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It has long been known that failure of soils is controlled by intrinsically weak mineral phases (such as clays) and transient pore pressure fluctuations.
Both factors may be involved in triggering of slope failure; however, it is unclear to what extent each of them contributes. To shed light on this problem, we compare geotechnical shear tests on dry mineral standards (clays, quartz) and numerical ‘shear box’ experiments using the Discrete Element Method (DEM) on dry particle assemblages. The role of fluid is additionally monitored by adding water in the analogue tests (humid to fully
saturated conditions). A series of geotechnical shear tests (up to 40MPa normal stress) and numerical ‘shear box’ models in a fluid-free environment
indicate that sediment composition (namely the presence of clay minerals) is a major factor in shear strength or frictional stability of granular materials. Because µ is further affected by fluid saturation, an effect that is maximized in swelling clays, added humidity or aqueous fluid cause µ to decrease by a factor of 4 in the analogue tests. However, our data suggest that mineralogical control alone may be sufficient to trigger slope instability, for
instance owing to the concentration of clay minerals in zones of weakness. Fluids may enhance the effect by lowering effective stresses.
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Introduction
A thorough understanding of processes occurring at
the basal shear zone of gravitational mass movements is
fundamental to identify why some slopes destabilize
while others do not. Slope failure occurs if applied forces which are acting to produce shear, e.g. sedimentary
loading, tectonic processes, or gravity, exceed the resisting force or the shear strength of a potential basal
shear zone embedded in the slope material. Shear
strength of granular materials is derived from a number of primary factors, such as sediment/mineral composition, texture, humidity, or pore fluid effects (e.g.
Lambe & Whitman 1959; Horn & Deere 1962; Brace &
Byerlee 1966; Byerlee 1978; Dieterich & Conrad 1984;
Krantz 1991; Marone 1998; Morgan 1999; Lohrmann et
al. 2003). While mineral composition and
texture/porosity are directly linked to parameters such
as coefficient of friction (µ) or cohesion (C), other factors are transient and less easily identified and quantified. However, the presence of fluids and their variation
in time and space, as attested by pore pressure fluctuations, have been shown to play a major role on faulting
(see benchmark work by Hubbert & Rubey 1959). In
recent time, excess pore pressure has also been put forward to be a major player in triggering landslides. Processes responsible for transient pore pressure increase
are mineral dehydration processes, hydrocarbon for-

mation, rapid sedimentation, tectonic loading, or gas
hydrate dissociation. Therefore it is now widely accepted that slope destabilization is closely related to the
presence of mechanically weak layers, a rapid increase
of pore pressure, or a combination of both (e.g. Hampton et al. 1978; Loseth 1999).
To gain a deeper insight into the role of physical material parameters for the shear strength of granular materials, a growing number of geotechnical experiments
and numerical studies on soils have been developed
(e.g. Krantz 1991; Marone 1998; Morgan 1999; Saffer et
al. 2001; Kopf & Brown 2003; Lohrmann et al. 2003).
Geotechnical laboratory tests suggest that the composition and texture of sediments are crucial for shear
strength whereas frictional stability is a function of the
change in friction coefficient (µ) at a given effective
stress and shear rate (e.g. Marone 1998; Scholz 1998;
Saffer et al. 2001; Kopf & Brown 2003; Lohrmann et al.
2003). The most likely explanation for this observation
is a change in active particle surface area, textural evolution, and particle migration. Furthermore, particle
size distribution has a significant effect on shear
strength and frictional behaviour of granular assemblages of ideal spherical ‘grains’ shown also by numerical
shear box experiments (e.g. Morgan 1999; Morgan &
Boettcher 1999). Besides, arbitrarily shaped particles,
e.g. triangular and rounded particles, determine the

210 K. Huhn et al.

macroscopic deformation behaviour and the magnitude of the coefficient of friction under shear stress
(Guo & Morgan 2004). However, replacement of clays
in shear zones, mineral transformation, lithification
processes by precipitation, and - most importantly complete water saturation of a fine-grained soil have
been found to cause a decrease in frictional strength, as
indicated by either unstable stick slip or conditionally
stable behaviour (e.g. Dieterich & Conrad, 1984; Moore
& Saffer, 2001).
Although there are advantages and shortcomings in
both soil mechanical tests and their numerical simulations, geotechnical tests prevent a direct observation of
the temporal and spatial evolution of shear zones
during the experiment. Information about grain interaction and particle behaviour along the shear plane
itself is limited to investigations after the experiment
was stopped. Simultaneously, numerical shear box
experiments do not allow the presence of pore fluids
and fluid-grain interaction up to now. Hence, we combine standard soil mechanical tests with numerical
shear box experiments using a new simulation technique in geosciences - the Discrete Element Method
(DEM; Cundall & Strack 1979). DEM is based on a granular approach which has been successfully utilized to
simulate the behaviour of non-cohesive systems in discrete shear experiments under high stress conditions
(e.g. Morgan & Boettcher 1999; Guo & Morgan 2004).
Our paper focuses on how sediment composition controls the shear strength of clay-rich sediments. The
main hypothesis to test is whether mineralogy alone
may account for weakening of sediments or whether
pore pressure plays an important key role. We present
preliminary results of recent DEM experiments examining the influence of the concentration of elongate particles, simulating a ‘clay’ sediment, to get a better
understanding of laboratory measurements of shear
strength. The comparison of dry DEM and analogue
shear tests indirectly allows us to assess the role of pore
pressure (as also measured with complementary analogue experiments).
This combination will bring us a step closer to understanding the trigger mechanisms of slope destabilisation and enable an improvement of both experiment
configurations and interpretations.

Methodical background
Geotechnical (analogue) shear tests
Sample selection and preparation:
Mineral standards of smectite, illite, kaolinite, and
chlorite (WARDs) were size-separated in order to
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remove contaminations of quartz and heavy minerals,
especially since earlier deformation tests led to overestimated frictional strength of illite clay due to >25%
contamination in the WARDs illite shale (Marone et al.
2001). For that purpose, the material was ground, rehydrated, and spun down using a centrifuge twice.
Semiquantitative XRD analyses at Missouri University
(M. Underwood, unpublished data) revealed that
>96% of the residue consisted of smectite, illite, and
kaolinite. Samples were then measured as pure end
members as well as mixtures of the clay with quartz
standard. The quartz end member is a mesh 140 silt
(grain size <0.105 mm) from FISHER. The sediment
samples underwent several procedures:
(1) The size-separated fine fraction of the clay standards was dried for >72 hrs. at 120˚C (see discussion in Moore & Lockner 2004), powdered, and
then dried again to remove laboratory humidity.
The samples were then immediately placed into the
shear box and loaded to the desired normal stress
(1, 2, and 5 MPa). Interaction between dry sample
and humid air in the air-conditioned laboratory
was minimized due to rapid sample transfer and
immediate testing. This procedure allows to simulate arid to humid conditions/light rainfall in the
laboratory.
(2) Another split of the same size-separated clay standard was rehydrated in pore fluids of variable ion
contents. Salinity ranged from 0% (de-ionised
water), 0.5x seawater concentration (50% de-ionised water and 50% seawater), seawater, and 1.5x
seawater (i.e. brine-like fluid produced by evaporation on a hot plate). An aliquot of each clay mineral
was rehydrated in the solution (>72 hrs.) prior to
consolidation and shear. This procedure allows us
to simulate conditions of heavy rainfall to the
marine realm in the laboratory.
Geotechnical procedures:
Two different types of shear tests were carried out: Ring
shear tests were conducted in a standard WykehamFarrance Bromhead ring-shear apparatus (WF 25850)
at progressive loading stages up to normal stresses of
2.5 MPa (for details, see Bishop et al. 1971, and Fig. 1a).
All residual tests were conducted at slow displacement
rates of between 0.001 and 0.01 mm/s to maintain conditions as near to undrained as possible (in the case of
the water-saturated samples). Given that the sample
chamber contains two rings fitting snugly into each
other (see Figs. 1 and 6), dry tests were not affected by
room humidity.
Direct shear tests were conducted in a modified GEOCOMP direct shear apparatus, in which the initially 30
to >70 mm-thick samples were carefully loaded to different normal stress levels of up to 40 MPa for testing.
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Fig 1: Experimental configurations of (A) analogue ring shear test and (B) numerical shear box models. (C) shows the two general types of ‘sediment’ grains – ideal spherical ‘silt’ particles and tabular ‘clay’ minerals.

During shearing of the then ~15 mm-thick sample,
pore pressure across the fault zone was monitored via
three porous ports that penetrate the lower half (~10
mm) of the sample and tap into the level of the shear
zone.

Numerical shear box experiments
We use the commercial DEM code PFC (Particle Flow
Code, ITASCA Consulting Group) to build a numerical
shear box model in accordance with analogue shear box
experiments.

Scanning Electron Microscopy (SEM):
Selected samples were studied microscopically after the
shear tests by SEM. The system used is a FEI Quanta
600 which operates in both regular high-vacuum mode,
low-vacuum mode (to eliminate charging) and environmental mode. The latter was used for the majority
of the clay-bearing samples. Voltage ranged from ~500
V to ~3 kV during our investigations. The environmental mode allowed 100% relative humidity and gave tolerable results even for specimens sheared after full seawater saturation. For the latter samples, small fragments were analysed to gain quality images. Coating of
the samples was not necessary.

Theoretical background of the Discrete Element Method:
The DEM is based on a granular model approach.
Materials are built up by an assemblage of spherical
particles, e.g. discs, spheres, or cylinders, which interact
at common contact points in accordance with simple
physical contact laws (e.g., Cundall & Strack 1979;
Mora & Place 1998; Morgan 1999; Burbidge & Braun
2002). In the case of elastic-frictional contact laws, particles deform elastically under a defined load at a contact point generating a repulsive normal force (Fn) perpendicular to their contact plane. This normal force
can be calculated from the particle normal stiffness
value (kN) and the magnitude of elastic deformation
which is estimated from the amount of particle overlapping (Mindlin & Deresiewicz 1953; Cundall &

212 K. Huhn et al.

Strack 1979; Cundall & Hart 1989; Morgan & Boettcher
1999). This concept applies to shear forces (FS) as well.
FS increases until it exceeds the critical shear force
(FSmax)
(1)

FSmax = C + µσN

which leads to frictional sliding. In this case, slip along
the contact occurs and FS drops. σN defines acting normal force, C the cohesion, and µ the coefficient of friction for each single particle. The progressive breaking
of contacts along discrete planes reproduces fracture
and fault propagation (Strayer & Suppe 2002). The critical shear force leading to faulting is analogous to the
critical shear stress that governs material strength (τcrit)
through the Mohr-Coulomb criterion
(2)

τcrit = C + µσN

in natural systems (e.g. Morgan & Boettcher 1999). At
the end of each time step, summation of all inter-particle contact forces (FN) acting on a single particle enables the calculation of particle acceleration and thereby
the new position of this particle using the 2. Newtonian
equation of motion (Cundall & Strack 1979).
As a consequence of the particle approach, material
properties are attributed to each individual particle (µp)
determining particle-particle interactions (Cundall &
Strack 1979). Hence, macro-properties of a material
package, e.g. "overall" coefficient of friction of a particle assemblage (µ), have to be calculated from shear box
experiments (e.g. Morgan 1999). As we used cohesionless, elastico-frictional particles (C=0), the strength of
the numerical assemblage is defined primarily by the
coefficient of particle friction.
In addition, we implemented ‘electro-static’ forces as a
function of particle distance to simulate interactions
between ‘clay’ minerals equivalent to their geochemical
or mineralogical behaviour in nature (e.g., Matthes
1983). These ‘electro-static’ or so-called van der Waals
forces are proportional to:
(3)

~ 16
r

where r is the distance between the concerned particles (e.g. Gerthsen et al. 1982). As these ‘electro-static’
forces decrease with the power of 6 with particle distance they are relatively weak compared to frictional
forces (e.g. Chen & Anandarajah 1996; Aplin et al.
1999). In addition, van der Waals forces can be approximated from the particle size if diameters are large
compared to the distance between linked particles
(Amahdi 2004). Therefore, we calculate ‘electro-static’
forces only at direct contact points particularly between ‘clay’ minerals where particles interact. In this
case, inter-particle bonds are generated (e.g. ITASCA
manual) which transmit van der Waals forces and
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moments between concerned ‘clay’ particles. These
bonds break up in accordance with the Mohr-Coulomb brittle criteria if the critical contact force is
reached. As we are using only one type of ‘clay’ particles up to now, the shear as well as normal forces are
FN,S-bond=1e8 N for these bonds. Simultaneously, normal and shear stiffness of these bonds are given as
kN,S-bond=1e8 N/m2 .
Model configuration:
We developed a numerical shear box in accordance with
analogue experiments which mirrors a 2d cross section
to the 3d ring shear apparatus (Fig. 1b). Our model consisted of a fixed bottom wall and a free upper wall. Both
are built of equal-sized discs with a diameter of 0.02mm
which were fixed relative to each other. The total length
of this box was 0.2mm with a mean height of 0.14mm.
Approximately 5000 particles depending on the ‘sediment’ composition were generated randomly within the
shear box to create a heterogeneous material layer. Afterwards this particle assemblage was compacted due to a
constant downward movement of the upper wall. As the
main aim of this project was to investigate deformation
processes at basal shear zones of slides the upper wall
was hydraulically operated to provide a constant normal
stress (σN) of 5MPa during the whole experiment run.
Shearing was induced by moving the upper wall with a
constant velocity in positive x-direction (Fig. 1b). In
addition, we defined semi-permeable boundaries at both
sidewalls of the box. Here, particles could leave the shear
cell through the right wall and turn back into the cell
exactly at the same depth position on the left border. An
‘artificial twin-grain’ has to be simulated on the left hand
side as long as the original particle exists on the right
boundary column of the cell (Fig. 1b). For this reason,
the outer three particles at both sides are not taken into
account for interpretation to eliminate boundary effects.
This model configuration enabled the calculation of
large strain rates equivalent to the deformation rates that
can be reached with analogue ring shear tests.
In this type of simulation particle fracture was not allowed. In addition, fluids are not taken into account.
Restrictions based on these model assumptions will be
discussed below.
As one aim of this project was to investigate the influence of material composition or texture on the shear
strength of sediments, two types of grain were used:
ideal spheres and elliptically shaped particles (Fig.
1c). Ideal spherical grains with diameters of
0.0056mm - 0.02mm and a log normal distribution
with a peak at 0.01mm were used to simulate fine to
medium ‘silts’ according to natural systems (e.g.
Füchtbauer 1988; Leeder 1999). Besides, five spherical
particles with diameters of 0.002mm were combined
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to create tabular elliptical particles with an eccentricity of 0.33 to simulate ‘clay’-shaped grains (Fig. 1c).
Up to now, we used only one type of elliptical particle
which corresponds to the upper limit of clay size distribution in natural systems (e.g. Füchtbauer, 1988).
An implementation of further eccentricities and/or
particle sizes to simulate different types of ‘clay’ minerals would require an exponential increase of computer calculation time. However, the major aim of these
first experiments is to study the general influence of
material composition on the shear strength of ’sediments’.
Density of 2100kg/m3 and a shear and normal stiffness of kN,S=1e9 N/m2 were used for all particles which
has been successfully utilized to simulate deformation
behaviour of marine sediments (e.g. Huhn 2001;
Zhou & Chi 2003). Coefficient of friction for ‘clay’
particles was defined as µP=0.1 and for the ‘silt’ fraction we used µP=0.6 as experimentally determined
from natural materials (e.g. Lohrmann et al. 2003;
Kopf & Brown 2003). In addition, an experiment with
µP=0.2 for ‘silts’ was carried out to enable an identification of influences of the particle shape for the friction coefficient of the material package. The time step
increment and the displacement increment per time
step were defined by the software itself such that a
disturbance of a given particle only propagates to its
immediate neighbours.
Model analysis:

Fig 2: Four types of experimental analyses (a) – (d) are displayed
from different model runs showing typical features. Evolution of
coefficient of friction can be calculated from observed force and stresses (e).

We first identified the location of potential thrusts
and shear planes from the relative displacements of
coloured marker layers in imitation of analyses of
analogue sandbox experiments (e.g. Mulugetta 1988;
Fig. 2a). Simultaneously, relative particle displacements in the x-direction were measured in increments
of 0.1% shear strain. Based on these data, the horizontal displacement field was calculated within the
entire shear cell for each strain increment using the
processing, gridding, and mapping algorithms by
GMT (Wessel & Smith 1991; Fig. 2b). The displacement gradient enables identification of areas of high
and low relative particle movement to identify the
position of localized deformation or the location of
shear zones, respectively. In addition, information
about the sense of shear can be extracted from these
data (Fig. 2b). In the same way total horizontal displacement field over 200% strain can be calculated by
comparing the initial particle configuration with the
final situation (see below). Particle rotation can be
calculated during the experiment which in particular
supplies information about the grain behaviour in the
immediate neighbourhood of a shear zone (Fig. 2c).
Contact forces can be visualised as bars connecting
the involved couple of particles where bar thickness
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scales with the force magnitudes (Fig. 2d).
(4)

Σ
Σ
N

σij(P)VP ,
σij = 1-n
V N
P
P
P

where σij(p) gives the stress tensors for a single grain, VP
is the particle volume, NP is the particle number, and n
defines the porosity in between the shear cell. µ was
then calculated with
(5)

µ= τ ,
σN

where σN is the normal stress and τ=σ12 defines the horizontal shear stress component of the stress tensor.
The complete analytical routine was carried out for each
experiment each 0.1% strain to obtain comparable results.
However, we show only selected parameters to monitor
typical features which are fundamental for our discussion.

Experimental results and observations
Geotechnical shear tests and SEM observations
Results from laboratory shear experiments:
Both ring shear tests and direct shear tests were carried
out on dry samples, humid samples, and water-saturated samples. The results differ significantly, as can be
seen in Figure 3.
Direct shear tests have been carried out at variable normal stresses as two series of experiments. First, tests at
different humidities have been performed at 10, 20, and
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30 MPa for illite. Second, water-saturated direct shear
tests at 5-40 MPa were carried out for illite as well as for
other minerals (smectite, kaolinite, quartz), which are
shown together with the ring shear data as a function of
normal load (Fig. 3b). During the tests, the clay-dominated samples predominantly show a generally well developed peak and subsequent lower residual shear strength
profile (i.e. strain weakening behaviour). The pure clay
mineral standards show a gentle increase within the µ
range up to 30 MPa. Smectite remains low (µ of 0.11 at
10, 20, and 30 MPa), while illite and chlorite increased
more significantly to values near µ=0.26-0.27 at 30 MPa
(Figs. 3b and 4). The strain weakening behaviour is seen
in the full test protocol of a direct shear experiment on
illite clay (Fig. 4, inset). It can also be seen from the main
panel that pore pressure changes occur upon rapid
changes in shear rate at undrained conditions and shear
enhanced compaction of the specimen. In contrast to the
clay minerals, quartz shows strain hardening behaviour,
but a decrease with increasing normal stress to values of
µ=0.48 to 0.5 (Fig. 3b).
Both data sets (i.e. Figs. 3a and 3b) indicate that dry
clay mineral powders have significantly higher friction
coefficients than their humid counterparts. While for
quartz, µ drops only slightly, for the various clay minerals, it is roughly 50% lower in humid condition than in
a totally dry powder sheared after treatment in the
oven. If the sample is fully saturated in seawater (SW),
the values drop again by 50% in clays. If the sample is
fully saturated in seawater (SW), the values drop again
by 50% in clays, while those of quartz drop only by
about 0.1 (see Fig. 3b). When testing mixtures of dry
smectite and dry quartz, we get minor changes in µ,
most likely because in the absence of water as well as air
humidity, the friction coefficients of either mineral are

Fig 3: (A) Coefficient of
friction of different clay
mineral powders at 1
MPa normal stress,
plotted versus humidity
(in % water content in
the air prior to loading
the sample into the
shear apparatus); (B)
friction coefficient of
different mineral standards versus normal
stress of different specimen. Please note that
water saturation (SW)
is variable for the different curves (dry = 0%,
humid = 45%, SW =
fully saturated in aqueous fluid).
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not dissimilar and evidently very high (0.69 for qtz,
0.54 for sm; Fig. 3). Our results are illustrated in Figure
5, dropping almost gradually from the quartz endmember via µ=0.66 (70%sm), 0.58 (50%sm) and 0.55
(70%sm) towards the smectite endmember. We will
return to these changes in the discussion when comparing them to DEM results.

Fig 4: Protocol of direct shear experiment of saturated illite at 20
MPa normal stress, showing pore pressure (left y-axis) and friction
coefficient (right y-axis) vs. time (i.e. displacement of shear box).
Inset shows entire test and location of the expanded region. In order
to account for the drop in frictional resistance across the 0.0001 to
0.00001mm/s-transition, the pore pressure would have to increase by
2.45 MPa (from Kopf and Brown 2003).
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Results from SEM:
Fabric studies in granular mixtures of sediments reveal
shear bands, slickensides, and other indicators of slip.
These fabrics are most profoundly developed in the
water-saturated samples, and are seen to a much lesser
extent in the humid set of samples. For the fully dry
samples, which were found non-cohesive at all, no
deformation texture was observed. In fact, the specimens were too frail to be taken out of the annular shear
cell in a non-destructive manner. No SEM study could
be performed on these samples. For the ring shear samples, where specimen thickness rarely exceeds 4mm
after the experiment, the shear plane is almost impossible to preserve for SEM study, even in the humid and
saturated samples. Also, it is often located in the uppermost part of the sample. Hence, we were left with
macroscopic study of the ring shear samples after testing. The observations indicate that completely dry clay
samples are nearly white while humid ones (98%) are
beige to grey (Fig. 6), with the little water adsorbed
having migrated into the shear surface (Fig. 6). The
remainder of the sample, usually located in the lower
part of the annular shear cell, has less fluid than the
shear plane itself. We interpret this observation as a
preferred transport of desorbed fluid into the pervasive
shear plane.
The direct shear samples are more suitable for fabric
studies because the device is capable of applying normal loads of up to 40 MPa onto the specimen. Figure 7c
shows the longitudinal cross section of a specimen after
an experiment at 20 MPa normal stress. Both the central (=main) shear plane and Riedel shear surfaces can
be studied with the naked eye. When using the SEM,
such features can also be revealed for the humid and
dry samples, where displacement of individual minerals or particles is not aided by the presence of large
amounts of fluid. Of course, the localization of shear to
boundary and Riedel shears is characteristic for watersaturated samples as well (e.g. Moore & Lockner 2004).
Figure 7b shows two examples of dry smectite sheared
at normal stresses of 10MPa. Despite the poor fabric
alignment (lower panel), thin Riedel shears can be seen.
The individual micro shear zones do not exceed 10 µm
in thickness.

Results from numerical shear box experiments:

Fig 5: Comparison of geotechnically measured (black line) and
numerically calculated (dashed line) coefficients of friction as a function of sediment composition or clay concentration.

We carried out a series of experiments to investigate the
influence of material composition: beginning with a
homogenous ‚silt’ material which was only built up of
ideal spherical particles, we increased stepwise the
amount of tabular ‘clay’ minerals up to 100% ‘clay’
(Figs. 5 and 8).
In all experiments an increase in coefficient of friction
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‘clay’, the lowest coefficient of friction of µ=0.18 was
calculated. These numerical results confirm observations from analogue experiments (Fig. 5). We will come
back to this in the discussion.
Furthermore, a direct relationship between amount of
‘clay’ and fluctuations in friction coefficient is observed. An increase of tabular ‘clay’ particles caused a
decrease of variations in coefficient of friction (Fig.
8a). Pure ‘silt sediments’ are characterized by a high
fluctuation of friction during shearing whereas pure
‘clays’ show only small changes in friction values.
Here, µ propagates fast against a mean coefficient of
friction.

Fig 6: Results from low stress ring shear tests of dry (upper panel)
and humid (lower panel) illite; view on top of the shear surface. Please note the change to darker colours in the lower panel (98% humidity test) where water adsorbed to the clays is migrating into the
shear surface.

was observed just after applying shear strain. At the
latest after 20% shearing µ reaches the mean friction
value (Fig. 8a). Such typical strain hardening behaviour could also be identified from dry geotechnical
shear tests. In contrast, a peak friction and subsequent
lower residual shear strength profile monitoring a
typical strain weakening behaviour similar to a saturated or at least humid sediment analogue experiment,
could not be measured (Fig. 4).
The comparison of two pure ‘silt’ experiments with
µP=0.6 and µP=0.2 revealed a mean ‘overall’ friction of
µ=0.52 (Fig. 8a). Embedding a small amount of ‘clay’
fraction of approximately 30% into the ‘silt sediment’
did not influence the frictional strength at all
(µ≈0.52). In contrast, a further increase of ‘clay’ up to
50% caused a significant change in coefficient of friction. Thus, µ=0.3 was measured for mixtures of 50%
‘silt’ and 50% ‘clay’. This trend continued while increasing the amount of ‘clay’. For the shear test of 100%

Investigation of the horizontal displacement fields
revealed that ‘sediment’ composition also influences
the spatial evolution and/or the geometry of shear
zones (Fig. 8b, c). Thus, a shear zone thickening with a
simultaneous lateral shortening could be observed in
pure ‘silts’. A mean shear zone thickness of approximately 0.03mm could be calculated (Fig. 8b). In contrast,
‘clays’ showed a localization of deformation along
long narrow failure planes which extended over the
entire shear cell (Fig. 8b). Here, shear zone thickness
of <0.01mm could be measured. Furthermore, detailed analyses of localized deformation after 200%
strain mirrored a variation of the vertical position as
well as the geometry of the shear zones (Fig. 8c). In
the case of pure ‘silt’, no distinct shear zone could be
observed. Even adding a small amount of ‘clay’ (30%)
caused a significant change in the horizontal displacement field. Here, a broad shear band evolved in the
centre of the shear box. A further increase of the tabular particle fraction resulted in an upward migration
of the shear zone within the shear cell except for the
experiment with 70% ‘clay’ where the shear zone developed in the lowest part of the shear cell. Simultaneously, an increase of the amount of ‘clay’ caused a
thinning of the shear zone. In experiments with more
than 50% tabular shaped particles failure planes are
localized along thin localized shear zones (Fig. 8c).
Furthermore, shear zones often coincide with tabular
shaped particles in experiments with more than 50%
‘clay’. From this one may conclude that tabular ‘clay’
particles determine the position and geometry of
shear planes.The comparison of two pure ‘silt’ experiments with µP=0.2 and µP=0.6 indirectly allows us to
assess the role of particle shape. Both models showed
similar fluctuations in coefficient of friction whereas
in both cases an absolute mean friction value of
µ=0.52 could be measured (Fig. 8). Furthermore, both
materials are characterized by an identical deformation behaviour.
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Fig 7: Similarities between the geometry and internal structure of natural shear zones from geotechnical experiments and simulated shear zones
from DEM experiments. (A) shows the horizontal displacement field within one iteration step. (B) SEM photographs of dry smectite clay sheared at
10 MPa normal load. Note the thin Riedel shear planes branching off the main shear surface in the upper portion of the picture. Fabric alignment,
however, is generally poor. (C) longitudinal section through a 10 cm-long sample after a direct shear experiment. Note main shear surface as well as
Riedel planes at angles of approx. 30° relative to the main plane. The white patch in the centre is artificial quartz powder used for pore pressure
measurements.

Discussion
Both experimental settings, numerical as well as analogue, supplied comparable results of coefficient of friction for dry ‘sediments’ under low vertical load (normal
stress=5MPa). In all dry experiments a typical strain hardening behaviour, characterized by a slight increase in
the coefficient of friction pushing towards a mean friction value, could be observed (Fig. 4, 8).
However, numerical models provided much lower coefficients of friction compared to analogue shear tests for dry
material assemblages (Fig. 3, 5, 8). Furthermore, the difference between measured and simulated friction values
increased with increasing clay concentration of the material package (Fig. 5). In case of pure ‘clay sediments’, calculated coefficient of friction is comparable to geotechnically measured values for saturated illite or smectite.
Thus, tabular particles with µP=0.1 and an eccentricity of

0.33 seem to simulate the frictional behaviour of partly
saturated clay minerals (Fig. 3; Horn and Deere 1962, Saffer et al. 2001, Saffer et al. 2005) although fluids are not
included in these numerical simulations. The main contrast of DEM frictional behaviour is the roughness of the
particles. Similarly, geotechnical analogue work demonstrated that in addition to fluid lubricants, low mineral
roughness causes an appreciate decrease in µ (see detailed
discussion in Horn and Deere 1962).
We change particle shape or particle eccentricity to raise
the overall frictional strength of the material package.
For instance, the overall friction strength of µ=0.52 was
calculated for the pure ‘silt’ experiment with ideal spherical particles with µP=0.2. This confirms the key role of
particle shape, and hence overall roughness, for the frictional strength.
Thus, both analogue shear tests as well as numerical shear
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box models support the hypothesis that material composition plays a key role for the frictional strength of sediments
(Fig. 5). Both techniques showed a decrease in coefficient
of friction with increasing amount of clay. In addition in
both cases a small increase of clay content (30%) had no
significant influence on the frictional strength of material
packages. Only when clay concentration reaches 50% a
distinct decrease of friction strength is observed (Fig. 5).
These results confirm that the evolution of shear zones or
failure planes is directly connected to the presence of clays.
This finding is also verified by DEM experiments on a
micro-scaled level where failure is localized at the position
of ‘clay’ minerals. Furthermore, these observations support earlier work where the presence of clay minerals has
been causally connected to slope instability (e.g. for the
Storegga slide off Norway; see Solheim et al. 2005).
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Our two sets of experiments also show textural similarities. A narrow shear zone could be identified in the
upper part of the numerical shear cell in the case of
pure ‘clay’, equivalent to what was observed in the
geotechnical shear tests, especially the direct shear
experiments (Fig. 7a, b). In addition, both experiments
display thin Riedel shear planes in ‘smectite’.
Furthermore, DEM experiments revealed a downward
migration of the shear zone to lower parts of the
‘sediment’ layer with increasing ‘silt’ concentration.
Simultaneously, the thickness of the shear zone increases. Such shear zone dilation was only monitored for
pure ‘silt’ layers. This correlates with former numerical
DEM shear box experiments on ideal spherical particles
(Morgan & Boettcher 1999).
Fig 8: Experimental
results of numerical
shear box tests. (A)
shows the calculated
coefficients of friction as
a function of ‘clay’ content. (B) displays examples of the horizontal displacement field of each
experiment run during
one iteration step or
0.1% strain respectively
and equivalent (C) after
200% strain.
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Numerical tests also reveal a direct interaction between
the position of clay minerals in the material matrix and
the location of shear planes. The tabular ‘clay’ particles
determined the position of localized deformation. In
addition, an increase of 'clay' minerals results in smoother deformation in both experimental settings, proving
the hypothesis of the dominant role of clay. Translated to
slope stability issues, clay minerals appear to be the
major controlling parameter for the mechanical stability
of slopes and/or the possible failure of slope sediments.
As has been shown earlier (Hubbert and Rubey 1959),
geotechnical shear tests further demonstrate the key role
of fluids for the frictional strength of clay sediments. An
increase in humidity caused a remarkable decrease in the
coefficient of friction. Here, smectite is identified as
most sensitive compared to illite, which shows the lowest
decrease in frictional strength (Fig. 3a). In contrast, silt is
mostly unaffected by an increase of pore fluids (see also
Horn and Deere 1962). However, coefficients of friction
less than µ=0.25 were only measured for wet sediments
from geotechnical tests. Hence, the degree of fluid saturation can be also classified as an important parameter
for the destabilisation of slope materials (Fig. 3).

Conclusion & Outlook
Both geotechnical and numerical shear box tests reveal
the mineralogy, in particular the presence of clay
minerals, as the most important factor controlling the
frictional stability or shear strength of sedimentary
materials. Our experiments support the hypothesis that
failure of slopes requires the existence of clay-rich
layers with a clay content of >50% embedded in the
sediments. In addition, geotechnical tests verify
influences of pore fluids which are essential to reduce
the coefficient of friction of clay minerals. In contrast,
silt is mostly unaffected by fluid saturation or by an
increase of humidity. Thus, submarine continental
slopes comprising fully saturated sediments are more in
favour than their continental counterparts.
Future research aims to bring analogue and numerical
shear tests closer together focuses on taking the DEM
shear box into the 3rd dimension. Besides, we will
implement fluids enabling investigation of influences
of pore fluid saturation on the coefficient of friction
and the deformational behaviour of soils.
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