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Abstract

For many geological deformation processes the existence of a mechanically weak layer is assumed. For these weak layers, clay sediments or
clayey fault gouge seem to be likely candidates. They are supposed to be a focus of displacement and thus crucial for slip plane and shear zone
development. There is an ongoing debate concerning the exact nature of shear localization in these layers. To address this question, we use
numerical shear box tests utilizing the Discrete Element Method (DEM). Our focus lies on the localization patterns and micromechanical prop-
erties of stratified ‘silt’e‘clay’e‘silt’ and ‘clay’e‘clay’e‘clay’ specimens. We systematically vary the mechanical strength of each layer via the
coefficient of particle friction to analyse localization and the micromechanics of the material.

Our results indicate that the deformation of a material package is the result of different deformation modes. The ability of single particles to
slide, roll or rotate is influenced to a large extent by layer strength and particle friction, which also govern the layers’ ability to dilate or contract
during deformation. We show that the localization switches from a given layer to adjacent layers even if differences in the material properties are
very small. Furthermore, the localization is often concentrated in only one layer leading to a complete decoupling of the other layers and thus
building a shear zone where high displacement can be accumulated.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Shearing processes at the upper brittle crust are attributed to
the existence of mechanically weak layers. These are charac-
terized by a lower shear or frictional strength which can be
explained by their lithology compared to the surrounding mate-
rials (Dahlen, 1984; Hampton et al., 1996). Clay sediments,
therefore, exhibit lower shear strength compared to silts (Mitchell
and Soga, 2005). In addition, Lupini et al. (1981) and Huhn et al.
(2006) have shown a direct relationship between clay size frac-
tion and the shear strength of sediments. Besides physicochemi-
cal reactions, interactions of water, etc., the grain shape of tabular
clay minerals is one reason for the low frictional strength. To be
more precise, it is the alignment of platy clay minerals during
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shear deformation and the breakdown of the microstructure
(Mitchell and Soga, 2005).

As sediments can be considered as a granular material, graine
grain interactions are responsible for the deformational behaviour
(Oda and Iwashita, 1999; Mitchell and Soga, 2005). Grain slid-
ing, rolling, and rotation are microscopic deformation modes
that influence the micromechanics and microstructural evolution.
For example, the distribution of stresses is not homogenous in
a granular material and some grains carry more load than others
(e.g. Jaeger et al., 1996).

In nature, numerous distinct shear planes are formed and re-
activated repeatedly creating a shear zone. In addition, weak
layers are not homogenous stratigraphic units, thus, deformation
takes place in well-defined parts of a stratified sediment, even if
the whole package belongs to a shear zone (Labaume et al.,
1997; Maltman et al., 1997; Canals et al., 2004). A highly re-
solved spatio-temporal description of shear zone development
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is, however, difficult to construct both in nature and under labo-
ratory conditions. To date, the role of stratification in shear zone
evolution is unknown. For a shear zone it is still uncertain if the
localized deformation is related to the stratification. A detailed
description and analysis of how shear localizes in a weak layer
needs to be performed on a microscopic scale.

The aim of this paper is to gain a deeper insight into micro-
scopic shear zone evolution in stratified sediments. Specifically,
how do strength contrasts in a horizontally layered specimen in-
fluence the localization phenomena, and in particular, do shear
planes form directly at layer boundaries or alternatively at the
top, middle, or basal part of a weak sediment package? Therefore,
we study the micromechanics of shear zone development at the
grain scale level using a numerical shear box experiment. We uti-
lize the Discrete Element Method (DEM) to investigate shear
stress evolution and deformation styles of stratified sediments.
Two types of horizontally layered specimen were simulated: (1)
a ‘silt’e‘clay’e‘silt’ assemblage and (2) a ‘clay’e‘clay’e
‘clay’ package.

As a first step, we quantified the mechanical strength of ho-
mogenous particle assemblies as a function of the coefficient
of particle friction, this enabled the calculation of strength ratios
for the stratified experiments. Within these stratified assemblies
we varied systematically the particle friction for a given layer
and thus the strength ratio between the layers. We focus on (1)
slip plane and shear zone evolution and (2) shear stress develop-
ment, the percentage of slipping grains (sliding fraction) and the
magnitude of grain rolling and rotation.

2. Methods

2.1. The Discrete Element Method

The Discrete Element Method is based upon a numerical de-
scription of granular materials. This study employed the com-
mercial 2D code PFC2D, which was developed by Cundall
and Strack (1978). A sufficiently large particle assemblage
(e.g. w800 in this case; Table 1; Fig. 1) can reproduce deforma-
tion behaviour similar to that occurring in various types of sed-
iments, soils, and rocks. For example, numerical modelling of
granular material with DEM was used to investigate fault gouge
mechanics (Morgan, 1999; Morgan and Boettcher, 1999), fault
propagation (Schöpfer et al., 2006), fault evolution of mixed
sediments (Huhn et al., 2006), and the influence of particle shape
on shear zone development and frictional strength (Kock and
Huhn, 2007).

In the DEM model, circular particles interact according to
simple physical contact laws and the microproperties of each
particle, such as the particle coefficient of friction m(P), which
control the particleeparticle interactions must be defined. The
overall mechanical and physical behaviours of the particle as-
semblage itself are the result of all particle interactions. There-
fore, the macroproperties or overall properties of a particle
assemblage have to be calculated, e.g. average shear stress.

Limitations of 2D mainly concern unreasonably low mac-
roscopic shear stresses with relatively high fluctuations (e.g.
Morgan, 1999; Mair et al., 2002). It has been shown that these
effects are reduced in 3D simulations (Hazzard and Mair,
2003). However, 3D simulations require a large amount of
computation time whilst a suite of simulations may be run
in 2D in a reasonable amount of time.

A complete review of the DEM algorithms would exceed
the scope of this paper. However, the numerical description
of the code is described completely by Cundall and Strack
(1978, 1979, 1983), Cundall (1989) and Itasca (2004). Short
reviews are given in Antonellini and Pollard (1995), Morgan
and Boettcher (1999) and Kock and Huhn (2007). Further-
more, it must be mentioned that in our simulations the influ-
ence of fluids, grain fracture and gravitational forces have
not been taken into account.

2.2. Numerical shear box configuration

Consistent with analogue shear box experiments (e.g. Saffer
et al., 2001; Kopf and Brown, 2003; Saffer and Marone, 2003;
Ask and Kopf, 2004) and other numerical DEM simulations
(e.g. Morgan, 1999; Morgan and Boettcher, 1999; Guo and
Morgan, 2004; Huhn et al., 2006; Kock and Huhn, 2007), we
developed a 2D numerical shear box (Fig. 1; Table 1).

The lower and upper boundary walls of the shear box con-
sisted of 10 particles with a diameter of 20 mm and thus
formed a box with a total width of 200 mm. The lower wall re-
mained fixed in the x- and y-directions throughout all of the
experiments. The upper wall could move in the x- and y-direc-
tions to induce shear (t(M)) and normal stress (sN,(M)) (Fig. 1).
In order to be comparable to laboratory experiments (e.g. Mair
et al., 2002), the shear rate and the normal stress were held
constant at 1 mm/s and 5 MPa, respectively, using servo algo-
rithms applied to the upper wall. Hence, depending on the
sheared materials, shear box height was variable during each
experimental run, starting from an initial height of 140 mm.
To achieve large quantities of strain (200%), the left and right

Table 1

Properties and configuration of numerical models

Experiment I Experiment II

Shear box properties

Width [mm] 200 200

Height [mm] 140 (initial) 140 (initial)

Normal stress sN [Pa] 5� 106 5� 106

Shear velocity [mm/s] 6 6

Particle number: ‘Silt’ 162 0

Tabular particle number: ‘Clay’ 624 1872

Particle properties

Normal stiffness, kN [N/m] 1� 109 1� 109

Shear stiffness, kS [N/m] 1� 109 1� 109

Density, r [kg/m3] * *

Diameter [mm]: ‘Silt’ 5.6e20

Diameter [mm]: ‘Clay’ Short axis: 2 Short axis: 2

Long axis: 6 Long axis: 6

Particle friction m(P) range: 0.05e1.0 0.05e1.0

*density is only relevant to compute the internal timestep and need not to be

realistic and therefore is scaled to an unrealistic high value to achieve a higher

computing time.



1681I. Kock, K. Huhn / Journal of Structural Geology 29 (2007) 1679e1694
box boundaries were periodic, thus, any particles which
moved out of the right hand side of the box reappeared on
the left hand side and vice versa.

As natural ‘silt’ grains appear to be approximately circular
in shape (Bennett et al., 1991), the numerical ‘silt’ is simulated
using perfectly circular particles, whose diameters are log-
normally distributed (e.g. Tucker, 1981; Füchtbauer, 1988)
between 5.6 and 20 mm with a peak value at 10 mm. In contrast,
natural clays typically have a tabular, platy structure (Bennett
et al., 1991; Mitchell and Soga, 2005). Therefore, circular
particles were connected to simulate elongated grains. These
‘clay grains’ were constructed from five circular particles com-
bined together with fixed relative positions (Fig. 1). This grain
type has been successfully used to simulate normally consoli-
dated ‘clay’ sediments (Kock and Huhn, 2007) and ‘clayesilt’
mixtures (Huhn et al., 2006).

Boundary wallsσ
ΝDirection of shear v

x

y

Periodic walls

2 μm

6 μm
Single 'clay' particle

(a)

(b)

'silt'

'clay'

'silt'

'clay 1'

'clay 2'

'clay 1'

Fig. 1. Model of both 2D shear box experiments. The middle box shows ‘clay’

particles built of five circular particles. The arrows indicate the periodic fea-

ture of the box: both white particles on either side are the same particle. (a)

Indicated in medium grey is the ‘silt’, built out of circular particles. Dark

grey are boundary particles ‘walls’. ‘Clay’ particles appear in light grey. (b)

Indicated in medium grey are the top and bottom layer ‘clay’. Dark grey are

boundary particles ‘walls’. ‘Clay’ particles of the intermediate layer appear

in light grey. ‘Clay’ particle shape and properties of all layers are equal, except

particle friction for the intermediate layer.
Initially, each particle type (circular or elongated) was used
to create homogenous ‘clay’ or ‘silt’ materials that were em-
ployed in reference simulations (Table 2). During any given
simulation, the particle coefficient of friction, m(P), remained
constant and after completion the macroscopic shear strength
of the material was calculated. The particle coefficient of fric-
tion was varied between simulations and thus, a direct rela-
tionship between the coefficient of particle friction m(P) and
the associated shear strength could be determined.

Based on these homogenous control simulations, the
strength ratio (SR) between different homogenous layers
(with a specific coefficient of particle friction m(P)) could be
computed for each stratified model (‘silt’e‘clay’e‘silt’;
‘clay’e‘clay’e‘clay’, Table 3). Strength ratios <1.0 indicate
that the intermediate material has a shear strength lower
than the under and overlying layers, whilst strength ratios
>1.0 indicate the opposite situation.

Stratified experiments included:

(I) A study of the deformational behaviour of stratified
‘sediments’ with distinct lithological boundaries.
Hence, a numerical ‘clay’ layer was intercalated be-
tween two ‘silt’ layers (Fig. 1a). In this setting different
strength ratios were tested. We distinguished:

(Ia) A constant value of 0.1 was employed for the micro-
scopic coefficient of friction m(P) of the ‘clay’, whilst
m(P) for the ‘silt’ layers was varied between the simu-
lations in the range 0.01e1.0 (experiments Ia-1 to
Ia-9; Table 3).

(Ib) m(P) for the ‘silt’ was held constant at 0.2, whereas m(P)

for the ‘clay’ changed from 0.01 to 1.0 (experiments
Ib-1 to Ib-9; Table 3).

Table 2

Stress ratios (measured shear vs. measured normal stress) for reference

experiments

Experiment m(P) Peak

stress ratio

Average

stress ratio

Standard

deviation

Reference ‘Silt’

R1 0.01 0.12 0.09 0.01

R2 0.05 0.18 0.14 0.02

R3 0.1 0.22 0.18 0.02

R4 0.2 0.34 0.24 0.03

R5 0.3 0.39 0.27 0.04

R6 0.4 0.43 0.26 0.04

R7 0.5 0.46 0.26 0.05

R8 0.75 0.52 0.27 0.06

R9 1.0 0.56 0.26 0.06

Reference ‘Clay’

R10 0.01 0.29 0.22 0.06

R11 0.05 0.32 0.26 0.06

R12 0.1 0.35 0.28 0.06

R13 0.2 0.37 0.32 0.07

R14 0.3 0.418 0.36 0.07

R15 0.4 0.417 0.37 0.07

R16 0.5 0.43 0.37 0.07

R17 0.75 0.46 0.39 0.07

R18 1.0 0.49 0.37 0.10
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Therefore, in experiment I different strength ratios
were achieved for each simulation. Additionally, in
some cases the strength of the ‘silt’ is smaller than
that of ‘clay’ resulting in an SR> 1 (see Table 3),
which could represent the case of a weak soil overlay-
ing cemented clay or welded volcanic ash.

(II) To examine the deformation of sediments not stratified
in terms of their lithology but rather by differences in
their material properties, we used a pure ‘clay’ assem-
blage (Fig. 1b). Hence, in this experiment a stratum
of ‘clay’ was intercalated between two further ‘clay’
layers. In a similar manner to experiment (I), different
strength ratios were tested. The microproperties of all
the ‘clay’ particles were identical, except the intermedi-
ate ‘clay’ layer where m(P) was changed from 0.01 to
1.0. For the upper and lower layers, m(P) was held con-
stant at 0.1 (experiments II-1 to II-9; Table 2).

2.3. Analyse and interpretation techniques

Throughout the experiments shear strains of up to 200%
were achieved, whilst various different parameters and macro-
scopic material properties were measured:

Table 3

Particle friction variation and strength ratios for stratified assemblies

Experiment m(P) (top and

bottom layer)

m(P) (intermediate

layer)

Equivalent

materials from

Table 2

Strength

ratio

Ia-1 0.01 0.1 R12/R1 2.95

Ia-2 0.05 0.1 R12/R2 1.91

Ia-3 0.1 0.1 R12/R3 1.58

Ia-4 0.2 0.1 R12/R4 1.02

Ia-5 0.3 0.1 R12/R5 0.89

Ia-6 0.4 0.1 R12/R6 0.80

Ia-7 0.5 0.1 R12/R7 0.75

Ia-8 0.75 0.1 R12/R8 0.66

Ia-9 1.0 0.1 R12/R9 0.62

Ib-1 0.2 0.01 R10/R4 0.86

Ib-2 0.2 0.05 R11/R4 0.92

Ib-3 0.2 0.1 R12/R4 1.02

Ib-4 0.2 0.2 R13/R4 1.10

Ib-5 0.2 0.3 R14/R4 1.23

Ib-6 0.2 0.4 R15/R4 1.22

Ib-7 0.2 0.5 R16/R4 1.26

Ib-8 0.2 0.75 R17/R4 1.34

Ib-9 0.2 1.0 R18/R4 1.45

II-1 0.1 0.01 R10/R3 0.84

II-2 0.1 0.05 R11/R3 0.91

II-3 0.1 0.1 R12/R3 1.00

II-4 0.1 0.2 R13/R3 1.08

II-5 0.1 0.3 R14/R3 1.21

II-6 0.1 0.4 R15/R3 1.20

II-7 0.1 0.5 R16/R3 1.24

II-8 0.1 0.75 R17/R3 1.32

II-9 0.1 1.0 R18/R3 1.42

Strength ratio is defined as: SR¼ shear strength(int. layer)/shear strength(top and

bot. layer) and is calculated from the values presented in Table 2.
� The shear and normal stresses acting on the particles were
computed at each 1% increment of the strain. It is important
to note that we calculated the average shear stress acting on
the particles, which is in contrast to previous studies that
measured the shear stress inside a specified volume of mate-
rial (e.g. Kock and Huhn, 2007; as outlined in Itasca, 2004).
This calculation was performed for the pure ‘silt’ and ‘clay’
assemblages as well as for each separate layer in the strati-
fied experiments. Consequently, shear stress curves could be
calculated from 0% to 200% strain. From these curves the
peak (maximum amplitude), average and standard deviation
of the shear stress could be calculated. Computation of the
standard deviation was necessary to assess the variations
in the ‘silt’ layers which may be high due to the relatively
low particle number. For examples of shear and normal
stress evolution during deformation see the Appendix.

For the pure assemblies, shear strength was calculated by
taking the maximum ratio of the shear to the normal stress.
Strength ratios (SR) could then be calculated using the values
discussed above (Table 3).

� Displacement of each particle in the x- and y-directions
was recorded continuously. In a manner similar to Morgan
and Boettcher (1999), the vertical gradient of the horizon-
tal displacement field could be calculated and then plotted
with GMT (Wessel and Smith, 1991). These displacement
gradients monitor internal deformation and mark the posi-
tion and angle of slip planes and shear zones (Morgan and
Boettcher, 1999; Guo and Morgan, 2004; Huhn et al.,
2006; Kock and Huhn, 2007).
� The percentage of slipping contacts was monitored at 1%

increments in the strain. Hence, the average value and
standard deviation could be computed after reaching
200% strain. Below, we use the term ‘sliding fraction’
for this parameter. Simultaneously, we recorded the angle
of rotation for each of the particles. We distinguished be-
tween rolling for the circular ‘silt’ particles and rotation
for the elongated ‘clay’ particles, because they represent
different deformation modes (Kock and Huhn, 2007).
During deformation, circular particles may rotate while
remaining in the same position, whereas platy ‘clay’ par-
ticles only rotate when there is enough space available
for the long axis to rotate. We calculated (a) the portion
of the ‘silt’ grains that experienced finite rolling and (b)
the amount of ‘clay grains’ which rotated more than 30�,
60�, 90�, or 180�. Based on the slipping and rolling values,
we were able to distinguish the different deformation be-
haviours between the layers (sliding, rolling, and rotation).

3. Results

3.1. Homogenous models

3.1.1. Pure ‘silt’ experiments
Shear stress evolution showed a strong dependency on the

particle coefficient of friction (Fig. 2a). Peak values of the
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shear stress ratio ranged from 0.12 to 0.56 with the average ra-
tio varying from 0.09 to 0.26. In general, an increase in the
peak stress ratio would be observed with increasing m(P)

(Fig. 2b; Table 2), whereas the average stress ratio approached
a constant threshold. Despite using a different measurement
technique, values for the average stress ratio are similar to
those of Morgan (1999).

3.1.2. Pure ‘clay’
Evolution of the shear stress for the pure ‘clay’ assem-

blages differed greatly from the ‘silt’ experiments (Fig. 2c,d;
Table 2). Curves for the ‘clay’ were smoother and showed
a slower increase to peak stress ratios. In a similar manner
to the pure ‘silt’, both stress ratios increased when m(P) was in-
creased, albeit non-linearly, to a maximum value of 0.49 for
the peak stress. Peak stress ratios were, however, lower for
high m(P), but the average stress ratios were higher compared
to the ‘silt’ experiment.

3.1.3. Calculation of strength ratios
Based on the variation of m(P) for homogenous materials,

a wide spectrum of strength ratios was determined for the
stratified materials (Table 3). Ratios <1.0 indicate that the in-
termediate layer was mechanically weaker than its neighbours,
whereas ratios >1.0 correspond to a strong embedded inter-
layer. Note that the calculation of the strength ratios implies
that the coefficient of particle friction between the layers
may be equal, even when the SR is not.
For experiments Ia and Ib, values of SR ranged between
0.62 and 2.95. In general, values in experiment Ia were widely
distributed corresponding to strong and weak ‘clayey’ inter-
layers. In experiment Ib, values were mostly >1.0 indicating
the ‘silt’ to be the mechanically weak material. Similarly, in
experiment II, values of SR were obtained in the range
0.84e1.42. Hence, in experiment II the weak layer always
had the lowest coefficient of particle friction.

3.2. Localization features

3.2.1. Variation of m(P) (SR) for ‘silt’ in experiment Ia
Variation of m(P) of the ‘silt’ particles and its influence on

SR resulted in different shear planes and shear zone geome-
tries (Fig. 3a,iev).

A high strength ratio (SR w 3), when m(P),‘silt’<< m(P),‘clay’,
showed long shear planes mainly located in the upper ‘silt’
layer (Fig. 3a,i), whereas only a few short shear planes could
be observed inside the intermediate ‘clays’. No internal defor-
mation was observed in the lower ‘silt’. Shear planes in the up-
per ‘silt’ were inclined w�25� from the horizontal and in
some cases, single shear planes were connected. However,
no coherent shear zone was observed that extended over the
entire shear box.

A decrease of SR to values of w2 resulted in an increase of
deformation in the intermediate ‘clay’ layer (Fig. 3a,ii). Nev-
ertheless, the majority of the slip planes still occurred in the
top ‘silt’ layer, whilst shear plane geometry remained constant.
St
re

ss
 ra

tio
(s

he
ar

/n
or

m
al

)

0.8

0.6

0.4

0.2

0.0

Strain [%]
0 50 100 150 200

Strain [%]
0 50 100 150 200

St
re

ss
 ra

tio
(s

he
ar

/n
or

m
al

)

0.8

0.6

0.4

0.2

0.0

St
re

ss
 ra

tio
(s

he
ar

/n
or

m
al

)

0.8

0.6

0.4

0.2

0.0

St
re

ss
 ra

tio
(s

he
ar

/n
or

m
al

)

0.8

0.6

0.4

0.2

0.0

0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1

(a) (b)

(d)(c)

peak stress ratio
average stress ratio
with standard deviation

peak stress ratio
average stress ratio
with standard deviation

'silt' μp=1.0
'silt' μp=0.1
'silt' μp=0.01

Particle coefficient of friction μP

Particle coefficient of friction μP

'clay' μp=1.0
'clay' μp=0.1
'clay' μp=0.01

Fig. 2. Stress ratios for homogenous assemblages. (a) Selected stress ratio curves for ‘silt’. (b) Peak and average stress ratio with standard deviations after 200%

strain for ‘silt’. (c) Selected stress ratio curves for ‘clay’. (d) Peak and average stress ratio with standard deviations after 200% strain for ‘clay’.



P

R1

Y

R1

P

P

R1

P
R1

Y
R1

Y

R1

P

Y

P

Y

R1

P

R2

Y

P

R1

P

R1

R2?

R1?

Y

P

stair-step slip

max
neg

0 max
pos

Strain dx/dy

(a) (b) (c)Experiment Ia

i) Ia-1 Sr = 2.95

ii) Ia-2 Sr = 1.91

iii) Ia-3 Sr = 1.58

iv) Ia-5

v) Ia-9 Sr = 0.62

Experiment Ib

i) Ib-1 Sr = 0.86

ii) Ib-3 Sr = 1.02

iii) Ib-4 Sr = 1.10

iv) Ib-5

v) Ib-9

Sr = 1.04 Sr = 1.23

Sr = 1.45

Experiment II

i) II-1 Sr = 0.84

ii) II-3 Sr = 1.0

iii) II-4 Sr = 1.08

iv) II-5 Sr = 1.21

v) II-9 Sr = 1.42

0.1

0.01

0.1

0.1

0.1

0.1

0.1

0.2

0.1

0.1

0.3

0.1

0.1

1.0

0.1

0.2

0.01

0.2

0.2

0.1

0.2

0.2

0.2

0.2

0.2

0.3

0.2

0.2

1.0

0.2

μ(P)

0.01

0.1

0.01

0.05

0.1

0.05

0.1

0.1

0.1

0.2

0.1

0.2

1.0

0.1

1.0

μ(P) μ(P)

Fig. 3. Gradient of horizontal displacement. Red colours indicate maximum positive relative displacement, magenta indicates maximum negative relative displace-

ment. Note that displacement is relative and not absolute, so that even for particles showing as magenta, absolute net displacement in positive x-direction >0. Black

bars indicate some selected slip planes. Slip plane notation after Rutter et al. (1986). Black ellipse shows a stair-step structure. Strength ratio SR is indicated above

and particle friction on the right of each plot. (a) Experiment Ia: variation of strength via particle friction coefficient of ‘silt’ of the top and bottom layer. Strength

(and particle coefficient of friction) for ‘clay’ in the intermediate layer is constant. Specimen design is: ‘silt’, top and bottom layer; ‘clay’, intermediate layer. (b)

Experiment Ib: variation of strength via particle friction coefficient of ‘clay’ of the intermediate layer. Strength (and particle coefficient of friction) for ‘silt’ is

constant in the top and bottom layer. Specimen design is: ‘silt’, top and bottom layer; ‘clay’, intermediate layer. (c) Experiment II: variation of strength via particle

friction coefficient of ‘clay’ of the intermediate layer. Strength (and particle coefficient of friction) for ‘clay’ is constant in the top and bottom layer. Specimen

design is: ‘clay’, top, intermediate and bottom layer (for interpretation of the color in the text, the reader is referred to the web version of the article).
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Further decreases in SR led to a complete change in the de-
formation (Fig. 3a,iii). Nearly all shear planes were located in-
side the ‘clay’ layer, although a strength ratio of 1.58 indicates
that the ‘silt’ remained the mechanically weak layer. There
was little indication of internal deformation in the upper
‘silt’ layer, and even less in the lower one. Shear planes in
the ‘clay’ layer were narrower and shorter compared to those
of the previous experiments. Here, long shear zones evolved
that extended over more than half of the width of the shear
box (Fig. 3a,iii). The shear plane inclinations were distributed
between �50� and þ50�.

Continued decrease of SR had no effect on the localization
features (Fig. 3a,ivev), with the exception of the shear zone
geometry, which was more pronounced than in the previous
models.

3.2.2. Variation of m(P) (SR) for ‘clay’ in experiment Ib
Variation of m(P) of the ‘clay’ also controlled the geometry

of the shear planes and therefore the shear zone localization
(Fig. 3b,iev). Additionally, this suite of experiments exhibited
the same trends for localization in relation to SR as observed
in experiment Ia.

In the case of low strength ratios (SR< 1.0), the shear
planes were localized exclusively in the intermediate ‘clay’
layer (Fig. 3b,ieii). The shear planes were long and narrow
with many interconnections, resulting in a focused shear
zone. In general, shear plane position and geometry were sim-
ilar to experiments Ia-5 to Ia-9, where also the strength ratio
was very low (Fig. 3a,ivev).

An increase of SR to values >1.1 resulted in a shear plane
localization shift towards the upper and also, to a lesser extent,
lower ‘silt’ layer (Fig. 3b,iiieiv). A distinct shear zone within
the ‘clay’ layer was no longer visible. When the strength ratio
was highest (SR¼ 1.45), a long and broad shear plane was vis-
ible just on top of the ‘clay’, at the base of the ‘silt’ (Fig. 3b,v).

3.2.3. Variation of m(P) of the intermediate ‘clay’
in experiment II

In contrast to the former experiments, variation of m(P) of
the ‘clay’ and therefore the SR controls only shear zone local-
ization, whereas shear plane geometry remained constant.

A strength ratio of SR< 1.0 resulted in a distinctly coher-
ent shear zone located inside the intermediate ‘clay’ layer
(Fig. 3c,i). Its shape was in general comparable to that in ex-
periment Ib-1 (Fig. 3b,i). Simultaneously, the top layer showed
less developed shear planes.

The subsequent increase of the SR to 1.0 showed a broaden-
ing of the shear zone localization into the upper layer where
the majority of the shear planes were located (Fig. 3c,ii). No
distinct border in deformation behaviour between different
‘clay’ layers could be detected.

Additional increases of the SR to values >1.0 resulted in
a shear zone localized completely in the top ‘clay’. Equiva-
lently, internal deformation in the intermediate and bottom
layers (Fig. 3c,iii) was almost non-observable.

Further increases of the SR produced no internal deforma-
tion in the intermediate layer (Fig. 3c,ivev). Shear plane
localization was mainly concentrated in the upper and to
a lesser degree in the bottom layer.

3.3. Average shear stress

Variation of the microscopic coefficient of particle friction
m(P) of the ‘silt’ particles and the associated change of the
strength ratio influenced shear stress response at the particle
level (Fig. 4; Table 4).
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Table 4

Overview of selected results

Exp. Boundary conditions Results

Particle friction Average shear stress [MPa] Sliding fraction [%] Rotation> 30� [%] Rotation> 180� [%]

Top and bot. Int. SR Top Int. Bot. Top Int. Bot. Top and bot. Int. Top and bot. Int.

Ia-1 0.01 0.1 2.95 1.74 0.92 0.69 51 26 33 52.1 50.6 10.4 0

Ia-2 0.05 0.1 1.91 1.91 1.08 1.77 35 24 23 65.0 60.3 7.4 0

Ia-3 0.1 0.1 1.58 2.57 1.49 2.16 17 25 12 40.5 60.7 1.2 0

Ia-4 0.2 0.1 1.02 2.82 1.46 2.00 14 25 11 47.9 60.4 1.8 0

Ia-5 0.3 0.1 0.89 3.87 1.47 2.03 9 27 12 44.2 63.3 1.8 0

Ia-6 0.4 0.1 0.80 3.74 1.49 2.36 12 27 9 46.6 65.2 3.1 0

Ia-7 0.5 0.1 0.75 3.91 1.50 2.81 6 27 8 35.0 59.5 1.2 0

Ia-8 0.75 0.1 0.66 3.91 1.50 2.81 7 27 5 39.3 60.9 1.8 0

Ia-9 1.0 0.1 0.62 3.62 1.48 2.65 5 28 2 16.0 60.7 0.6 0

Ib-1 0.2 0.01 0.86 1.74 1.03 1.81 21 61 18 25.2 63.6 1.8 0

Ib-2 0.2 0.05 0.92 2.46 1.17 2.19 22 38 16 38.0 61.7 2.5 0

Ib-3 0.2 0.1 1.02 2.82 1.46 2.00 14 25 11 47.9 60.4 1.8 0

Ib-4 0.2 0.2 1.10 3.84 1.70 2.90 20 16 14 64.4 64.6 5.5 0

Ib-5 0.2 0.3 1.23 3.45 1.70 3.21 21 12 15 77.9 64.9 10.4 0

Ib-6 0.2 0.4 1.22 2.29 1.28 2.44 33 7 20 65.0 39.6 11.7 0

Ib-7 0.2 0.5 1.26 2.54 1.14 2.01 32 7 15 57.1 32.4 17.2 0

Ib-8 0.2 0.75 1.34 3.70 1.81 3.34 19 5 15 76.7 51.4 14.7 0

Ib-9 0.2 1.0 1.45 2.44 1.55 2.78 30 3 17 66.3 31.1 19.0 0

II-1 0.1 0.01 0.84 0.85 1.08 0.70 13 57 16 26.8 60.1 0 0

II-2 0.1 0.05 0.91 1.10 1.26 0.95 18 37 19 36.5 59.0 0 0

II-3 0.1 0.1 1.00 1.33 1.35 1.14 26 25 23 45.3 55.0 0 0

II-4 0.1 0.2 1.08 1.49 1.14 1.34 30 15 21 52.0 40.1 0 0

II-5 0.1 0.3 1.21 1.56 1.13 1.34 25 7 27 54.6 19.9 0 0

II-6 0.1 0.4 1.20 1.65 1.18 1.50 27 6 25 56.8 17.8 0 0

II-7 0.1 0.5 1.24 1.66 1.02 1.43 30 4 23 56.7 14.7 0 0

II-8 0.1 0.75 1.32 1.66 1.00 1.47 28 2 25 56.2 8.5 0 0

II-9 0.1 1.0 1.42 1.48 0.88 1.36 31 2 26 54.8 6.4 0 0

Numerals in bold indicate maximum values; numerals in italic indicate minimum values.
3.3.1. Variation of m(P) for ‘silt’ in experiment Ia
The highest shear stresses were always measured in the top

layer, whilst the lowest values e with the exception of Ia-1 e
were observed in the intermediate layer (Fig. 4a; Table 4). The
increase of the strength ratios resulted in a decrease of the
shear stress from 3.91 to 1.74 MPa and from 2.81 to
0.69 MPa for the top and bottom ‘silt’ layers, respectively.
In addition, the increase of SR only caused a slight decrease
of shear stress at the intermediate ‘clay’ from 1.5 to 0.92 MPa.

3.3.2. Variation of m(P) for ‘clay’ in experiment Ib
In this experiment, the measured shear stresses for the inter-

mediate ‘clay’ ranged from 1.03 to 1.81 MPa (Fig. 4b; Table 4)
and were always lower than the under and overlying ‘silt’
layers. The highest average shear stress was measured in the
top ‘silt’ layer, except for experiments Ib-1,6,9 where it was
observed in the bottom ‘silt’ layer. In these ‘silt’ layers the
increase in the strength ratio SR also resulted in an overall
increasing trend in the shear stress ranging from 1.81 to
3.34 MPa and 1.74 to 3.85 MPa for the bottom and top layers,
respectively.

3.3.3. Variation of m(P) for ‘clay’ in experiment II
Compared to the ‘silt’e‘clay’e‘silt’ sequence, differences

in the measured shear stress between the ‘clay’ layers were
small (Fig. 4c; Table 4). For strength ratios <1.0 the shear
stress at the intermediate layer ranged from 1.35 to
1.08 MPa and was higher in both the top and bottom layers.
Low SR caused low shear stresses for the top and bottom
layers ranging between 0.7 and 1.33 MPa. Then, for increasing
SR >1.0, the shear stress values decreased at the intermediate
layer, so that they were lower than the top and bottom layers.
Hence, measured shear stress was always highest in those
layers which were mechanically the weakest.

3.4. Sliding fraction, rolling and coordination number

3.4.1. Variation of m(P) of ‘silt’ in experiment Ia

3.4.1.1. Effects on the ‘silt’ layers. The gradual increase of the
SR led to an increase in the sliding fraction of both ‘silt’ layers
from w2% to w51% (Fig. 5a). The difference between the top
and bottom ‘silt’ layers was negligible (w3%), except for
experiments Ia-1 to Ia-3. In addition, increasing the SR also
caused an increase in the extent of the rolling, so that more
‘silt’ particles rolled to higher degrees (Fig. 6a; Table 4).

3.4.1.2. Effects on the ‘clay’ layer. The variation of the SR had
no significant effect on the sliding fraction of the intermediate
‘clay’ layer, where the sliding fraction varied around 26%.
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Correspondingly, the magnitude of rotation of the ‘clay’ parti-
cles in the intermediate layer stayed almost constant (Fig. 6b;
Table 4), except for when the SR was very low. If, however,
the SR was very high (experiments Ia-1 and Ia-2) the number
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Fig. 5. Average sliding fraction vs. strength ratio SR. Average sliding fraction is

the percentage of interparticle contacts which slide, calculated from 0% to 200 %

strain. Circles denote sliding fraction for the top layer, squares for the interme-

diate layer, and triangles for the bottom layer. (a), (b), and (c) are same as Fig. 3.
of contacts slipping in the intermediate ‘clay’ layer was lower
than that in both the ‘silt’ layers.

3.4.2. Variation of m(P) for ‘clay’ in experiment Ib

3.4.2.1. Effects on the ‘clay’ layer. For very low strength ratios
(SR< 1.0) the sliding fraction for the ‘clay’ was highest rang-
ing from w25% to w61% (Fig. 5b; Table 4). When the SR
increased to >1.1, the sliding fraction was lowest. Increase
of the SR caused a general decrease in the rotation magnitude
(Fig. 6d; Table 4), although values were almost constant over
a wide range of SR.

3.4.2.2. Effects on the ‘silt’ layers. In contrast to experiment
Ia, the influence of the SR (while changing the ‘clay’ proper-
ties) on the micromechanical properties of neighbouring layers
increased (Fig. 5b; Table 4).

In contrast to previous experiments, the sliding fraction of
the ‘silt’ showed no systematic trend in relation to the SR, in-
stead it was highly variable. However, if the SR was >1.1, the
sliding fraction of both the ‘silt’ layers was always higher than
that of the intermediate layer. The magnitude of rolling for the
‘silt’ increased rapidly when the SR was increased, (Fig. 6c;
Table 4). When the SR was at values >1.2, rolling showed
a sharp drop, after which it varied around a mean percentage
for each threshold angle.

3.4.3. Variation of m(P) of the intermediate ‘clay’
(experiment II)

3.4.3.1. Effects on the intermediate ‘clay’ layer. The sliding
fraction decreased with increasing strength ratio from
w57% to w2% (Fig. 5c; Table 4). When the top and bottom
layers were mechanically weaker than the intermediate one
(SR> 1), the sliding fraction of the intermediate layer imme-
diately became smaller than the under and overlying layers
and the rotation magnitude (Fig. 6f; Table 4) for the interme-
diate layer decreased.

3.4.3.2. Effects on the top and bottom ‘clay’ layers. An in-
crease of the SR caused an increase in the sliding fraction to
w31%. For SR> 1, the sliding fraction of the top and bottom
layers was highly variable, but always greater than that of the
intermediate layer (Fig. 5c; Table 4). Correspondingly, the ro-
tation magnitude increased for low to high strength ratios and
remained almost constant for very high values of SR (Fig. 6e;
Table 4).

4. Discussion

4.1. Localization patterns

Our results showed typical deformation structures that
have also been observed in analogue tests (Maltman, 1994a;
Marone, 1998; Scholz, 2002). Specifically, we interpret the ob-
served slip planes (see Fig. 3, Section 3.2) as being similar to
R1, R2, P, and Y fractures (e.g. Maltman, 1994b; Scholz, 2002;
Fig. 3).
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Slip planes were not very well pronounced in the ‘silts’ in
experiments Ia and Ib (Fig. 3a,ieii, b,ivev) which may be due
to the low layer height and therefore the low particle number.
Additionally, the slip plane length in the ‘silt’ is influenced
more by particle diameter than in the ‘clay’. It must also be
kept in mind that the upper boundary wall induced shear stress
on the specimen, so in the case of similar upper and lower
layers, it is likely that localization will occur in the upper
layer. Therefore, we only tentatively define slip planes corre-
sponding to P and R1 shears in the top ‘silt’ layers of these
experiments (Fig. 3a,ieii, b,ivev). Similar structures have,
however, been observed in other numerical studies (Morgan
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and Boettcher, 1999; Kock and Huhn, 2007) as well as in nat-
ural specimens (Huhn et al., 2006) and are commonly defined
as Riedel structures.

Localization features were generally more convincing in
the ‘clay’ layers. P and R1 fracture types were more pro-
nounced in the ‘clay’ layers throughout all of the experiments.
P-fractures extending over nearly the entire height of the ‘clay’
layer started to form with low strength ratios (Fig. 3a,iiiev,
b,ieii, c). As in nature (Rutter et al., 1986), this is an indica-
tion for particle alignment. An example of this is illustrated in
Fig. 7a, where particle alignment and orientation enhanced
slip and led to fractures along domains of oriented particles.

Usually, Y-shears are interpreted as accommodating large
amounts of slip (Rutter et al., 1986; Scholz, 2002). Since
our models achieved a strain of 200%, we would expect
well-pronounced Y-shear planes in all of the experiments
(Fig. 3) with the exception of experiment Ib (Fig. 3b,v), where
this was not the case. We thus conclude that on a grain scale
level, a single Y-plane may be exchanged for a collection of
parallel oriented stair-step slip planes (e.g. Fig. 2c,i). Each

(b)

(a)

Fig. 7. Close-up particle configuration for selected models after 200% strain.

Dark grey particles, ‘silt’; medium grey particles, ‘clay’. (a) Black particles

show particle alignment corresponding to P-shears in Fig. 3a,v; experiment

Ia-9. (b) Black particles show particle alignment corresponding to stair-step

structure in Fig. 3b,i; experiment Ib-1.
step was oriented parallel to the shear box width, forming
an assemblage of very small Y-shear planes. The complete
step-like structure, however, seemed to be parallel to the P
orientation (Fig. 2c,i; black ellipse) which is of interest
because Y-planes are thought to deflect small scale (Rutter
et al., 1986) and large scale (Maltman, 1994a) movement in
the P-direction. On our microscopic scale, these stair-case
structures indicate slip along or slip of a few ‘clay’ particles
(Fig. 7b). This means that the mode of slip (Y or P) was con-
trolled by only a few particles at the particle scale level
whereas long Y-planes only developed if all the small scale
Y-planes at each particle could connect together.

In a manner similar to natural materials (Rutter et al.,
1986), R2 slip planes occurred seldomly in our models. Exam-
ples of the R2 orientation were observed in the stratified ‘clay’
experiment II (Fig. 3c,i). Morgan and Boettcher (1999) found
R2 structures in DEM models with circular particles, so the
‘silt’ layer height in our models may be too small to reproduce
such features. However, in a similar experiment with a larger
shear box we observed such features in the ‘silts’ (Kock and
Huhn, 2007). In the ‘clay’ layer, the slip is clearly dominated
by deformation structures above, so there seems to be no
geometric requirement for R2 fractures.

4.2. Micromechanics

Our results indicate that in stratified materials deformation
modes of particles are influenced by differences in the
mechanical strength of the neighbouring layers. Deformation
at interparticle contacts occurs in two ways for circular
particles: contact sliding or particle rotation. For a given shear
force and angle acting at a contact, the extent of sliding de-
pends on m(P) (Morgan, 1999). For circular particles, the sliding
decreases with increasing m(P), whilst the particle rotation
increases. These different mechanical strengths were achieved
by varying the particle coefficient of friction. The resulting
different amounts of sliding and rotation for the circular and
elongated particles of each separate layer are therefore likely
to control the observed localization features, i.e. localization
in a layer or at layer boundaries.

Besides the influence of the m(P) on sliding and rotation, the
shape of the particles in single layers also played a significant
role in our models; circular particles may rotate whilst remain-
ing at the same position during deformation (a process gener-
ally termed rolling). This is one reason that the presented shear
stress results for the ‘silt’ (Table 2; Fig. 2) are low compared to
natural systems and also to numerical models employing an-
gular grains (Gao et al., 2004), for example, the rolling of
platy ‘clay’ particles is restricted by their elongated shape. In-
stead the orientation of elongated particles only changes when
there is enough space available for their long axis to rotate.
This is mostly the case during the initial stage of deformation,
when a complex microstructure is altered significantly due to
particle reorientation. This process is associated with a de-
crease in the porosity and shear cell contraction (Kock and
Huhn, 2007). In contrast, the deformation of circular particles
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is usually associated with net dilation and it is apparent that
this increases with particle friction (e.g. Morgan, 1999).

Between experiments Ia and Ib the same tendency to local-
ize, even in mechanically stronger layers, could be observed
(experiments Ia-1 to Ia-5 and Ib-3 to Ib-5), although the
threshold levels of the strength ratio were different. In exper-
iment Ia the threshold in order for deformation to localize ex-
tensively in the stronger ‘clay’ layer was SR¼ 1.58 compared
to SR¼ 1.23 in experiment Ib. This indicates that in a layered
material not only the mechanical strength governs the
localization.

In experiment Ia, the ‘silt’ was the mechanically weak layer
in several simulations (experiments Ia-1 to Ia-5). Nevertheless,
the deformation was not always localized in this layer (exper-
iments Ia-3 to Ia-5), instead shear deformation occurred by
sliding and rolling of the ‘silt’ as indicated by the high sliding
fraction and the high rolling percentage of experiments Ia-1 to
Ia-2. The sudden decrease of the rolling and sliding of the
‘silt’ particles in experiment Ia-3 revealed that the sliding
and rotation of the ‘clay’ was favoured, although the ‘silt’
was the weaker layer. The reason for this is that deformation
of the ‘silt’ could not take place under a load of 5 MPa without
increasing the layer dilation. This was shown by Morgan
(1999), who argued that increasing the particle friction for cir-
cular particles leads to higher dilation. Accordingly, the pro-
gressive increase of the particle friction (i.e. lower strength
ratios) would result in increasing dilation if only the ‘silt’ layer
would solely deform. Deformation in the ‘clay’ was still pos-
sible via layer contraction, which is mainly due to particle
rotation during the initial stages of deformation (Kock and
Huhn, 2007). Because the contraction is mechanically simpler
to achieve and thereby more favourable than dilation, defor-
mation was localized in the mechanically stronger layer.

In the case of the low SR (<1.0) experiments Ia-6 to Ia-9,
the intermediate layer always acted as a decoupling layer and
the deformation did not extend as far as the lower ‘silt’ layer.
Consequently, shear stress acting at the particles in the lower
layer could not be as high as in the upper layer. Both of the
‘silt’ layers in these cases were non-failing during simulation,
although some residual sliding at particle contacts always oc-
curred as the non-zero values of the sliding fraction indicate.
With increasing m(P), the ‘silt’ particle assemblage achieved
enhanced stability, which reduced the slip greatly and had
only a slight effect on the rolling. Thus, the upper layer essen-
tially moved as block in the positive x-direction whilst single
particles could bear high shear stress values.

In experiment Ib the connection between the strength ratio
and localization was straightforward for the end-members in
the model suite. Deformation occurred in the layer that was
weakest mechanically. For very low SR, deformation was lo-
calized in the intermediate ‘clay’ and for very high SR defor-
mation occurred in the upper ‘silt’ as displacement plots in
Fig. 3 and the sliding fraction indicate.

Experiments Ib-4 to Ib-5 are more interesting, since defor-
mation was not localized strictly in the weakest layer, but dis-
tributed along the boundary in both layers and did not form
a sharp discontinuity. This also coincided with a slight
increase of the rotation for the ‘clay’ (albeit only for relatively
low angles) and of rolling for the ‘silt’. It is questionable
which one of these layers failed initially, since deformation
was localized in both, but most probably it was the mechani-
cally weak ‘silt’ layer.

When both of the particle types moved extensively, layers
started to mix (Fig. 8a). This mixing of the layers also oc-
curred for experiment Ia-1,2 (Fig. 8b). The common character-
istics of experiments Ia-1,2 and Ib-4,5 (despite the ‘silt’ being
mechanically weak) are high rolling and rotation magnitudes
(e.g. >50% for 30�) both in the top ‘silt’ and in the ‘clay’. Ro-
tation of the ‘clay’ particles is especially active in the initial
stages of the experiment (Kock and Huhn, 2007) and the par-
ticle friction of the ‘clay’ was still relatively low, so the stabil-
ity of this layer was not extremely high (Thornton, 2000).
Particle rotation of the ‘clay’ then led to contraction during de-
formation, in a similar manner to the homogenous assem-
blages reported in Kock and Huhn (2007). In contrast to the
above, and in a similar manner to experiment Ia-1,2, a ‘silt’
layer is likely to dilate during deformation. Since the ‘silt’
was the mechanically weak layer it is probable that deforma-
tion started in that layer, but both of the particle types could
easily roll and rotate. Thus, layer mixing and distributed defor-
mation developed along the layer boundary.

For the subsequent experiments Ib-6 to Ib-9, the enhanced
stability of the platy ‘clay’ particles with increasing particle
friction (Thornton, 2000) and the resulting sudden decrease
of ‘clay’ particle rotation (Fig. 6d) prohibited layer mixing.
Hence, the deformation was not distributed along the bound-
ary, but localized directly at the boundary so that a long dis-
tinct shear plane evolved (Fig. 3b,v). Similar to experiment
Ia, localization of the deformation never reached the bottom
layer, since decoupling occurred well above it.

Because the particle shape was identical for all layers in the
pure ‘clay’ experiment, only ‘clay’ sliding and rotation played
a role during shear. The localization consequently occurred in
the layers where the strength and m(P) were the lowest, and
where the sliding fraction and the rotation magnitude were
the highest. In the pure clay experiment decoupling occurred
in the intermediate layer for SR< 1.0, in the top and interme-
diate layer for SR¼ 1.0 and in the top layer only when the SR
was highest. Accordingly, the shear stresses were low in the
bottom layer and also in the intermediate layer when SR> 1.0.

There existed one case where the localization was not only
observed in the top ‘clay’, but also in the bottom ‘clay’. Ac-
cordingly, decoupling did not occur in the top or intermediate
layer during this simulation.

A sliding fraction >w30% for a layer indicated localiza-
tion along the shear planes (Fig. 5c). Furthermore, when
more than 40% of particles rotated more than 30�, localization
occurred via particle reorientation (Fig. 6eef). Sliding and ro-
tation are dominant during the different stages of deformation.
Rotation is initially important, when the ‘clay’ microstructure
disaggregates, later, particle alignment has progressed to such
an extent that the particle sliding is enhanced and becomes the
dominant process. Therefore, the alignment of particles pro-
duced structures which are also observed in nature, such as



1691I. Kock, K. Huhn / Journal of Structural Geology 29 (2007) 1679e1694
(a) (b)

Fig. 8. Particle configuration after 200% strain for selected model runs. Black line indicates top layer boundary. Black particles, ‘clay’; grey particles, ‘silt’; white

particles, ‘walls’. After 200% strain, layer boundaries are blurred. ‘Clay’ particles have slid into gaps between ‘silt’ particles. (a) SR¼ 1.10; experiment Ib-4. (b)

SR¼ 1.91; experiment Ia-2.
the clay mineral domains defined by preferred orientations
(Bennett et al., 1991; Mitchell and Soga, 2005).

4.3. Implications for natural materials

In the cases of experiment I, where deformation took place
primarily in the ‘clay’ layers, displacement was distributed
throughout the layer. On the grain scale level in natural
sheared clays, we would thus expect a multitude of possible
slip planes with minimal displacement rather than a narrow
slip plane where a large part of the displacement accumulated.
This network of slip planes is similar to the microscopic
appearance in scaly clays (e.g. Vanucchi et al., 2003).

There are several experiments where the shear was located
not exclusively in the ‘clay’ layer, but where the displacement
was localized at least partially or almost exclusively in the top
‘silt’ layer (Fig. 3a,ieii, b,iii–v). In the former case, the dis-
placement and shear were distributed across the layer bound-
ary and within the layers. In general, natural situations where
SR> 1.0 so that m(P),‘silt’< m(P),‘clay’ may be rare, but scenarios
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Fig. 9. Magnitudes and variations of shear and normal stresses in stratified assemblage (experiment Ia-3, m(P) 0.1 for ‘silt’ and ‘clay’). Black solid line indicates top

‘silt’, grey solid line indicates bottom ‘silt’, black dashed line indicates intermediate ‘clay’. (a) Shear stress. (b) Normal stress.
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where loose soil overlies cemented clay or welded volcanic
ash may be conceivable. To this regard, Sperrevik et al.
(2000) showed that the development of clay smears depends
on the competence contrast between sands and clays. This
may be applicable to our results although their testing setup
is different from ours in the respect that they use a vertical
slab of clay in loose sand as their soil specimen. The latter
case represents an end-member of our experiments and its oc-
currence in natural systems is rare. However, cases where the
contact between layers acts as the weak part during shear have
been described in the literature (Hatzor and Levin, 1997).

One of the most interesting features of experiment II is its
sensitivity to small changes in the particle properties. The shift
from SR< 1.0 to SR> 1.0 led to a complete change in the lo-
calization features (Fig. 2c,ieiii), although the absolute
change in the strength and in the particle friction was small.
For natural clay such a result indicates that even small changes
in, for example, mineral composition or cementation could re-
sult in highly different displacement and localization patterns.
Such a process could explain deformation processes where the
shear localization occurred only in defined areas of a complex
clayey lithology, such as the Barbados prism decollement
(Labaume et al., 1997; Maltman et al., 1997) or for micro-
scopic scale SeC band formation in clays (Labaume et al.,
1997; Takizawa and Ogawa, 1999).

5. Conclusions

We conducted numerical DEM simulations on two types of
layered specimen: (1) a ‘silt’e‘clay’e‘silt’ assemblage and (2)
a ‘clay’e‘clay’e‘clay’ package. Mechanical strength of each
layer was varied by systematically changing the coefficient
of particle friction. The differences in strength between the
layers led to distinctly different localization and microme-
chanical deformation characteristics:

� It is known that localization is a complicated mechanism
on the grain scale level. Our stratified models confirm
this and reveal that localization of the deformation mostly
occurs inside a weak layer, but that there are also several
cases where localization emerges at layer boundaries and
even extends into adjacent layers. The modes of deforma-
tion are particle sliding and rotation and the amount to
which each of these deformation modes occurs is gov-
erned by contrasting particle friction and by the differ-
ences in strength of the layers.

Therefore, the capacity of different layers to dilate or con-
tract during deformation may take precedence over the pure
mechanical strength. Thus, localization is in some cases ob-
served in a mechanically strong layer with the opportunity
to contract rather than in a weak layer which has to dilate
during deformation.

� For an intermediate, mechanically weak ‘clay’, the defor-
mation was strictly localized inside the clay when the slid-
ing and rotation of the elongated ‘clay’ particles could be
high, which is the case for low coefficients of particle fric-
tion for the ‘clay’. The level of the coefficient of particle
friction for the ‘silt’ did not play a role in these cases.
� For an intermediate, mechanically weak ‘clay’, deforma-

tion was distributed around the ‘clay’/‘silt’ boundary
when rotation of both particle types could be high and
when the ‘silt’ had to dilate strongly to deform. This is
the case for intermediate coefficients of particle friction
for the ‘clay’ and ‘silt’.
� For an intermediate, mechanically weak ‘clay’, deforma-

tion concentrated directly at the ‘clay’/‘silt’ boundary
when the rotation of the ‘clay’ was low, which was the
case when the coefficients of particle friction for the
‘clay’ were high.
� Decoupling was observed in most of the simulations, so

that deformation did not extend down into the bottom
layer.
� The observed localization structures showed a remarkable

similarity to natural sediments. Classical Riedel structures
on the grain scale level allow microscopic deformation to
be observed. In some cases features that might develop
into Y-shears were observed, while P and R1 type shear
planes were abundant in all models. Additionally, the
‘clay’ type material shows a distinct connection between
the slip planes and the particle alignment.
� Comparing the model with natural systems showed in gen-

eral some interesting correlations to features observed in
scaly clays and similarities to SeC band formation. This
implies that the micromechanical behaviour we observed
is applicable. Nevertheless, there is a wide range of fea-
tures during sediment deformation which could not be
captured by our models. Grain breakage, fluid involvement
and three-dimensionality certainly influence deformational
behaviour of rocks and need further analysis.
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Appendix.

To judge variation of shear and normal stress during defor-
mation results of stress calculation are shown in Fig. 9a,b.
Note that shear and normal were calculated as the average
shear and normal stress acting on all particles in a respective
layer. Therefore, the calculated normal stress presented here
does not equal to the applied normal stress. There are two
main factors which are responsible for the difference.
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First, in a granular particle assembly, the total stress tensor
in a defined volume V can be calculated with

s
ðMÞ
ij ¼

1

V

X
n

sðPÞ;ij �VðPÞ; i¼ 1;2; j ¼ 1;2 ð1Þ

or, alternatively

s
ðMÞ
ij ¼

0
@ 1� nP

n

VðPÞ

1
AX

n

sðPÞ;ij �VðPÞ; i¼ 1;2; j ¼ 1;2 ð2Þ

where sðPÞ;ij is the stress tensor for a single particle, VðPÞ the
particle volume and n the particle number and n the porosity
within the defined volume (Itasca, 2004).

Results presented here depend only on particle stress, i.e.
are calculated by averaging sðPÞ;ij and do not consider void
space or layer volume. Reason for this is the difficulty to ac-
curately compute layer volume V and/or layer porosity n at
each step during simulation.

Secondly, contact force distribution in granular assemblies
is a much debated topic (e.g. Radjai et al., 1998). Thus, taking
the average may not accurately represent the stress state in
a granular assemblage.

The consequences of this approach can be seen in Fig. 9b.
Average normal stress for the ‘silt’ layers was much higher
than for the ‘clay’. One component for high stress certainly
was the visibly higher porosity of the ‘silt’ layer (e.g.
Fig. 8a,b). The other reason for these high values was the het-
erogenous distribution of contact forces. In a granular assem-
bly, forces are transmitted via strong and weak networks,
where the strong network consists of few contacts with high
force magnitudes. In the ‘silt’ layer the low number of parti-
cles resulted in few contacts with extremely high forces.
Hence, high normal stress magnitude displayed in Fig. 9b de-
veloped. Another consequence of low particle number for the
‘silt’ is the relatively high variation of shear and normal stress
curve when compared to ‘clay’. The formation and destruction
of single contacts with associated forces have more impact on
average particle stress for low than for high particle numbers.
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assemblies. Géotechnique 29 (1), 47e65.

Cundall, P.A., Strack, O.D.L., 1983. Modeling of microscopic mechanisms in

granular material. In: Jenkins, J.T., Satake, M. (Eds.), Mechanics of Gran-

ular Materials: New Models and Constitutive Relations. Elsevier Science

Publishers B.V, Amsterdam.

Dahlen, F.A., 1984. Noncohesive critical Coulomb wedges: an exact solution.

Journal of Geophysical Research 89 (B12), 10125e10133.
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