flow could be analysed in the same manner as clear water with
the concepts of sub- and supercritical flow and hydraulic jumps (Coussot 1994).

For the 1994 event it was established that to/p was comprised between 1.1 and 1.45. We
will further consider the case (t/p = 1.2 and 50 m®/s). For this scepario, the critical
slope (Froude number = 1) is equal to 16 %. The reaches of 9 % and 14 % are
consequently subcritical with a hydraulic jump occuring under the bridge.

To gain a better insight into the phenomenon, free surface elevations were assessed with
the help of a one-dimensional debris-flow model developed at Cemagref (Laigle and
Coussot 1997). This model was used under steady-state conditions. It can be seen
(figure 4) that the elevation downstream of the jump reaches the roadway which makes
the obstruction of the bridge quite probable. It is important to mention the limitations of
this modelling. The check dam can only be modelled as a very steep reach (45 degrees).
The location and the length of the hydraulic jumps are difficult to predict which in turn
affects the maximum height reached under the roadway. As in uniform flows, depth
calculations suffer from uncertainties up to 30 %. The potential granular front is not
taken into account. Big boulders carried at the surface and woody debris must be taken
into account to increase the actual bridge clearance necessary to avoid obstruction. As a
result, the real depths of flow are likely to be higher than the modelled values.

To conclude, this analysis actually allows to explain the obstruction which happened in
1994.
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Figure 4 : Calculated free surface profile of the 1994 debris flow around the
bridge (t/p =1.2 ; discharge = 50 m’/s)
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Riou Sec (1997)
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Figure 5 : Calculated free surface profile of a future debris-flow around the bridge
(t/p =1.7 ; discharge = 50 m/s)

Analysis of future debris-flows

To mitigate future debris flows, it is first of all necessary to define scenarios. These
scenarios have been defined after a preliminary analysis together with the Local
Council. One main difficulty is how to choose rheological parameters as they can vary
between events. An ordinary-event scenario was taken similar as the 1994 debris-flow
with T/p = 1.2, a discharge of 50 m?s and a volume of 5000 m’. A higher-event
scenario was defined with 1/p =1.7, a discharge of 50 m/s and a volume of 20 000 m’.
The volume will not be taken into account in this paper as the flow depths are modelled
under steady-state conditions. Defining volumes is useful to design for example debris-
flow deposition basins or to assess the extension of the debris flow on the alluvial fan.

Since the 1994 event, the slopes around the bridge have been amended. The check dam
has been rebuilt 20 m upstream of the bridge and the reaches have been given a slope
value of 18 % except under the roadway with only 14 % (see figure 2). However the
vertical clearance has not been modified and has remained equal to 3 m. With this
current geometry, free surface elevations have been computed for a future event
corresponding to the higher-event scenario and are shown on figure 5. Despite a steeper
slope, because of a higher yield stress, the reach under the roadway is still subcritical
with a maximum height of 3.5 m which is again above the clearance of the bridge. An
obstruction is thus still likely to happen with the higher-event scenario.

Further modelling has been undertaken to test other bed profiles. An increase of the
slope under the roadway from 14 to 18 % proved not very efficient because this reach is
already very short. An increase of the gobal slope from 18 to 20 % (from point A to
point B on figure 2) is a little more efficient but not sufficient. Finally, no efficient
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solutions were found avoiding a rebuilding of the bridge with a higher vertical
clearance.

CONCLUSION

Depths of flow and velocities data observed during the 1994 debris-flow of the Riou sec
stream have allowed to assess rheological parameters. These parameters have been used
under non-uniform conditions to model the free surface profile around the bridge, which
explains the obstruction of 1994. The specific behaviour of muddy debris-flows and too
low slopes have been the principal reasons for this obstruction.

Since the 1994 event, the bed profile has been reprofiled with steeper slopes. Similar
calculations have been performed for a future debris-flow defined by the Local Council
with the help of a scenario. It is shown that an obstruction is still likely to occur. Other
bed profiles have been tested but no efficient solutions were found avoiding increasing
the upstream vertical clearance of the bridge.

This modelling is hindered in particular by the steady-state assumption. A scaled
physical model could give more general results under unsteady conditions without
however addressing all issues especially the problem of the granular front.
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