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The relation between groundwater fluctuations and displacement
velocities are analysed for a slow moving deep-seated landslide. The land-
slide, which developed in varved clays, is situated near Monestier-du-
Percy, on the «Tri¢ves Plateau» in the French pre-Alps. The landslide,
which started in the fifties, moved over a long time period with varying
(also zero) velocities. Over longer periods, a temporally attenuating trend
in the amount of displacement could be observed. In recent years during
the nineties, inclinometer measurements showed a mean displacement
around 30 mm yr~'. The inclinometer profiles show a shear band of less
than one meter with a more or less rigid plug on top.

Two models based on the equation of motion were tested on these
displacement profiles in combination with piezometric observations from
an open stand pipe nearby: The AC-model uses the complete equation
of motion including the local and convective acceleration terms. The
NA-model ignores these terms making it a sort of steady state model. It
appeared that for slow moving landslides, differences in calculated veloc-
ities and displacements between the two models can be neglected for
gradual rising and falling groundwater levels.

The landslide monitoring did not show a simple linear relation be-
tween groundwater level fluctuation and displacement velocity. Back cal-
culation of the viscosity for the various time intervals within a selected
test period between 23/11/1992-24/08/1995 shows an exponential rela-
tion ship between excess shear stress and shear strain rate. It can be ex-
plained by a rate dependency of an apparent viscosity, caused by genera-
tion of a rate dependent excess pore pressure or by a rate dependent
change in thickness of the shear band.
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INTRODUCTION

Slow moving landslides show a wide variety of com-
plex systems and mechanisms controlling their temporal
displacement pattern. The movement of these landslides
are in the first place controlled by a fluctuating groundwa-
ter level generating changes in pore pressure and thus
changes in excess shear stress controlling the velocity. The
rate in rise and fall of the groundwater level is influenced
by the amount of fissures which provide the infiltrating
water direct access to the groundwater body. During
movement fissures may develop and may be closed again
leading to a changing preferential flow regime (Corominas
& aliz, 1999; Malet & aliz, 2005). Consequently, large land-
slides have shown an erratic and complex response to rain-
fall (Noverraz & aliz, 1998; Malet & aliz, 2005).

The displacement velocities within a landslide differ,
which results in the generation of zones of compression
and extension. This will create undrained loading effects,
leading to the generation of excess pore pressure, (Baum
and Fleming, 1991; Picarelli & alii, 1995, Giusti & alii,
1996, Klubertanz & aliz, 2000, Comegna and Picarelli,
2005; van Asch & aliz, 2006, 2009). Under compression,
excess pore water pressures, as a result of undrained load-
ing may generate sudden surges (Bonnard & a7, 1995,
Baum and Fleming, 1991, Caron & aliz, 1996).

Excess pore pressure effects can also be induced by
sliding of the landslide body over an undulating slip sur-
face, with destabilising positive and stabilising negative
pore pressure developement as the result of compression
and dilation at respectively the proximal and distal sides
of bumps (Keefer & Johnson, 1983). Van Genuchten &
van Asch (1988) found similar feedback mechanisms in
intermittently sliding blocks of a slow moving landslide
near La Mure (French Alps), which developed in varved
clays.
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Iverson (2005) and Goren & Aharonov (2009) pointed
to the effect of compression and dilation in the shear zone
and the balance between the generation of excess pore
pressure and pore pressure dissipation, which may control
the movement of landslides.

There are also consolidation effects, which during peri-
ods of rest, may lead to strength regain in the shear zone,
attenuating the likelihood of reactivation (Nieuwenhuis
1991, Angeli & aliz, 2004).

Van Asch & alii (2009) did an attempt to analyse
groundwater level fluctuation in relation to the displace-
ment of slow moving deep seated landslides, which devel-
oped in varved clays on the «Trieves Plateau» in the
French pre-Alps. The aim of this paper is to analyse fur-
ther this relationship, using two displacement models,
which are based on two alternatives of the equation of
motion.

First, a description of the landslide is given. Second,
the field observations (displacement and groundwater)
are presented. Third, the kinematical displacement mod-
els are presented based on two alternatives of the equa-
tion of motion. Finally, the paper analyses the differences
between the two models and the influence of viscosity
and excess pore pressure on the moving pattern of this

landslide.
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DESCRIPTION OF THE VARVED CLAYS
LANDSLIDE MONESTIER-DU-PERCY

In the French Alps in the so called «Tri¢ves» region,
50 km south of Grenoble, glacio-lacustrine clay sediments
were deposited in glacially dammed lakes during the
Wiirm maximum episode. They are characterised by an al-
ternation of silt and clay laminae with a thickness of 1-20
mm (Giraud & aliz, 1991; van Asch & aliz, 1996). In these
clay deposits many landslides have developed. The activity
of most of these landslides is seasonal (Van Genuchten,
1989; van Asch & alii, 1996): movements are triggered by
snowmelt and rainfall especially in spring time. These
clayey landslides have slip surfaces which may be shallow
(4 to 8 m) or more deep-seated (20 to 40 m) (Antoine &
alii, 1981). Slope stability calculations indicate that the
groundwater levels of these deeper slides have to rise near-
by the surface in order to trigger or accelerate the move-
ments (Vuillermet, 1992).

The geomorphological analysis of old aerial photo-
graphs (1948, 1956) of the Monestier-du-Percy landslide
indicated instability signs of the slope since 1956. The
landslide affects an area of approximately 0.9 km’, with a
relatively low-gradient slope (12°), and the land cover is
mainly composed of pasture lands (fig. 1). The geology of
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the site is composed of ca. 40 m of varved clays, which

overlay a bedrock of Callovo-Oxfordian clay shales with a

dip of ca. 40° in the South-West direction, whilst the land-

slide is developing in the North-West direction (Antoine

& alii, 1981). The landslide mass can be divided into two

parts (fig. 1), bordered by a positive undulation of the

clay-shale bedrock:

— the South Western part is a landslide characterized by
ca. 24 m of varved clays and a slip surface located at —16
m below the main houses and at -9 m nearby the road.
The groundwater levels can attain the topographic level.
This part of the slide affected 3 houses and the main
road.

— the North-Eastern part, of the landslide is moving faster,
with an erosion of the main scarp of 10 m between 1978
and 1988. The bedrock is located at —40 m, and the slip
surface at a depth of —20 to —25 m.

Displacements could be calculated from analyses of or-
tho-rectified aerial photographs (fig. 1). In the period
1948-1981 mean velocities of 3.5 mm.yr"' are observed
with a progression of the toe of 1150 mm in the South
Western part of the landslide. In the period 1993-2003,
mean velocities of 50 mm.yr "' are observed with a progres-
sion of the toe of 510 mm. In the North Eastern part the
ortho-photographs show probably an attenuating trend in
the displacement of the toe of about 30 m (1 m yr™') in the
period 1948-1981 and for the 1993-2003 period 3 m (is 0.3
m yr') (Van Asch & aliz, 2009).

One piezometer (P1), three inclinometers (11, 12, I3)
have been installed in order to better understand the me-
chanics and monitor the displacements and the hill slope

hydrology (fig. 1).

Geomorphological observations and analysis of the ge-
otechnical drillings indicate a rotational movement in the
upper part of the landslide, and a translational movement
in the lower part imposed by a flattening of the slip surface
in the down slope direction.

ANALYSIS OF THE MORE RECENTLY OBSERVED
INCLINOMETER DISPLACEMENTS

Fig. 2 shows the displacement profiles of inclinometer
I, at the Monestier-du-Percy landslide over the period
23.11.1992-24.08.1995. The interval between two measure-
ments ranges between one to two month(s) in the first stage
of the measuring campaign. When a sufficient impression of
the rate of displacement was obtained the period between
two measurements was extended to 3 to 6 months.
At the Monestier-du-Percy landslide, the maximum de-
formation near inclinometer I, was found at a depth of
around 15.5 m (fig. 2). The total displacement over nearly
3 years of measurements was about 80 mm, with an aver-
age of about 30 mm.yr". The test period for which we
could analyse the displacements in relation to groundwater
fluctuations dated from 26-2-1993 until 20-6-1995, which
is plus minus 28 months with a total displacement of near-
ly 63 mm. The displacement profiles (fig. 2) show a defor-
mation zone of no more than 1 m with a more or less rigid
plug with practical no internal shear deformation on top.
The thickness of this shear zone may be less than 1 m but
this could not be detected due to stiffness of the flexible
tube. Van Genuchten (1989) observed a shear band with a
thickness of 1.5 ¢cm at a depth of 4.5 m in a varved clays

landslide near La Mure.
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FIG. 2 - The displacement profiles of inclinometer I, at the Monestier-du-Percy landslide over the period 23.11.1992-24.08.1995.
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HYDROLOGICAL OBSERVATIONS

Only one groundwater observation station is available,
in the upper half of the landslide (fig. 1). The instrument is
a standard open standpipe of 0.125 m in diameter. The
piezometer P2 in fig. 1 was installed in a 10 m deep bore-
hole with a filter between -5 and —10 m below the surface,
fully in the varved clays deposits. Groundwater fluctua-
tions are relatively small and range between 1 and 2 m.

(fig. 3).
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FIG. 3 - The groundwater fluctuations at the Monestier-du Percy land-
slide obtained from Piezometer P2 in relation to the mean observed
velocities calculated from the periodical displacements of Inclinometer 12.

The fluctuation of the groundwater levels (measured
per day) in fig. 3 are shown in combination with mean
velocities calculated from the displacement for different
observation intervals between January 1993 and July 1995,
which were obtained from displacement measurements
with inclinometer I,. The figure shows a meagre correla-
tion between the two time series. The maximum ground-
water levels are observed in April-May and November-De-
cember. The fluctuation of the groundwater level in the
varved clays may be regulated by a complex double reser-
voir hydrological system as was suggested by Van Asch &
alii, 1996.

DESCRIPTION OF THE DISPLACEMENT MODELS

The models which are described here are two versions
of the equation of motion where the forces are solved on a
consideration of forces under dynamic condition of a mov-
ing body. The mass balance is given by Eq. (1):

oh () _
a  ax

0 (1)

where h is the vertical height (L), u is the velocity (LT
t- time (T) and x distance (L) measured horizontally (see
fig. 4).

The momentum balance in terms of acceleration,
which can be used for both rapid and slow moving mass
movements (Begueria & alz, 2009), is given by Eq (2):
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FIG. 4 - Scheme of the different slices with a unit width of 1 m and the
shear stress and normal stress for each slice, which is used in the equation
of motion. The nodal distance between the slices (Dx) is set at 20 m.
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where p (M) is mass and k is an earth pressure coefficient
(-)i.e. the ratio between the tangential and normal stresses
. ¢, = cosa, is the direction cosine of the bed. The first and
second term on the left side are respectively the local or
time acceleration, expressing the time rate of change at a
fixed position and the convective acceleration i.e. the time
rate of change due to change in position in the spatial
field. The first term on the right site is an acceleration
term related to the gravity component (LT~). When one
multiplies this term with rh it turns into a shear stress term
which is depicted in fig. 4. The second term is a pressure
term related to differences in lateral stress within the land-
slide during movement. S; is a resistance term (-), which
accounts for momentum dissipation within the landslide.
If this is caused by frictional and viscous resistance it can

be defined as Eq. (3):

S, =|cos’a. tan ‘+L T+ a_uh
f x ¢ pgh c r(az) (3)

The first term multiplied by rgh turns into a Coulomb
friction stress which is derived in fig. 4. The ¢’ in Eq. (3) is
an apparent friction angle, which incorporates the effect of
pore pressure. It can be described as follows Eq. (4):

tang'= (1 -r,)tang (4)

Where r, is the pore pressure ratio (-) defined as the ra-
tio between the pore pressure p and the total stress rgh
(ML’T?/ ML’T~) and ¢ (-) is the intrinsic friction angle of
the material. The yield strength 7. (M L™ T7) is related to
the cohesion of the material, du/dz (T™') is the shear strain
rate and 7 is the dynamic viscosity (M L™ T™'). Normally
the viscosity component is considered as a Bingham fluid
where a linear stress-strain rate relationship is assumed
when the frictional (¢) and (or) cohesive (T,) resistance is
exceeded. For a Bingham fluid the exponent b in Eq. (3)



equals 1. However, in debris flows a convex relationship
defining a shear thinning behavior (i.e. decreasing viscosity
with applied shear) is in better agreement with most ex-
periments, and led to definition of the Herschel-Bulkley
model where b<1 in Eq. (3). An exponential relationship
was also assumed for slow moving landslides: (Cartier and
Pouget 1988, Salt 1988, Vulliet and Hutter (1988), Brace-
girdle & aliz, 1991, Conforth and Vessely 1991.

In analysing the kinematics of this slow moving land-
slide the momentum equation given in equation Eq. (2)
will be called from now on the AC-model. This model can
be simplified by ignoring the local and convective acceler-
ation terms at the left side of Eq. (2) making it a steady
state model, which we will call the NA-model Eq. (5):

. dh
gsino, cosor, +kg—-g
ax pgh iz

cos’o., tang'+ ]—[ %, +n( a_u] ]] =0 (5)

The AC-model can be solved numerically with b=1
(Bigham viscosity) in a simple form Eq. (6):

At A
uf'=uf-¢f o u! ﬁl}',, - u;'_1) + Atgc! [;:clsotI sino;; - ktanf; —Sf‘."] (6)
X

where Sf Eq. (7):

Sf" =cos’c. tang '+ d T +11u—“‘

where n is the time step and i the slice number (see fig. 5).
In Eq. 7 we assume a linear increase of velocity over the
thickness of a shear band with a constant thickness (d).
When r is the thickness of the rigid plug on top we can nu-
merically calculate the new height in slice i for the next
time step n+1 using the mass balance given in equation (1)
as follows Eq. (8):

e = - o - dor, Jofr) - ur)] (®)

The numerical scheme for the NA-model assuming
b=1 in Eq. (3) can have the following form by replacing
du/dz by u; /d, which is a discrete velocity in slice i at time
step n over a discrete thickness (d) of the shear zone Eq. (9):

S| I, T
T, ph?d?u‘ 9)

gsinol coso’ — kgtanf - g cos’o tang ' -

Solving u in Eq. (9) delivers the following form Eq. 10a-¢)

o _ phid}

up = B 07+ 257 -C7) (10a)
D} = gsiney cosoff (10b)
P = kgtanf! (10¢)
S!' = gcos’of tang' (10d)
v
o LAY 10
" oh T. (10e)

A COMPARISON BETWEEN THE
AC- AND NA-MODEL

The kinematics of the displacement was analysed over
the period 8-2-1993 and 20-6-1995 which is a period of
879 days. The daily piezometric levels delivered a mean
groundwater level of 10.24 m over that period. The total
displacement in that time was 62.89 mm. These two fig-
ures have been used to back calculate the viscosity with
the two models. The other parameters have been taken
from the literature. Giraud & aliz (1991) reported shear
test results of four samples taken at depths between 4-10
m. at three locations in the Tri¢ves basin. The shear tests
results on varved clays sheared, along the laminae, showed
peak friction values between 20° and 21° and residual val-
ues between 18° and 19°. Van Genuchten and van Asch,
(1988) found back calculated friction angles values be-
tween 17°-19° for the La Mure landslide with a slip sur-
face at a depth of 4.5 m. A large part of slip surface of the
here presented landslide is nearly parallel to lamination of
the clays and due to the frequent movements the friction
angle is in a residual state. The highest residual friction
values (19°) are selected as input for the models, since the
slip surface in Monestier-du-Percy lies deeper than where
the shear test samples were taken. (See table 1). The cohe-
sion for the residual state is set to zero (Giraud & al77,
1991; See table 1) The earth pressure coefficient k (see Eq.
(2)) was set at 0,75 and kept constant, assuming a static
condition for this very slow moving landslide and a rigid
moving body.

TABLE 1 - Parametric input values for the AC- and NA-model obtained
from literature and from back calculation (in italic)

Ax (m) Timestep & () ckPa k n kPa s
AC-model 20 1 day 19° 0 0,75 2,12E+09
NA-model 20 1 day 19° 0 0,75 5,5E+08

Fig. 5 show the profile along AB until the toe (see fig. 1),
where the analyses were carried out. The distance between

height {m)

distance (m)

[ hslibabs —(—hiopot=0 —a— htopo t+1

FIG. 5 - Cros section along the Monestier-du Percy landslide in the SW
part along A-B until the toe (see fig. 1).
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the centre of the slices (Ax) is set at 20 m and the time step
at 1 day (see fig. 2 and table 1) Using the parameter values
given in table 1, the back calculated viscosity over the period
of 879 days with the mean groundwater table at =5.76 m and
a measured horizontal displacement in that period of 62.89
mm brought for the AC-model a viscosity of 2.12E+09 kPa s
and for the NA-model a viscosity of 5.5E+08 kPa s. Van
Genuchten 1989 measured in the laboratory a viscosity of
2.53 E+08,with stress controlled direct shear tests.

The back analyzed viscosities and the parametric val-
ues given in table 1 were used to simulate for the test peri-
od the effect of the groundwater fluctuation on the cumu-
lative displacement and the velocity.

The difference between the two models is first demon-
strated by making a hypothetical simulation over 100 days
using 3 different groundwater levels and the viscosity cali-
brated over 2.4 years displacement. fig 6 shows for the AC-
model an acceleration and decelerations with respectively
rising and falling groundwater before it comes to a steady ve-
locity while the NA-model has an immediate response to the
rise or fall in groundwater. Fig. 6 shows that the velocities of
both models are nearly equal in the steady state period.

Fig. 7 shows a real world case. The calculated cumula-
tive displacement with both models (AC and NA) in rela-
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FIG. 6 - Cumulative displacements (observed and calculated) in relation
to measured groundwater fluctuations of the Monestier-du-Percy land-
slide in the period 23.11.1992-24.08.1995.
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tion to the measured cumulative displacement and ground-
water fluctuation are depicted for the test period. The
figure shows no differences in cumulative displacement
between the two models. In fact the differences in the cu-
mulative displacement between the NA- and AC-model
calculated at different times ranges between 0.17 and
-0.38 mm during the 2.4 year test period. Also the effect
of the groundwater fluctuations on the fluctuations of the
cumulative displacement in that period is not visible. The
cumulative displacements seem to be linear related mainly
to the cumulative time. The cumulative displacement cal-
culated with both models show clear deviations with the
observed cumulative displacement in fig. 7. This indicates
a more sensitive reaction of measured displacements in re-
lation to groundwater fluctuations. This will be analyzed
later on in more detail.

Based on the simulated cumulative displacements the
mean velocity is calculated for each measuring interval.
Fig. 8 shows velocities calculated with the AC- and NA-
model in relation to observed groundwater rising and
falling limbs. As can be expected from the model, the cal-
culated velocity follows the trends of the groundwater
fluctuations. One can see minor differences in fluctuations
between the AC- and NA-model. During the minima of the
groundwater level the AC-model velocities show slightly
higher values than the velocities calculated with the NA-
model. During the maximum rise of the groundwater
these differences are negligible most of the time.
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FIG. 8 - Calculated velocities with the AC- and NA-model in relation to
measured groundwater fluctuations of the Monestier-du-Percy landslide
in the period 23.11.1992-24.08.1995.

AN EXPLANATION FOR THE MORE SENSITIVE
RESPONSE OF MEASURED VELOCITIES TO
GROUNDWATER FLUCTUATIONS

Fig. 9 shows the relation between the velocities calcu-
lated by the AC- and NA-model and the observed mean
velocities for different periods which are based on the ob-
served inclinometer displacement in that period.

Fig. (9) shows the observed velocities having larger am-
plitudes than the ones calculated on the basis of the ob-
served groundwater heights. Since all the calculations were
done assuming a Bingham rheology (b=1 in Eq. (3)) the
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FIG. 9 - The relation between the velocities calculated by the AC- and

NA-model and the observed mean velocities based on periodically mea-

sured inclinometer displacements on the Monestier-du-Percy landslide
between 23.11.1992-24.08.1995.

deviations between calculated velocities and observed ve-
locities may be explained by a non linear relation ship be-
tween viscosity and excess shear stress as suggested for in-
stance by the Herschel-Bulkley model and for slow mov-
ing landslides by Cartier and Pouget (1988), Salt (1988),
Vulliet and Hutter (1988), Bracegirdle & alzz, 1991, Con-
forth and Vessely 1991 Niewenhuis 1991. It may be caused
by a rate dependent viscosity. Eq. (5) can be simplified to
elucidate the relation between excess shear stress (T, )
on the one hand and the shear strain rate and dynamic vis-
cosity on the other hand Eq. (11):

du 4
T(.‘KCE.‘SS = n( ] (1 ]-)
dz

Equation 11 can be written, following Eq. (3), as a rate
dependent viscosity assuming a linear velocity profile with
a discrete velocity u over the shear band thickness (d)
Eq. (12a):
n=au"

where (12a)

A‘ = Tcxcn:a:adh (12b)

Given the measured displacement for each observation
period and the mean observed groundwater level we were
able to back calculate with the NA-model a viscosity for
each observation period. Fig. 10 gives the back calculated
viscosity in relation to the observed mean velocity for each
measuring interval. A relation between these two can be de-
scribed with a trend line according to Eq. 12a, which deliver
an exponential value for b = 0.74 with R* = 0.78 (see fig. 10).

The above described rate dependent viscosity can also
be interpreted as an apparent viscosity, which consist of an
intrinsic (constant) viscosity and a rate dependent excess
pore pressure (Nieuwenhuis 1991). To calculate this ex-
cess pore pressure a constant intrinsic viscosity was as-
sumed in this case, which we obtained as was shown be-
fore, by back calculation over the total test period (see
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FIG. 10 - The relation between the back calculated viscosities in relation

to the observed mean velocities calculated on the basis of inclinometer

displacements measured on the Monestier-du-Percy landslide for each
observation period between 23.11.1992-24.08.1995.

table 1) We used the NA-model, since the difference in re-
sults with the AC-model could be neglected. Using this
viscosity and the other parameters given in table 1, the
virtual groundwater levels were back calculated using the
observed displacement for each interval. These virtual
groundwater levels may be related to excess pore pressure
development. By subtracting the observed groundwater
levels from the back calculated virtual groundwater levels,
negative and positive deviations in groundwater levels
were obtained, which could be transferred into positive
and negative excess pore pressures in terms of kPa. These
values are depicted for the different measuring intervals in
fig. 11 in relation to the measured groundwater levels.
There is a tendency that with a rising limb of the ground-
water level excess pore pressure tends to go in a positive
direction and with a falling limb pore pressure tends to go
into a negative direction. There is no uniform reaction of
excess pore pressure with the amplitudes of the measured
groundwater levels.
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FIG. 11 - Back calculated excess negative and positive pore water pres-

sures in relation to observed groundwater fluctuations during movement

of the Monestier-du-Percy landslide in the period between 23.11.1992-
24.08.1995.
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DISCUSSION AND CONCLUSIONS

The Monestier-du-Percy landslide is a typical example
of a slow-moving and deep-seated landslide developed in
varved clays. The landslide moved over a long time period
with varying (also zero) velocity. Over longer periods, a
temporally attenuating trend in the amount of displace-
ment seems to be observed at least for the North Eastern
part of the Monestier-du-Percy landslide. The overall de-
crease in velocity may be caused by an increase in the
overall safety factor controlled by a loss of mass in the up-
per part of the landslide. This must have an impact on the
mean displacement rates over time.

The displacement profiles in both landslides show a
relative thin deformation zone of maximum 1 m in thick-
ness which can be thinner, impossible to detect due to the
stiffness of the inclinometer tube.

Two models based on the equation of motion were
tested on these displacement profiles. The AC-model uses
all the terms including the local and convective accelera-
tion terms. The NA-model ignores these terms making it a
sort of steady state model. Hypothetical scenarios with in-
stantaneous rising and lowering groundwater levels show
differences in the onset to the new velocity, adapted to the
new groundwater level: The NA-model shows an instanta-
neous reaction while the AC-model shows an acceleration
and deceleration path towards the new steady state situa-
tion. However for slow moving landslides, differences be-
tween the two models can be neglected in the real world
where the groundwater is rising and falling more gradually
as could be observed during the test period.

Back calculation of the viscosity for each measuring pe-
riod shows an exponential relation ship between excess
shear stress and shear strain rate as expressed in the Her-
schel-Bulkley model for rapid moving debris flow but also
suggested by many authors for slow moving landslides. It
may be explained by a rate dependent viscosity. However
one may also consider it as apparent viscosity, controlled
by the generation of excess pore pressure reacting on
changes in shear velocities. It is decreasing or increasing in
excess the effective stresses during respectively decelera-
tion and acceleration phases. An apparent rate dependen-
cy of the viscosity may also be explained by an increase or
decrease of the shear band (d) during respectively acceler-
ation and deceleration of the landslide. The Egs. 6 and 7
and Eqgs. 10a show, a positive correlation between shear
band thickness (d) and the velocity u which is indepen-
dent from the pore pressure ratio r, (see Eq. 4. The calcu-
lated excess pore pressures in fig. 11 tend towards positive
values with a rising limb of the groundwater and towards
negative values with a lowering limb. This means that ve-
locities increase above the ones related to neutral pore
pressures for a. rising limb and towards lower values than
what may be expected with neutral pore pressures, for a
lowering limb. This may explain the hysteresis in the ve-
locity pattern for rising and falling limbs of groundwater
levels, found by Giusti & aliz, (1996), Malet (2003), Van
Asch (2005).
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