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Abstract
This paper describes the velocity pattern of a slow-moving earth flow containing a viscous
shear band and a more or less rigid landslide body on top. In the case of small groundwater
fluctuations, Bingham’s law may describe the velocity of these slow-moving landslides, with
velocity as a linear function of excess shear stress. Many authors have stated that in most
cases a non-linear version of Bingham’s law best describes the moving pattern of these earth
flows. However, such an exponential relationship fails to describe the hysteresis loop of the
velocity, which was found by some authors. These authors showed that the velocity of the
investigated earth flows proved to be higher during the rising limb of the groundwater than
during the falling limb.

To explain the hysteris loop in the velocity pattern, this paper considers the role of excess
pore pressure in the rheological behaviour of earth flows by means of a mechanistic model.
It describes changes in lateral internal stresses due to a change in the velocity of the earth
flow, which generates excess pore pressure followed by pore pressure dissipation. Model
results are compared with a hysteresis in the velocity pattern, which was measured on the
Valette landslide complex (French Alps). Copyright © 2005 John Wiley & Sons, Ltd.
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Introduction

There are many complex mass movements, which have a source area where blocks fail as rotational slides. These
sliding blocks transform downslope into elongated flows with high water contents at or above the liquid limit, high
velocities from 3 m per minute to 1·8 m per hour and flowing all over the vertical profile. These flows can be classified
according to Hungr et al. (2001) as mud flows. At a later stage these flows transform into slower plug flow move-
ments, which are classified by Hungr et al. (2001) as earth flows. These earth flows may move over a relatively thin
viscous shear band with a high water content and a more or less rigid landslide body on top (Giusti et al., 1996;
Angeli et al., 1998).

In the case of small groundwater fluctuations, the velocity of these slow-moving landslides can be described by
Bingham’s law with a linear relation between velocity as a function of excess shear stress and a constant dynamic
viscosity (Van Asch and Van Genuchten, 1990; Angeli et al., 1998). Many authors state that in most cases a non-linear
version of Bingham’s law best describes the moving pattern of these earth flows (Vulliet and Hutter, 1988). However,
such an exponential relationship fails to describe the hysteresis loop in the velocity pattern, which was found by
Bertini et al. (1986), Malet et al. (2002) and Malet (2003). These authors showed that the velocity of the investigated
earth flow proved to be higher during the rising limb of the groundwater than during the falling limb.

Field evidence supports the hypothesis that earth flows cannot be considered as uniform rigid bodies and internal
deformation accounts for the generation of excess pore pressures under initially undrained conditions (Giusti et al.,
1996). Zones of compression and extension may develop during movement, which results in positive or negative
volumetric strain and hence the generation of negative or positive excess pore pressures (Picarelli et al., 1995),
followed by a dissipation of excess pore pressure.

Based on these findings, there is a strong case for the consideration of the role of excess pore pressure in the
rheological behaviour of earth flows by means of a mechanistic model. An attempt will be described in this paper.
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Model results will be compared with a hysteresis in the velocity pattern measured on the Valette earth flow in the
Barcelonnette basin (French Alps).

Hysteresis in the Velocity Patterns of the Valette Earth Flow

The mass movement complex of La Valette near Barcelonnette in the French Alps amounts to a volume of 3·6 million m3

(Van Beek and Van Asch, 1996). It consists of a rotational block (50 m in depth) incorporating in-situ Flysch and
Terres Noires rock material, which failed in March 1982 in the upper part (Figure 1). The middle part consists of
meta-stable weathered Terres Noires and argillaceous morainic material. This part became active in 1986. Rapid slides
in the middle part transformed into a mud flow and later into an earth flow according to the classification of Hungr
et al. (2001). It built up the lower part of the landslide complex. The upper scarp of the landslide complex is situated
at a height of 2000 m while the toe lies at 1250 m. The analyses are concentrated on the movement in the middle part
where the material moved over a depth of 20 m with a slope of 18°. The type of movement can be characterized as a
translational earth flow. Displacements at the surface were measured every one to two weeks along a survey line with
20 markers roughly perpendicular to the direction of movement (see Figure 1). The position of the markers was
measured by a theodolite with an accuracy in the order of millimetres.

Hydraulic heads were measured with an open standpipe piezometer, about 20 m upslope of the survey line
(Figure 1) The open standpipe piezometer (Ø 25 mm, 40 cm filter length) was installed according to standard pro-
cedures (Graig, 1992). The total head of the groundwater was calculated for a reference level at the depth of the slip
surface, which is about 20 m below the topographical surface.

The data set analysed here covers the period from 9 September 1988 until 10 September 1991. The material in the
middle part of the landslides consists of strongly remoulded Terres Noires mixed with morainic deposits. The matrix
of this material is fine sandy silts with a considerable clay fraction in which large fragments (stones, gravel) are
incorporated. Peak strength measured with triaxial tests in undisturbed morainic material amounts to φp = 26·8°
(n = 10, R2 = 0·98); the peak cohesion is relatively low: 2 kPa). After failure, strain softening was observed. With
a strain of 16 per cent the incomplete residual strength for four samples (R2 = 0·95) has a residual friction value of
φr = 23·5° (cohesion is assumed to be zero). Maquaire et al. (2003) measured strength values in reworked black marl
formation on the Valette earth flow with φp values between 21 and 24° and much higher cohesive values between 31
and 40 kPa, measured with direct shear tests. φr-Ring shear values varied between 19 and 21° while the cr values
peculiarly remain rather high between 10 and 14 kPa.

In Figure 2 the measured velocity is plotted against the total head. The figure shows a nearly symmetric shape
of the velocity graph while the rising and falling limbs of the total head level are asymmetric. The peak with the
maximum rise in piezometric level shows clearly that velocities are higher for the same level in a rising limb than
in a falling limb. This graph cannot be described with a non-linear rheological model. Therefore a rheological model
is proposed here that explicitly generates excess pore pressure and that must describe the velocity pattern more
truthfully.

A Rheological Model with Excess Pore Pressure

In this model, velocity will be defined as a function of (a) excess shear stress, (b) an intrinsic constant viscosity, and
(c) changing excess pore pressure conditions during movement.

Local changes in instability within segments of the earth flow will be resolved into changes in total inter-laminar
lateral stress. Assuming initial undrained conditions, this lateral thrust is translated into changes in pore pressure
followed by a dissipation of pore pressure. Resulting volumetric strains are ignored in the model. Only changes in
stress during movement are considered. Velocity will be described by a visco-plastic model (Bingham’s law) for the
viscous shear band.

The computation starts with the determination of the overall safety factor (F for t = 1) in the first time step
according to Janbu’s simplified method (Nash, 1987):
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where (see also Figure 3) W = the weight of an individual slice i (for practical reasons the suffix i is omitted in the
equations), Unormal = the pore water force on the slip surface of slice i, caused by height of groundwater, Uexcess = excess
pore pressure due to undrained lateral loading during movement (see below; Uexcess = 0 in the first time step), c′ = is the
cohesion (in kPa), φ′ = the friction angle of the material, α = slope angle of slice i, L = the length of the slip surface of
slice i, S = the resisting force of slice i, T = the driving force of slice i.

Since the depth/length ratio of this long elongated earth flow is very small no correction factor is applied for the
calculation of F (Nash, 1987).

Figure 1. Photograph and a cross-section of the Valette landslide near Barcelonnette (French Alps). A–B marks the position
where velocities were measured.
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Figure 2. The relation between superficial velocity and total head of the groundwater in the Valette earth flow, for respectively
rising and falling limbs from 9 September 1988 until 10 September 1991. The calibration period is labelled ‘a’.

Figure 3. A modelling scheme for the calculation of excess pore pressure and velocity of an earth flow.

Equation 1 contains F on both sides, which is solved iteratively in the first time step. In the following time steps
when the landslide is moving and groundwater level is changing, the new Ft on the left side of Equation 1a is
calculated with Ft−1 obtained from the former time step and this is substituted for each slice in Equation 1b to calculate
the right side of Equation 1a.

The ‘normal’ pore pressure U, which is attributed to the height of the groundwater level flowing more or less
parallel to the slip surface is given by:
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U U h Lt t t
normal normal    cos= +−1 2∆ α (2)

where ∆ht is the vertical rise of the groundwater above the slip surface at time step t (Figure 3).
The total pore pressure at the beginning of the time step is the sum of the normal pore pressure given by the height

of the groundwater in the current time step and the excess pore pressure calculated (see below) in the foregoing
time step.

U U Ut t t
total normal excess    = + −1 (3)

It is assumed that the excess pore water force (Uexcess) is generated during movement due to a change in the net lateral
force ∆E (see Figure 3) between two time steps by the principle of undrained loading.

In order to calculate ∆E for each slice for a given time step, forces are resolved vertically to calculate the total
normal force N for each slice (see Figure 3):
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Resolving the forces parallel to the slip surface for each slice delivers ∆E:
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It is assumed that a change in the net inter-slice forces (∆Et − ∆Et−1) (see Figure 3) between two time steps creates the
excess pore pressure and therefore:

Ut
excess = Ut

excess
−1 + (∆Et − ∆Et−1) − A(∆Et − ∆Et−1) (7)

where A is related to Skempton’s pore pressure coefficient (Whitlow, 1995).
During the time step there is also dissipation of pore pressure. An average fractional loss (Fr) of Ut

excess during a
time step can be obtained using Therzaghi’s theory of consolidation for a half closed layer (assuming an impermeable
slip surface, vertical drainage upwards and one-dimensional consolidation (Whitlow, 1995):
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where Tv is the dimensionless time factor of the consolidation and pore water dissipation process. Fr has a value
between 0 and 1 ( = complete dissipation of excess pore pressure).

Tv in Equation 8 is defined as follows:
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where t is time (day); d is the length (m) of the drainage path which for a half-closed layer equals the thickness of the
water layer or in our case the saturated height hw of the slice. Cv is the coefficient of consolidation (m2 day−1):
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where mv is the coefficient of volume compressibility (m2 kN−1), k the saturated hydraulic conductivity (m day−1) and
γw the unit weight of water (kN m−3).

The new Uexcess at the end of the time step after consolidation becomes:

Ut
excess = Ut

excess − FrUt
excess (11)
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This value is used in the next time step to calculate the new Utotal (see Equation 3).
The shear stress (τ ) and shear strength τ 0 along the length of the slip surface of one slice is used to calculate the

velocity of the earth flow:

τ τ0     = =
S

L

T

L
(12)

where S and T are given by Equation 1a.
The velocity is calculated according to Bingham’s law:

v
h
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τ τ 0 (13)

where v is the velocity (m s−1), hm is the thickness of the shear band (m), η is the dynamic viscosity (kPa s). Here the
velocity (v) is a linear function of the excess shear stress (τ − τ0) and not an exponential function. Our hypothesis
is that the exponential behaviour is caused by the development of excess pore pressure, which means that there is a
non-linear behaviour of S (or τ0), as a function of Uexcess during movement (see Equations 1a, 12 and 13).

Calibration of the Model on the Valette Landslide

The highest peak in the velocity of the Valette Earth flow was selected to calibrate the model. A rising limb with
sufficient data points was available during the period 22 February 1989 until 13 July 1989 and a falling limb was
obtained from the period 14 July 1989 until 12 January 1990 (Figure 2). Table I shows an overview of the parameters
that were used in the model.

The table shows that calibration was carried out on two parameters: the ratio between shear band thickness and
viscosity hm/η (Equation 13) and Skempton’s pore pressure coefficient A (Equation 7). Figure 4 shows that the first
velocity peak could be modelled rather well. The model reacts sharply with a second peak on a further but slighter

Figure 4. Measured and calculated velocities of the Valette earth flow.

Table I. Measured and calibrated parametric values for the excess pore pressure model

Parameter Value Remark

Residual cohesion Cr shear band ~ 0 kPa Ring shear tests
Friction angle φr (-) shear band 23·5° Ring shear tests
Thickness shear band / dynamic viscosity, hm/η (Equation 13) 8E-7 m kN−1 s−1 Calibration
Cv = coefficient of consolidation (Equation 10) 17·5 m2 day−1 Oedometer tests
Skempton’s pore pressure coefficient A (Equation 7) 0·6 Calibration
Bulk density 18·2 kN m−3 Laboratory measurements
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Figure 5. The measured and calculated hysteresis in the velocity pattern of the Valette earth flow.

increase and decrease of the piezometric level. The observed velocity of the landslide shows only a minor peak. The
response is less severe as predicted by the model. However, both the observed and calculated velocities show an
asymmetric relationship with fluctuation of the piezometric level. This is better demonstrated in Figure 5, which
clearly shows a hysteresis of the trendlines of measured and calculated velocities for a rising and falling limb of the
piezometric level.

Sensitivity Analyses

A sensitivity analysis was carried out for Skempton’s pore pressure coefficient A (Equation 7) and for Cv, (see
Equations 8–10). An index is defined for the effect of these parameters on the hysteresis pattern. This is the maximum
difference in velocity which is found between a rising and falling limb for a given groundwater level. The two
parametric values were fixed at a mean given in Table I. Each parameter was consecutively increased and decreased
stepwise towards a maximum of 50 per cent. Figure 6 shows the results.

Skempton’s pore pressure coefficient A proved to be the most sensitive parameter for the given range in parametric
values.

Discussion and Conclusions

A velocity as a non-linear function of excess shear stress and viscosity commonly describes the velocity pattern of
complex earth flows experiencing visco-plastic deformation. The driving excess shear stress is related directly to a
decrease in effective stress, i.e. an increase in pore pressure. However, it has been demonstrated that for actual earth
flows existing models describing this relationship do not explain a hysteresis in the velocity between a rising and
falling groundwater limb. This hysteresis should be ascribed to the generation of excess pore pressure or suction due
to respectively compression and decompression. As an amendment to existing models a simple model has been
developed that includes the generation of excess pore pressure and its dissipation during movement. It describes
changes in lateral stresses due to changes in velocity. The model presented shows a hysteresis in the velocity pattern,
which was found in the Valette earth flows as well as in other slides. Therefore the inclusion of excess pore pressure
seems to be realistic.

The generation of excess pore pressure is the most common feature for explaining the fluidization and large runout
distances of landslides. The most widely known and abundantly studied feature is the effect of loose highly porous
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Figure 6. The effect of two parametric values on the hysteresis index (see text): A is Skempton’s pore pressure coefficient; Cv is
the coefficient of consolidation (m2 day−1).

soil (like volcanic ash), which compacts during initial failure, generating excess pore pressure (Yoshimini et al., 1989;
Anderson and Riemer, 1995; Fuchu Dai et al., 1999; Okura et al., 2002). Also particle breakage may occur along the
slip surface of rapidly moving slides, causing contraction of the soil and generating excess pore pressure and liquefac-
tion in the slip surface (Sassa, 1998; Wang et al., 2002).

In slow-moving complex earth flows the inclusion of excess pore pressure must also be considered. In this case
zones of compression and extension due to changes in velocity and loading of new failing blocks in the steeper source
area generate excess pressures. Under critical conditions, these earth flows may generate rapid surges or transform into
mud flows through fluidization. Such changes in the rheological behaviour are extremely dangerous for human life or
activities in the possible path of the earth flow. Presently, models to predict such changes for existing landslides are
based on observations of displacement and groundwater levels that seldom include observations within this critical
range. Such predictions will be unreliable if they are applied outside the range of measured velocities. The inclusion of
excess pore pressure in the proposed model will provide the possibility of evaluating such conditions deterministically
and with more reliability.
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