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ABSTRACT: Finite element deformation analyses have been carried out on the Mam Tor landslide by incorporating a rate-dependent
model for modelling the residual strength of the shear zone material. The Mam Tor slide has been studied by Skempton who provided an
explanation for the time dipendent movement of the slide as a result of the rate effect of the Edale Shale. The sheared Edale Shale at the
‘residual’ condition has a strength that increases by 1.5% as tenfold increase in the displacement rate. Although the increase is small, it
exerts a moderating influence on movements that would otherwise be experienced. The increased pore water pressures during winter
months produce faster movements, but also slightly greater strength. The net effect is that movements are slower than would be obtained
if the material in the shear zone is rate-independent. This study illustrates that the response of the sliding mass, which is at limiting
equilibrium condition due to changes in ground water during normal winter rainfall, can be simulated by means of finite element analyses.
RESUME: Les deformations relatives au glissement de terrain de Mam Toront ete analysees en utilisant un modele d’elements finis qui
inclut l’aspect visqueux de laresistance residuelle dans la zone de cisaillement. Ce glissement de terrain futetudie par Skempton gui
demontra que revolution desmouvement au cours du temps etait relie au comportement visqueux duschiste argileux d’Edale. La
resistance aux conditions residuelles de ce schiste crott de 1.5%si Ton augmente la vitesse de cisaillement par dix. Malgre quecette
accroissement en resistance semble etre faible, ellerepresente un effet non negligeable sur les mouvements observes. L’augmentation
despressions interstitielles pendant les mois d’hiver correspond ades deplacements plus rapides et une resistance plus grande.
Dansl’ensemble, on obtient tout de meme des deplacements moins rapides que dans le cas oil on auraitconsidere que le materiau dans la
zone cisaillee etait nonvisqueux. Done, l’etude visqueuse par elements finiss’avere efficace pour decrire les mouvements periodiques de
la masse des terres dus auxfluctuations de la nappe d’eau durant les pluies d’hiver. Acet effet, la geometrie de la pente reste quasiment
inchangee tant que la masse des terres reste dans un etat d’6quilibrelimite.

1 INTRODUCTION

While the time-dependent movements at Mam Tor has been
examined by Skempton et al. (1989) is a comprehensive manner,
it is of interest to illustrate that such analyses can be undertaken
by means of finite elements analysis which includes special
consideration of the rate effects on the residual strength of the
weathered Edale Shale.
The finite element program
PISA/FORTRAN (Chan and Morgenstem, 1992) is used in which
the rate-dependent constitutive model for the shear zone
(Wedage et al. 1995) is available.

The Mam Tor Landslide in North Derbyshire is an example of a
slump earth flow. It has a length of 1000 m, a maximum width of
450 m and an average slope of 12° from the toe to the foot of the
back scarp (Figures 1 and 2). From the crest of the scarp to the
toe it has a total height of 280 m. The scarp face within the Mam
Tor bed is inclined at about 45°. A shear zone is found at a depth
of about 30 m, above the hard mudstone of the Edale Shales. The
upper slump section moves on a curved slip surface within the
2 m thick shear zone. A detailed description of the landslide has
been given in Skempton et al.(1989). Total storm response
movements of less than 10 m per century at Mam Tor produced a
very small change in geometry under normal winter ground water
conditions. However, records of movement show that slips
leading to displacements typically of about 0.3 m are still taking
place for winters seasons with more than 200 mm rainfall. The
movements which have occurred are not a continuous creep
deformation but rather comprise a series of small displacements
in winter months when precipitation produces high piezometric
levels.
Previous laboratory studies show that the residual strength of
the Edale Shale depends on the shear strain rate (Skempton and
Petley, 1967). The increase in residual strength is about 1.5% per
logarithmic cycle of increase in strain rate. The influence of rate
effects on the residual strength of moving slopes has been studied
by Wedage (1995). When a slope moves on a previously sheared
clay or clay shale, the progress of movement is altered by the
change in the residual strength of the material. Therefore, the
time-dependent slip displacements is a function of the frequency
and duration of the triggering events, and the relationship
between the residual strength and the shear strain rate.

2 SITE DESCRIPTION
2.1 Geology
A plan and a section of the Mam Tor landslide are given in
Figures 1 and 2. Figure 1 shows geological boundaries as
mapped by Stevenson (1972). Figure 2 shows about 100 m of
Mam Tor Beds overlying Edale Shales. Carboniferous limestone
outcrops a short distance south of the landslide.
The Edale Shales in their unweathered state are hard dark gray
mudstones with occasional bands of siltstone and ironstone. The
mudstones are weakened by fissures to a depth of the order of
10 m, resulting probably from stress release during valley
formation, perhaps accentuated by permafrost action in the last
glacial period. Observations in core samples, coupled with other
data given by Stevenson and Gaunt (1971), demonstrate that the
rock beneath the landslide has not been shifted from its natural
position (Skempton et al. 1989). The Mam Tor beds consist of
gray micaceous Sandstone alternating with subsidiary Siltstone
and Shale. The details of the geology and geological history can
be found in Skempton et al. (1989).
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Figure 1 Plan of Mam Tor Landslide (after Stevenson, 1972)

Figure 2 Longitudinal section (after Skempton et al., 1989)
Table 1 Piezometric levels (after Skempton et al. 1989)
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landslide movements have been taking place at an average rate of
10m per century (Skempton et al. 1989). However movements
would occur as a series of small displacements in winter months
of heavy rainfall. Records of movement in the present century (in
1918, 1939, 1965, 1966 and 1977) indicate that slips with
displacements typically about 0.3 m are still taking place. These
movements occur on average at 4-year intervals, in the winter
months with more than 200 mm rainfall.
Movements usually arise from reactivation of the middle and
the bottom portion of the landslide, revealed by tension cracks in
or above the “upper” road, accompanied by subsidence and
outward displacements. More rarely, as in December 1965,
almost the entire landslide is reactivated. Movements of the
lower road are consistently less than at the upper road, an
observation consistent with the existence of compression ridges.
Forward movements of the toe are therefore smaller than at the
upper road, though on a large time scale the difference is small.
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2.2 Ground Water Condition
Observations of the ground water level at about monthly intervals
are reported in Skempton et al. (1989) for the winter months of
1977/1978.
Casagrande-type piezometers were used for
measurement of water level at selected boreholes. A general
pattern for seasonal fluctuations can be obtained from these data.
Observations in borehole 1 and 7 with rainfall data are plotted in
Figure 3. Borehole 7 shows a seasonal response of 0.7 m whereas
at borehole 1 the response is 2 m. A summary of data on the line
of section in Figure 1 is given in Table 1. The first reading, at the
end of October, 1977 is probably close to normal minimum level.
The elevation of water in February, 1978 may be taken as that at
the shear zone when ground water level is close to its seasonal
maximum under normal conditions.

3 DEFORMATION ANALYSIS
In this study, deformation analyses in response to changes in
ground water level due to a winter rainstorm have been carried
out. The analysis has incorporated a rate dependent residual
strength model for the shear zone.
The finite element program PISA/FORTRAN (Program for
Incremental Stress Analysis) has been used for the deformation
analyses. The finite element mesh consisting of 340 elements (8
noded quadrilateral and 6 noded triangular elements) is shown in
Figure 4 for the cross section given in Figure 2. Plane strain
conditions are assumed with known pore pressure values
throughout the duration. The interpolation technique proposed by
De Alencar et al. (1992) was used here, in order to specify the
pore pressure at each integration point in the finite element mesh.
Test data from Skempton et al. (1989) for samples taken from
boreholes 1 and 2; and at the shear zone material in boreholes 1,2

2.3 Landslide Movements
Radiocarbon dating of roots in the fossil soil beneath the
earthflow demonstrate that for over 3200 years the Mam Tor
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the contraction of the yield surface leads to a stress point lying
outside the current yield surface. In this case, the stress point is
returned to the yield surface using a radial return algorithm and
the excess stresses are redistributed to adjacent elements.
To obtain the dynamic yield function, the data from Skempton
and Petley (1967) was used to deduce a relationship between the
residual strength parameters and deformation rates for the sheared
Edale Shale which indicates an increase of 1.5% in the residual
shear strength for every ten times increase in the strain rate. The
mobilized residual friction angle, <j>,of the sheared Edale Shale in
terms of the plastic strain rate e p, can be expressed as:
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Figure 3 Piezometric levels (after Skempton et al., 1989)

Table 2 Index properties of slide debris and shear zone
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Table 3 Soil parameters
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The calculated deformation pattern after a year and the progress
of movements at the road throughout the year, starting from
October, are given in Figures 5 and 6. Figure 5 shows that for
such a rainfall (average winter rainfall), the reactivation of
movements are confined to a portion of the slip mass, with a
small amount of movement at the toe area. Figure 6 shows the
calculated accumulated movement at the road of 0.123 m, which
indicates high rates of movement during winter months. As a
result of the changes in deformation rate, the mobilized value of
residual friction angle varies between 14° and 14.2°, which is in
agreement with calculations performed by Skempton et al. (1989).
In general, 0.123 m of movement per year results in about 12 m
per century which is of the same order as the observations.
Movements near the toe of the landslide are consistently less than
at the upper road, an observation consistent with the existence of
compression ridges. The calculated horizontal strain contours, as
shown in Figure 7, indicate a zone with a horizontal compressive
strain of 1% near the toe, which is in agreement with Skempton's
observation.
If the clay in the shear zone were modeled with a rateindependent model, the movements at the road would be as
shown by the dotted line in Figure 6. This implies that about 10%
of the landslide movements due to ground water fluctuations are
controlled by the rate effects on the residual strength. In addition,
when the rate-independent model is used to model the shear zone,
the magnitude of movement is about 0.123m in the first month.
This is a considerable amount and therefore, it is difficult to say
that the slide is stable. However, if the rate-dependent model is
used, there is a damping effect; thus, the movements are
controlled initially and continue over time at slower rates.
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and 10 are given in Table 2. The estimated value for residual
strength parameter,^ , based on index properties is about 14° 15°. The shear strength parameters for slide debris, Mam Tor
beds and Edale Shale are shown in Table 3.
All materials were considered to behave according to the
elastic-plastic-non-associated Mohr Coulomb model with no
plastic volume change, except for the shear zone where an
additional rate dependence is incorporated into the residual
friction angle. The elastic-plastic model as described in Wedage
et al. (1995) is used here. The model assumes that yielding of the
material is dependent on the strain rates and stresses. The
concept of a dynamic yield surface is used in which yielding can
be expressed as:
F(-aij’t f ) = 0

[2]

where b is the rate hardening parameter; <j>0 is the residual
friction angle and
is the reference strain rate. For the Edale
shear, a rate hardening parameter, b, of 0.007 is obtained. The
reference plastic strain rate,
is taken as 0.0001/day.
In the analysis, the Mam Tor beds at 100m to the left of the
crest of the scarp are assumed to be unaffected by the landslide
movements. Thus, the left boundary of the mesh is defined 100m
from the crest. Similarly, 100m from the right side of the toe is
defined as the other vertical boundary of the mesh. The bottom
boundary of the mesh is defined at 130 m below the toe, where no
movements are assumed to have occurred.
The water level data as seen from Figure 3 and Table 1 have
been reported as representing a typical seasonal response at the
Mam Tor landslide for an average winter with a normal
rainstorm. Considering the water levels at the end of October and
the end of March to represent the minimum and maximum water
levels respectively, the variation of ground water level throughout
the year (April to September) was extrapolated.
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where ej0 is a threshold value of strain rate below which the
rate effect is negligible.
During the analysis, strain rates are calculated for elements
which undergo plastic deformation. If the strain rates are
increased, the element will become elastic unless the stresses are
increased until yielding occurs again. If the strain rates are
decreased, a previous plastic state will become inadmissible since
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Figure 4 Finite element mesh for the Mam Tor Landslide
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Figure 5 Displacement vectors after a year of average rainfall
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Figure 6 Movements at the road for an average yearly rainfall
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Figure 7 Horizontal strain contours
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