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Abstract

This paper describes a visco-plastic model which, using
recorded groundwater levels, is capable of simulating the
velocity trend in landslides. It also deals with the phenomenon
of shear strength regain that occurs in montmorillonitic clays
constituting slopes during periods when landslides are sta-
ticnary. The model has been validated with long-term observa-
tions of a clay slope affected by a mudslide.
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Introduction

Attempts to calculate the rate of displacement of
numerous landslides in clayey materials on low-gradient
slopes using the classical limit equilibrium method of
stability analysis, give rise to displacements and velo-
cities well in excess of those automatically recorded in
field. In the classical approach, soil strength is regarded
as a unique resisting force. Movement may be initiated
when the equilibrium between driving and resisting
forces is modified by a pore water pressure increase,
whereupon the shearing resistance decreases and, as a
consequence, the driving forces prevail. A finite differ-
ence between driving and resisting forces is then
available. For a definite pore pressure increase, this nett
force is constant and therefore the landslide would move
subject to constant acceleration with an indefinitely
increasing velocity, This accounts for very high calcu-
lated values of velocity very soon after the beginning of
the movement.

The foregoing means that limit equilibrium stability
analysis should only be applied to determine the factor
of safety of a slope in the phase immediately preceding
the movement (F=1) while a different kind of analysis
should be nsed in the successive phase. The latter phase
can be analysed by means of a visco-plastic model
capable of taking into account an additional component
of the resisting forces that, as commonly observed in the
field, causes the velocity to reach a constant value soon
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Fig. 1. Location map of the mudslide at Alverd, Cortina
d’Ampezzo, Italy.

after the start of the movement. In practice, a nett force
becomes available (the difference between the drving
force and the shearing resistance) and, as movement
starts, the velocity increase is simultaneously accompa-
nied by an increase in viscous resistance. Since the
viscous resistance is proportional to velocity, the
available nett force tends to decrease to zero and the
velocity becomes constant. From a conceptual point of
view this dynamic behaviour model is comparable with a
Bingham’s model. It provides a complete explanation
for the relationship between the pore pressure variations
along the slip surface of a landslide and its velocity.

The Alvera Mudslide

From a numerical point of view, the model has been
developed by considering an infinite slope (Skempton &
De Lory 1957). Its validity has been verified against four
years of displacerment and groundwater level records.
The mudsiide chosen for the model validation affects a
slope situated near Cortina d’Ampezzo, in the Eastern
Dolomites, Italy (Figs 1 & 2). It has been described by
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Fii. 2. Aerial view of the Alvera mudslide.

Angeli et al. (1991), Deganutti & Gasparetto (1991) and
Gasparetto et al. (1994). The slope consists of clayey
materials resulting from the weathering of the San
Cassiano Formation, which mainly consists of alternat-
ing beds of sandstone, marl and clay that outcrop in the
hillside (Fig. 3) above the landslide. The mudslide is
about 1km long with a slip surface in the lower part of
the body, developed at a depth of about 5 metres.
Analysis of borehole cores obtained from the lower part
of the slope, permitted a distinction 1o be made between
two separate layers.

The upper one (about 20m thick), within which the
landslide has occurred, comsists of irregular poorly
sorted blocks of the original rock dispersed in an
argillaceous matrix. The material is widely affected by
cracks. The lower layer consists of more consolidated
homogeneous clays. A system of calcite filled fissures up
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to some centimetres thick within the lower layer suggests
that there is abundant water movement from the
overlying calcareous rocks (Fig. 3).

Observed hydraulic conditions indicate a groundwater
table which is very close to the ground surface and which
is subject to extremely rapid variations. A groundwater
flow pattern parallel to the ground surface was assumed.
A monitoring system consisting of inclinometer tubes
and piezometric standpipes equipped with electric
transducers for the measurement of the hydraulic head
in the slope was installed in 1989. Each monitoring hole
was also provided with a steel wire extensometer for the
continuous measurement of the landslide displacements
(Angeli er al. 1988, 1989). In addition, a network of
benchmarks to provide topographic control allowed
superficial movements to be detected. Besides all these
instruments, a meteorological station was set up in order
to record rainfall and snow-water equivalent precipita-
tion values, air temperature and snow cover thickness, A
sampling interval of ten minutes was chosen so that all
the parameters involved in the landslide could be
recorded, and the peak values occurring during critical
events were certain to be measured.

Laboratory tests were carried out on samples from
boreholes, drainage trenches excavations and trial pits.
The results showed significant differences between
samples collected at any depth in the slope and those
taken from the slip surface in a trial pit dug in the lower
part of the mudslide (Fig. 4). The values regarded as
characteristic of the materials are listed in Table 1.
Mineralogical analyses carried out on samples collected
from the slip surface have shown that the material is
montmorillonitic clay.

The visco-plastic rheological model

Amn attempt was made to compute the velocity which the
landslide mass could achieve, once affected by known
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Fic. 3. Geological cross-section of the study slope: (1} Mudslide body; (2) Talus scree slope (Quaternary); (3) Cyclical dolomites
{Dolomia Principale); (4) Allernating sequence of siltstones, marls and limestones {Raibl Formation); (5) Crystaliine massive
dolomites (Cassian Dolomile); (6) Prevalent overconsolidated clays with interbedded pelites, arenites and biocalcarenites (San

Cassiano Formation) (From Angeli et al. 1991).
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Fia. 4. Casagrande chart: the triangles indicate samples from the slip surface of the mudslide.
TaBLE 1. Geotechnical characteristics of the materials.
Samples C.F. w, I Fsar ¢’
location (%) (%) (%} (&N/m3) (deg)
Any depth in the slope 3063 47.1+71.0 15.5+33.0 18.73 16.7+25.5
(direct shear test)
Ship surface (2 samples) 68; 71 9.15; 99.1 44.5; 51.1 18.73 15.9

(ring shear test)

Sli

surface

Fic. 5. An infinite slope with a viscous deforming layer (z).

piezometric changes. The balance of the driving and
resisting forces along the slip surface in an infinite clayey
slope (Fig. 5), which has undergone antecedent large
movements (the intercept cohesion ¢ being assumed
equal to zero) and without taking into account any other
resistance parameter except for the internal friction
angle provided the starting point. The analysis at critical
equilibrium conditions, in terms of stresses, is given by
7¢_ '+ (c—u)tand’

F=_1=
T ~ Hsing cosf

where:

o=+ H cos’3 (total normal stress)

u=y, h cos’3 (pore pressure)

¢’ =0 (cohesion intercept).

Equilibrium requires:

T=T¢

That is + H sing cos@ = (y H—- h} cos’8 tan ¢'.

As soon as the pore pressure term exceeds the
threshold value linked with the critical equilibrium, so
that the shear strength decreases along the stip surface,
the above equation becomes:

v H sinB cosp> (v H—my F) cos?8 tan &'

The difference between driving and resisting forces
gives rise to an acceleration of the landslide mass:

v H sing cosf~{y H—v, k) cos’f tan ¢'=mafA
(motion with constant acceleration), where 4 is the area
of the slip plane portion corresponding to a sliding mass
m. Since a=dy/dt the value of the velocity can be easily
calculated.

However this appears to be very high compared with
measured values, Therefore, in order to achieve more
realistic calculated values of velocity, some experimental
approaches which take into account the viscous compo-
nent of resistance were carefully examined (Pariseau &
Voight 1979; Vulliet & Hutter 1988; Nieuwenhuis 1990;
Van Genuchten 1990; Van Asch & Van Steijn 1991).
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F1G. 7. Flow of a fluid induced by relative motion between two
parallel flat plates.

These studies assume that the viscous resisting forces
control the process of acceleration or deceleration of
moving masses. They also describe some experimental
relationships between velocity, viscosity and others
parameters, obtained by means of the ring shear
apparatus or of the viscometer (Locat & Pemers, 1988).
Following the above supgestions, an attempt was
made to describe the behaviour of this clayey soil with a
Bingham’s body model. This is best visualized in terms
of a weight and a dash-pot joined in parallel (Fig. §).
Once the frictional resistance of the weight is overcome,
it starts moving with a velocity controlled by the viscous
resistance of the dash-pot 7=np-v, where 5 expresses
the viscous characteristics of the oil in the dash-pot.

MACEO-GIOVANNI ANGELI ET AL.

By analogy with fluid mechanics, the viscous resis-
tance of the soil may be also expressed in terms of
stresses as follows (Fig. 7): ndv/dz. Thus the overall
resistance of a clayey material is expressed by 7y +ndv/
dz, where 7y=¢'+ ¢’ tan ¢’ as in the above equation for
the shear strength of cohesive soil. The term ndv/dz
comes into play when the shearing stresses, inside a soil
layer of thickness z (see also Fig. 5), exceed the yield
shear stress 7¢ and laminge of soil start moving at
different velocities, parallel to the applied shearing
stresses, sliding over each other.

At this time a resisting force directly proportional to
the gradient of velocity and inversely proportional to z
develops between the adjacent laminae. The factor of
proportionality %, called the coefficient of viscosity,
shows a large variability depending on the nature of the
material.

Assuming a linear trend for the velocity profile along
the z axis, as occurs in a Newtonian fluid, the term dv/dz
can be substituted by v/z, where z corresponds to a well-
defined thickness of deforming soil around the slip
surface and v equals the velocity of the sliding mass, The
difference between driving and resisting forces in terms
of stresses now becomes:

ny, ma mdy
St A sty i
in which acceleration is a function of velocity.

A procedure of integration yields the following
expression for the velocity:

- [Y— exp (}lfna-— Y1)

in which:

et '
=('r atanqb)AandYxﬂ.
m mz

X

In order to apply the above velocity expression to the
selected slope, an exact knowledge of geometry (§=28%
H=35m), the character of the material (¢'=0; ¢'=15.9
+=18.73 kN/m?}, the shear steength of the clays (ry), the
forces acting (7) and, finally, the parameters involved in
the viscous resistance (7 and z) were required. Due to the
difficulty of determining separately the values of nand z
with either laboratory or in situ tests, (any little variation
of them strongly affects the calculated vatue of the
velocity), they were included in the term ng=n/z called
the coefficient of dynamic viscosity, As a consequence
the contribution to resistance can be expressed as r=1y
v, which is analogous to the Bingham’s expression for
viscous resistance T=7g v.

A first attempt value for 7y of 4.5%10"" Nsm™ was
obtained in the laboratory by direct shear tests carried
out on the fine-grained (passing No 40 sieve, 0.42mm)
matrix of the soil. The computer program, prepared for
the velocity computation, progressively adjusted this
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FiG. 8. Precipitation depth, groundwater level, recorded and
calculated displacement in the Alverd mudslide.

value until the calculated values of velocity fitted the
recorded omes. The final adopted value was
na=7.8x10" Nsm>. The reason this value is lower than
the laboratory one can most probably be attributed to
the presence in field of a certain amount of non-viscous
and/for coarse-grained material,

In order to obtain better numerical results from the
model, the computer program took also into account the
presence of two different threshold values for pore
pressures, These were detected when the complete time
series of pore pressure and displacement data were
analysed over the four-year period (Figs 8 & 9.

The lower threshold (L.t.) corresponds to a complete
cessation of motion in the landslide, whereas the upper
one (u.t.) appears to be connected with the reactivation
of the movement. On the basis of the effective stress
principle (Ah tan ¢"), the interval of about 40cm
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between the two thresholds corresponds to a shear
resistance change of about 1 kPa, Hence, it is possibie to
infer that attaining of the upper pore pressure threshold
determines a phase of landslide reactivation, leading to a
decrease of the shearing resistance of about 1kPa,
whereas the attaining of the lower pore pressures
threshold determines a phase of landslide rest leading
to an increase of the shear strength of about 1 kPa.

This situation is outlined in Fig. 10 where the upper
fimit of shear strength varation {Arp) corresponds with
periods of rest, whereas the lower limit of shear strength
variation corresponds with periods of landslide activity.
These two thresholds are inversely linked to the lower
and upper thresholds (1.t. and u.t.} of the pore pressure
curve. The model also takes into account when the pore
pressure curve enters the area above the u.t.-line.
According to the effective stresses principle, increasing
the pore water pressure through this area, tends to
decrease the shearing resistance, thus increasing the nett
force available to movement or, in other words,
increasing the velocity.

On the other hand, the model does not consider the
increase in shear resistance when the pore pressure curve
moves downward below the lLt.-line, because this
represents an indefinitely stable field. This behaviour
can be attributed to strength regain in the montmor-
illonitic clays during periods when the landstide is
stationary (Gillot 1968; Zaruba & Mencl 1982; Skemp-
ton 1985; Nieuwenhuis 1990). Direct shear tests on
material passing the No 40 sieve (0.42mm) for normal
stresses equal to field values, confirmed the existence of
significant strength regain even after short periods of
rest. The amount of regain tends to decrease with time of
rest, suggesting that it becomes constant after a long
time period (Fig. 11). The strength regain values
obtained in the shear box tests were apparently slightly
higher than the ones observed in field, the difference
being due to the coarser grading in the latter case.

Using the pore pressure values recorded over the four
year period for the study site, and taking into account
strength regain by considering in the computer program
two distinct pore pressure thresholds, it was possible to
calculate values of velocity. ‘These were then converted
into displacements and compared with the recorded
ones. The results are presented in Figs 8 & 9 which show
very good agreement between the calculated displace-
ment curve and the recorded one.

Discussion of the results and conclusion

The most important results obtained from the experi-
mental analyses and case study on a low-gradient clayey
slope can be summarized as follows.

The use of classical stability analysis on an infinite
clayey slope gives an unrealistic landslide velocity
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Fie. 9. A critical situation for stability: groundwater level, upper (u.1.) and lower (1.1.) piezometric thresholds, recorded and
calculated displacement.

development with an indefinitely increasing velocity
{motion with constant acceleration), as soon as pore

u Pore pressure pressures become sufficient to induce. any movement.
[kPa) This is in contrast to the results of monitoring real slopes
/'\ where velocity tends to become constant soon after the

u.t initiation of movement.
\/ ﬂ The visco-plastic model in which the acceleration
Lt Vi ——= tends to decrease as the velocity increases, approaching

to a steady state value with time suggested in the paper
provides a more realistic model for velocity develop-

AT, 7 ment. For this on%y a new pore pressure :vrariation can
[kPa] Shear strength variation produce a change in landslide velocity. This mechanism
" is supported by evidence from long-term recording

carried out on the study slope.

The model takes into account the presence of two
different pore pressure thresholds, as indicated by the
analysis of a complete time series of pore pressure and
displacement data, The physical effect of the two
thresholds (instead of only one) is that after shear

s i strength regain associated with perdods of landslide rest,
[wm] a higher pore pressure value is required to initiate
movement than to maintain it. Typically once motion
stops the pore pressure will be at the lower threshold
while, at this point, the process of strength regain will
restart. Hence the higher threshold must be exceeded for
movement to occur again.

This type of behaviour is consistent with the miner-
alogical analyses of the clays involved. The presence of
montmorillonite was confirmed in the clays concerned
Fi6. 10. Simplified scheme for the relationship between pore and such materials are well known for the phenomenon
pressure thresholds, shear strength variation and movement. of thixotropic strength regain. Such a process was

Displacement

Time
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Fia. 11. Shear strength regain in direct shear tests after different 1imes of rest (rate of movement = 0.0609 mm/min, s, =71 kPa).

confirmed by direct shear tests carried out on the fine-
grained soil matrix of samples taken from the slip
surface (Fig. 11).

The effects of the existence of two different pore
pressure threshold values can be seen schematically in
Figs 9 & 10. As shown the movement starts when the
piezometric curve reaches points A or C and stops only
when the curve definitely reaches points B or D, lying on
the lower threshold. However, every time the piezo-
metric curve falls into the zone between the two
thresholds (l.t. or u.t.), but without reaching the lower
one, movement continues. Thus the model takes into
account contributions to movement which would not be
explained if only one threshold value were being used.

The most important result of the model application is,
however, the very good agreement between the calcu-
lated displacement curve and the recorded one (Figs § &
9). This correspondence is very significant since it is a
first step in the prediction of the magnitude of landslide
movements. Providing sufficient knowledge of the
relationships between pore water pressures, rainfall
and other climatic data js available, the displacements
to be expected with particular precipitation intensities
could be predicted.

In order to validate the results of the present research
and to explore further its implications in terms of the
prediction of landslide displacements, further research is
needed. It is important that more case studies where

strength regain has occurred coupled with carefully
performed in situ large-scale shear box tests are carried
out.
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