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Abstract

The influence of vorticity and rheology of matrix material on the development of shape-preferred orientation (SPO) of
populations of rigid objects was experimentally studied. Experiments in plane strain monoclinic flow were performed to model
the fabric development of two populations of rectangular rigid objects with object aspect ratios (R,,) 2 and 3. The density of the
rigid object populations was 14% of the total area. Objects were dispersed in a Newtonian and a non-Newtonian, power law
matrix material with a power law exponent n of 1.2. The kinematic vorticity number () of the plane strain monoclinic flow
was 1, 0.8 and 0.6 with finite simple shear strain of 4.6, 3.0 and 0.9, respectively. In experiments with R.,,=3, the SPO is
strongly influenced by W, and the material properties of the matrix. Deformation of a power law matrix material and low W,
resulted in a stronger SPO than deformation of a linear viscous matrix and high ;. Strain localization coupled with particle
interaction plays a significant role in the development of a shape-preferred orientation. High strain simple shear zones separate
trains of rigid objects that are surrounded by low strain zones with W, lower than the bulk . In fabrics involving populations
of objects with R.,=2, rheology of the matrix materials does not systematically influence the intensity of the SPO. © 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

Rigid inclusions and matrix systems form an
important class of structures that are used for struc-
tural and kinematic analysis. One of these structures is
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the shape-preferred orientation (SPO) of a population
of elongated rigid objects. Examples are populations
of mm-scale feldspar laths dispersed in granitic melt
or crystal mush (e.g. Bouchéz, 1997; Vernon, 2000),
amphiboles in a fine-grained feldspar-mica mylonite
(e.g. Ildefonse et al., 1990), garnet, plagioclase, silli-
manite in a high temperature mylonite (Pennacchioni
et al., 2001) and mica in a fine-grained slate (e.g.
Tullis and Wood, 1975). Data on finite strain and type
of flow can potentially be derived from characteristics
of the shape-preferred orientation (e.g. Rees, 1968,
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Fig. 1. Photograph of initial fabric of experiments and definition of
the reference frame (x-, y-, z-direction) of the shear box; the x-axis
is parallel to long sides of box, the y-axis is perpendicular to x and
lies in the plane of the upper surface of sample. Observations are
made in the xy-plane. ¢ is the initial angle between long and short
sides of deformation box. Shown is the starting configuration of
the object population with R.,=3. Small particles of different color
and size were randomly dispersed on the surface of the sample for
flow analyses with the program PatMatch (Bons and Jessell,
1995).

1979; Tullis and Wood, 1975; Means et al., 1984;
Willis, 1977).

Several parameters influence the development of
the SPO of a population of rigid objects: object shape
and aspect ratio, type of flow, finite strain, slip at the

Table 1
Experimental conditions (PDMS=polydimethylsiloxane)

object/matrix interface, rheology of matrix material
and density of the object population. The basis for
understanding of the behaviour of a population of
objects during progressive deformation is the knowl-
edge of the behaviour of an individual isolated object
in a deforming matrix. The influence of the aspect
ratio of a rigid object on its rotation rate has been
investigated using theoretical models based on the
work of Jeffrey (1922). These models (e.g. Bhatta-
charyya, 1966; Gay, 1966, 1968; Rees, 1968, 1979;
Reed and Tryggvason, 1974; Ghosh and Ramberg,
1976; Ferguson, 1979; Jezek et al., 1994) consider the
rotation of an isolated axisymmetric ellipsoidal rigid
object embedded in a deforming Newtonian viscous
fluid. Individual rigid objects with an aspect ratio
below some critical value, which depends on W,
rotate cyclically in non-coaxial flow and, therefore,
exhibit multiple revolutions during high straining. In a
non-Newtonian matrix orbits of single ellipsoidal,
nonspherical objects are not closed but drift towards
a final position (Ferguson, 1979). Nevertheless, Jef-
frey’s model, which assumes a viscous Newtonian
matrix material, is still likely to yield an acceptable
approximation, except for very high strains (Ferguson,
1979). Analytical (e.g. Masuda et al., 1995), numer-
ical (e.g. Pennacchioni et al., 2000) and experimental
works (e.g. Ghosh and Ramberg, 1976; Odonne,
1994; Ildefonse et al., 1992b) have shown that in
two-dimensional homogeneous flow, the rate of rota-

Type of deformation

Plane strain deformation

W

Initial dimensions [mm] (xXxyxz)

Initial angle, &

Finite simple shear strain of one experiment
(two consecutive runs)

R,, of one experiment (two consecutive runs)

Simple shear strain rate [s~'] (W,=1)

Stretching rate along x-axis [s~'] (W,=0.8, 0.6)

Matrix material (¢=strain rate, g=stress,
n=viscosity, n=stress exponent)

Object material
Object dimensions [mm]
Density of object population [%]
(area percentage of total area analysed)
Initial number of objects

1,08, 0.6
150%100x 100 mm

135°

4.6 (W,=1), 3.0 (W,=0.8), 0.9 (W,=0.6)

22.7 (Wy=1), 13.1 (W,=0.8), 2.6 (W,=0.6)

11073 57!

33x107*s7!

(a) PDMS, linear Newtonian viscous, ¢=(1/1)c";

n=3x10* Pa s; n=1

(b) PDMS+25% BaSO,, nonlinear non-Newtonian viscous,
power law behavior, ¢ o ¢”; n=1.23

rigid India rubber

6x2 mm, 5x2.5 mm

14

34
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tion of a rigid elliptical object in a Newtonian viscous
fluid varies in a systematic manner depending on the
kinematic vorticity, number of deformation (Means et
al., 1980), the orientation of the long axis of the
object, slip at the object/matrix interface and the
aspect ratio of the inclusion.

The shape fabric evolution of a population of rigid
neighbouring objects dispersed in a deforming matrix
has been investigated experimentally (Fernandez,
1987; Ildefonse et al., 1992a,b; Ildefonse and Man-
cktelow, 1993; Albaret et al., 1996; Fernandez and
Fernandez-Catuxo, 1997), numerically (e.g. Jezek et
al., 1994, 1996) and analytically (e.g. Masuda et al.,
1995). Experimental work has shown that mechanical
interaction between rigid objects, perturbations of
flow next to rigid objects and, therefore, the density
of a population profoundly affects the developing
fabric. It has been suggested that the angle f§ between
the boundary of a shear zone and the mean resultant
vector of all object orientations may under certain
conditions closely correspond to the orientation o of
the maximum finite stretching axis (e.g. Fernandez,
1987; Ildefonse et al., 1992a). This is the case at high
aspect ratios (>10) and low-density rigid body pop-
ulation.

As analytical solutions for the influence of the
mechanical interaction between rigid objects, pertur-
bations of flow next to rigid objects and density of a
population on the SPO are so far lacking; analytical
and numerical works can only in parts be applied to
SPOs seen in rocks. Due to experimental and math-
ematical restrictions, most analytical and experimental
investigations usually consider only a Newtonian
viscous matrix rheology and the two end-member
deformation types: simple and pure shears. For exam-
ple, experimental studies of the effect of particle
interactions and density of object populations were
exclusively performed for pure and for simple shears
(e.g. Ildefonse et al., 1992a,b; Fernandez, 1987).
Experiments using a power law matrix material were
only done in simple shear (Ildefonse and Mancktelow,
1993).

In contrast to experimental and theoretical inves-
tigations, deforming rocks commonly follow power
law flow (e.g. Carter, 1976; Schmid, 1976; Urai,
1983; Kirby and Kronenberg, 1987). In addition,
deformation may deviate from simple and pure shears
in a significant way (Passchier, 1987; Vissers, 1989;

Masuda et al., 1995; Wallis, 1995; Beam and Fisher,
1999; Jiang, 1999). In this study, we present an
investigation into the effect of different combinations
of pure and simple shears, matrix rheology, object
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Fig. 2. Graphs of log strain rate against log storage modulus (G')
and loss modulus ( G”); different relations between G’ and G”
signify different mechanical behaviour. Viscous behavior is
characterised by G” >G'. It is Newtonian if the slopes of G” and
G are 1 and 2, respectively. n* [Pa] is the complex viscosity. (a)
Rheological data of polydimethylsiloxane (PDMS; Weijermars,
1986); plot showing G', G” and n* at a reference temperature (7jer)
of 20 °C, below a strain rate of 0.5 s~!, PDMS shows viscous
Newtonian flow behavior. (b) Rheological measurements of PDMS
with 25 wt.% BaSO,4 show strain rate versus G/, G” and n*. Below a
strain rate of 16 s~!, ¢’ >@, indicating viscous flow behaviour.
Below a strain rate of 1 s~!, the slopes of G and G’ have a
constant value, indicating power law behavior with an power law
exponent n=1.2 (ten Grotenhuis et al., 2002).
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aspect ratio and resultant flow perturbation on the
development of shape-preferred orientation of a pop-
ulation of rigid objects during progressive deforma-
tion.

2. Experimental set-up

Experiments were performed in a two-dimensional
shear zone using a new apparatus with which it is
possible to model homogeneous deformation in plane
strain monoclinic regimes using a set-up of deform-
able pistons (Piazolo et al., 2001). In experiments,
populations of 34 individual, rectangular objects made
of India rubber were inserted with a random orienta-
tion in the deformation box (Fig. 1). The initial
distance between two neighbouring objects was
between 0.2 and 1.5 the length of its long axis. The
density of the population of rigid objects is 14 area%.
As a reference frame, we use orthogonal axes x, y and
z where the surface of the shear box is the xy-plane,
the longest side of the box lies parallel to the x-axis
throughout the experiments, while the short side can
rotate. The initial dimension of the shear box was
150X 100X 100 mm and the angle 6 between the long
and short sides of the shear box was 135° at the
beginning of each experiment (Fig. 1). Experiments

were performed at a constant kinematic vorticity
number W, with no extension or shortening in the z-
direction of the shear box. The shear sense was dextral
in all experiments.

Three parameters were varied in experiments
(Table 1): (1) aspect ratio Ry, (3 or 2) of individual
rigid objects in the xy-plane (Fig. 1), (2) the kinematic
vorticity number (1 (simple shear), 0.8 and 0.6) and
(3) matrix material (PDMS or a mixture of PDMS and
25 wt.% BaSQ,). Polydimethylsiloxane (PDMS) is a
Newtonian linear viscoelastic polymer. The rheology
of the mixture used is non-Newtonian, nonlinear
viscous with a power law exponent (#) of 1.2. The
flow laws and the rheological properties of the used
materials are given in Table 1 and Fig. 2, respectively.
For more details, the reader is referred to ten Groten-
huis et al. (2002).

Experiments at =1 were performed with a sim-
ple shear strain rate of 1X107> s~'. In experiments
with W,;=0.8 and W,=0.6, the stretching rate along the
x-axis was held constant at 3.3X10™* s~ To achieve
sufficiently high strain, it was necessary to perform
two consecutive experimental runs. At the end of the
first experimental run, the position and orientation of
the objects was recorded and at the beginning of the
second run each object was inserted with the recorded
orientation and position. The cumulative finite simple
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Fig. 3. Plots of R, in experiments with R,,=3 for two strain intervals during progressive deformation at #,=0.8 using the program PatMatch
(Bons and Jessell, 1995). The matrix material has a power law flow behaviour (PDMS+25 wt.% BaSO,). (a) Plot showing the geometry at the
end of run 1 of the experiment; (b) plot showing the beginning of run 2. The position and orientation of high strain zones is similar in the two
plots. This shows that the high strain zones develop rapidly and that at the beginning of the second experimental run high strain zones develop at

similar position and orientation as seen at the end of the first run.
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shear strain, which is the sum of the simple shear
strain of the first and second experimental run, was 4.6
at W=1, 3.0 at W,=0.8 and 0.9 at W,=0.6. In terms of
the axial ratios of the finite strain ellipse (R,,), these
values correspond to 22.7, 13.1 and 2.6, respectively
(Table 1). An obvious problem of this set-up is that the
spatial distribution of strain localization that develops
in the matrix during the first run of the experiment is
not present at the very beginning of the second run. In
contrast to rocks, which change their rheological
behaviour during deformation by for example grain
size reduction or fracturing, the materials used do not
significantly change their rheological behaviour with
deformation. Therefore, the division of deformation in
two runs should not effect the localization of defor-
mation. To make sure that this assumption is true, we
checked whether at the very beginning of the second
run, similar patterns of strain localization developed as
those observed at the end of the first run. Fig. 3 shows
that this is the case.

3. Analytical methods

Analyses of experiments consisted of (1) measure-
ment of the intensity of the SPO, (2) measurement of
the mean orientation of the long axis of objects with
respect to the x-direction of the shear zone, (3)
comparison of the measured SPO intensity as a
function of R,,, W,,, finite strain and the corresponding
analytically predicted SPO using the formulas pro-
vided by Ghosh and Ramberg (1976) and (4) inves-
tigation of flow characteristics.

The shape-preferred orientation of a fabric can be
quantified using the statistical concentration parame-
ter (k) of a von Mises distribution (Masuda et al.,
1999). The von Mises distribution is commonly
referred to as the equivalent to a normal distribution
that is specifically suitable to statistically evaluate
orientation data. The concentration parameter k is
proportional to the normalized length (R) of the mean
resultant vector of the oriented data, here the direction
of the long axes of the objects. R ranges from 0 to 1
whereas x ranges from 0 (no alignment) to infinity
(perfect alignment). Using x is preferred for its larger
range of values. In our experiments, the accuracy at
which k can be determined is +0.15. In addition, the
angle f of the mean orientation of the long axis of

objects with respect to the x-direction of the shear
zone is derived. This measured angle f can be
determined with an accuracy of +3°. f can then be
compared to the corresponding theoretical angle o of
the longest axis of the strain ellipse.
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Fig. 4. Selected histograms of orientation of particles in experiments
of R,,=3. (a) Definition of the orientation of rigid objects; (b) initial
orientations; (c) histograms.
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The equations put forward by Ghosh and Ramberg
(1976), which are used for comparison of theoretical
values with experimental results, were derived for
isolated, elliptical inclusions in a Newtonian viscous
matrix, while in experiments objects are rectangular.
However, these equations can be used here as rectan-
gular objects rotate at approximately the same rate as
elliptical objects with a similar axial ratio (ten Brink,
1996; Albaret et al., 2001).

The distribution of deformation within the samples
was measured using the program PatMatch of Bons
and Jessell (1995), which employs the pattern-match-
ing method. This program measures the displacement
field between two stages of deformation to derive
various deformation parameters, such as the distribu-
tion of absolute finite strain (R,,) and deformation of
an imaginary initially perpendicular grid within a
deformed sample. To determine the dominant orienta-
tion of high strain zones, the autocorrelation function
(ACF) using NIH Image and the FFT macro (Ras-
band, 1996; Pannozzo Heilbronner, 1992) was applied
to R, plots generated by PatMatch (Bons and Jessell,
1995). The ACFs were calculated for selected regions
of interest of 512X 512 pixels.

4. Experimental results
4.1. Rigid objects with aspect ratio R,;=3

Four main characteristics of SPO are observed: (1)
in all experiments, there is a pronounced discrepancy
between analytically predicted and experimental x
values, particularly in experiments with power law
matrix material and nonsimple shear deformation
(Fig. 5a); (2) the intensity of SPO increases with
decreasing W, (Figs. 4 and 5a); (3) in a power law
matrix material and in nonsimple shear experiments, x
is markedly higher than the analytically predicted
values and higher than values observed within the
Newtonian matrix (Figs. 4 and 5a); (4) angle f is

always smaller than the corresponding angle o of the
strain ellipse; and (5) in experiments with Newtonian
matrix, the difference between f and o is largest and f8
can even become slightly negative (Fig. 6).

In experiments, SPO is not clearly periodic. For
simple shear deformation, though, some periodicity
may be expected to occur at higher strain than the
applied strain because in theory objects with R,,=3
rotate cyclically. Therefore, resultant SPOs should
show some periodicity during high strain deforma-
tion. If, though, deformation is characterized by a
significant pure shear component, objects should
theoretically remain in a semi-stable position for long
stretches of the deformation. Consequently, during
further progressive deformation, SPO is not expected
to decline significantly and develop a marked perio-
dicity. Nevertheless, some fluctuations may still
occur.

Significant strain localization during deformation
was observed in all experiments (Fig. 7). Zones of
relatively high R,, in comparison to strain in the
adjacent material anastomose and low strain zones
develop close to the rigid objects. Trains of objects,
bounded by shear zones, had a width of 1.2 to 1.6
times the longest axis of the rigid objects. Individual
high strain zones remained stable for part of the
progressive deformation history (Fig. 8). The geome-
try of anastomosing shear zones closely resembles the
pattern of an anastomosing disjunctive foliation with
cleavage domains and microlithons (e.g. Stephens et
al., 1979). At W,=1, high strain zones extend as
continuous zones over most of the area analysed.
High strain zones at an angle to the shear zone
boundary are seen in all experiments with a variable
degree of development. Application of the autocorre-
lation function (Pannozzo Heilbronner, 1992) to
images depicting R,, (cf. insets in Fig. 7) visualize
the dominant orientation of the high strain zones. The
angle ¢ between the boundary of the shear box (x-
axis) and the dominant orientation of the high shear
zones measured in a clockwise direction is similar

Fig. 5. Results of experiments plotting the intensity of shape preferred orientation (SPO) as a function of magnitude of the simple shear strain .
Corresponding R,, values are given at top of diagram. The intensity of SPO is given in values of the concentration parameter k of a von Mises
distribution. Depicted are measured k values (measurement accuracy is +0.15; see error bar inset) and analytically predicted values (Ghosh and
Ramberg, 1976). The results are reproducible to an accuracy of a x value difference of 0.3. (a) Experiments with a population of objects with
R=3; (b) experiments with a population of objects with R,,=2. Note that the x value range differs significantly in (a) and (b).
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Fig. 6. Diagram illustrating the change in orientation of the mean
orientation of a population of rigid objects with R,,=3 during
progressive deformation in comparison with orientation of the long
axis of the strain ellipsoid. (a) « is the angle between the long axis of
the strain ellipse and the x-axis. (b) f is the angle between the mean
of the orientation of the objects and the x-axis. (c) Graph showing o
and f as a function of the simple shear component of finite strain.
The mean orientation of the objects can be determined with an
accuracy of +3° (see error bars).

within a range of 3—4° in experiments with the same
type of deformation (). It is 12° for #,=0.6, 4° for
W,=0.8 and 176° for W,=1. In other words, at W,=0.6
and W,=0.8, the orientation of the high strain zones is
synthetic and at W, =1 it is antithetic. The partitioning

of deformation in high strain zones and low strain
zones was calculated using the displacement of imag-
inary initially straight into deformed lines as shown in
the deformed grid generated by PatMatch (cf. Fig. 7).
The strain partitioning is significantly different in the
two matrix materials but independent of ;.. In experi-
ments with the Newtonian matrix material, 60—64%
of the total deformation is accommodated by high
strain shear zones; in the power law matrix material,
the corresponding value is 70—76%.

In addition, deformed grids (Fig. 7b) show that
strain partitioning is coupled with partitioning of pure
(low strain zones) and simple shear components (high
strain zones) during progressive deformation (Fig.
7b). Objects that lie parallel to the shear zone boun-
dary are positioned in low strain, pure shear domi-
nated zones and rotate different to predictions from
theory. Over large stretches of the deformation, they
remain nearly stable, although some rotation and
back-rotation is observed. Objects that are initially at
high angle to the flow plane rotate at a rotation rate
similar to that predicted from theory (Ghosh and
Ramberg, 1976) (Fig. 9).

4.2. Rigid objects with aspect ratio R,,=2

Experiments using objects with an aspect ratio
R,,=2 (Fig. 5b) show (1) significantly lower SPO
intensity than experiments with R.,=3, (2) highly
variable x values throughout progressive deformation
which seem to be periodic, (3) no systematic differ-
ence in SPO intensity at different W, (4) minor
discrepancy between analytically predicted and exper-
imental SPO intensity (in the range of its periodicity)
and (5) no systematic difference in SPO with respect
to matrix material properties.

Fig. 7. Flow analyses of experiments with objects of R,,=3 for three different kinematic vorticity numbers #,, and two matrix materials. Long
sides of the rectangular images are parallel to the x-axis of the deformation box (cf. Fig. 1). (a) Plots of R, . High strain zones appear as dark
bands. Rectangular boxes show the position and orientation of objects as seen at the end of the deformation considered. In contrast to the shown
position of the objects, the shown R, results from analyses of geometrical differences between two consecutive pictures taken at different stages
of deformation. Therefore, some overlap of high strain zones and objects as represented now may occur. Dashed lines in legend represent the
applied R,,. In the experiments, high strain shear zones develop and separate trails of objects positioned in low strain areas. To the right of the
diagrams, results from image analyses using the autocorrelation function (Pannozzo Heilbronner, 1992) are shown. These depict the dominant
orientation of high strain zones. Note the change in angle with different vorticity. (b) Deformation of an imaginary, initially rectangular grid
generated by the program PatMatch (Bons and Jessell, 1995). Figures correspond to diagrams shown in (a). In the deformed grid, simple shear
zones appear dark due to tilt of grid lines. Pure shear zones show rectangles. White areas occur where the program had problems finding the
corresponding pattern in the deformed sample. Such problems arise where light is reflected from the surface of the material.
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Fig. 8. Plots of R,,, in experiments with objects of R,,=3 calculated
from photographs taken at the beginning and end of three strain
intervals during progressive deformation at #,=0.8. The matrix
material has a power law behaviour (PDMS+25 wt.% BaSOy).
Rectangular boxes show the position and orientation of objects at
the end of the respective strain interval. Note that in contrast to the
shown position of the objects. Ry, is shown results from analyses of
geometrical differences between two consecutive pictures taken at
different stages of deformation. Therefore, some overlap of high
strain zones and objects as represented now may occur. (a) Simple
shear strain y=0-0.34, R,=1.4; (b) y=0.34-0.77, R,~=1.73; (c)
y=0.77-1.18, R,,=1.98. During progressive deformation, the
position of high strain shear zone remains largely constant.

As in experiments with R,,=3, high strain zones
are present in both matrix materials (Fig. 10). Low
strain zones are seen close to rigid objects. At W,=1,
high strain zones extend over most of the analysed
area (Fig. 10). The angle ¢ (for definition see above)

is dependent on W, but independent of matrix mate-
rial. The relationship between W, and ¢ is very
similar to that observed in experiments with R,,=3
(13° for W,=0.6, 2° for W,=0.8 and 174° for W,=1).
Partitioning of W, in simple shear and pure shear
dominated zones is also observed in experiments with
R,,=2. The degree of partitioning is matrix-depend-
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Fig. 9. (a) Graph showing the change in orientation of selected
objects (R,,=3) with increasing simple shear strain y and R,,. Note
that the axial ratio R,, increases nonlinearly with increasing simple
shear strain 7. W, is 0.8 and the matrix material has a power law
behaviour (PDMS+25 wt.% BaSQy,); (b) corresponding change in
orientation according to theory (Ghosh and Ramberg, 1976). In both
graphs, the same symbols for the same objects are used. The
definition of the angle of orientation is as shown in Fig. 4a. Note
that in (b), no open circles are shown. In theory, the objects
represented by this symbol exhibit the same change in orientation as
the objects represented by open squares.
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xy
<1.2
1.2-1.3
1.3-1.4
1.4-1.5
1.5-1.6
>1.65

b Newtonian Rob= 2
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1.4-1.5
>1.5

Fig. 10. Representation of the distribution of R,, as calculated
using PatMatch (Bons and Jessell, 1995) for experiments of rigid
particles with R.,=2 within the two different matrix materials. High
strain zones appear dark and low strain zones light. Horizontal lines
in legend represent the applied value of R,, for the specific de-
formation type. Rectangular boxes show the position and orientation
of objects. On the left of the R,, plots results from image analyses
using the autocorrelation function (Pannozzo Heilbronner, 1992) are
shown. These depict the change in orientation of the dominant shear
zone direction with a change in W,,. (a) Experiments with power law
matrix material deformed at different . (b) Experiment with
Newtonian matrix material deformed at W,=0.6.

ent; 70—-73% and 60-62% of the deformations are
accommodated in high strain zones in the power law
material and Newtonian material, respectively. As

shown in Fig. 5b, the SPO is low (0.3<x value<l)
and strongly variable throughout an experiment.
Although in these experiments f§ can be determined,
it is not meaningful in the sense of a reliable estimate
for the mean orientation of a population of rigid
objects. Therefore, it is not further considered here.

5. Discussion
5.1. Discussion of experimental results

From analytical studies of permanently rotating
elongated objects in monoclinic non-coaxial flow with
a set-up as realized in our experiments (e.g. Ghosh
and Ramberg, 1976; Jezek et al., 1994, 1996; Masuda
et al., 1995), it is known that their rotation rate is
smallest when they are oriented with their long axis in
the small angle between the flow eigenvectors in the
xy-plane (minimum velocity position (MVP)). This
minimum rotation rate decreases further with increas-
ing aspect ratio and decreasing W,. Accordingly, it is
expected that high SPOs develop if elongated objects
have a high aspect ratio and W, is low.

Our experiments confirm these predictions: a high
intensity of the SPO develops (1) in populations with
aspect ratios of 3, and (2) at low W,. Additionally,
results show that for populations with an object ratio
of 3, the intensity of SPO is higher in a power law
matrix material than in Newtonian matrix material.

At high strain values in our experiments, the
summed rotational behaviour of individual elongated
objects of the object population with R,,=3 results in a
high shape-preferred orientation where the mean ori-
entation of the longest axis of the objects develops at a
small angle with the extensional flow eigenvector (x-
axis in our experiments). In contrast, populations of
objects with low aspect ratios (R,,=2) produce low
and periodically fluctuating SPO intensities (x values)
in all experiments. This finding confirms results of
Pennacchioni et al. (2001), who state that SPOs
developed in populations of R,,<3 are low but of
Rop>3 (in our case, R,=3) are high.

In experiments, rigid objects lie in the pure shear
dominated zones with low R,,, values and simple shear
zones characterized by hlgh R,, value anastomose
around objects. During progressive deformation, an
object initially oriented at a high angle to the exten-
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sional eigenvector is likely to be close to one of the
high strain zones. Hence, it will rotate with a high
rotation rate towards the MVP. An object that is
oriented at a low angle to MVP is most likely to be
positioned within a low strain, low W, zone. Hence,
its rotation rate will be slow and it will tend to remain
with its long axis at a low angle to the MVP during
progressive deformation. The partitioning of different
rotation rates of objects that are oriented at high angle
and low angle to the MVP is more pronounced for
populations of high object aspect ratio than for those
of low aspect ratios. Therefore, population of rigid
objects of R,,=3 remain at low angles to the shear
zone boundary for a longer time than objects with
lower aspect ratios. This results in high SPOs.

In all experiments with a power law matrix mate-
rial, partitioning between high strain simple shear and
low strain pure shear dominated zones is more pro-
nounced than for a Newtonian matrix material. In a
power law material, the high strain zones take up most
of the deformation and are generally more discrete
than in the Newtonian matrix material. The angle of
the mean orientation of the high strain zones and the
shear zone boundary depends on deformation type. At
low W,, the angle is synthetic and relatively large
(12—-14°), at medium W, it is synthetic and small (2—
4°), and for simple shear (W,=1), it is slightly inclined
(4—6°) antithetically.

The observed flow partitioning resembles that
proposed by Bell (1985, 1992), who suggested that
non-coaxial deformation partitions into zones of
nearly coaxial deformation and zones of generally
non-coaxial shearing. Round porphyroblasts and por-
phyroclasts would lie within coaxial deformation
zones and would rotate little or not at all with respect
to bulk flow axes. In contrast to statements by Bell
(1985, 1992), in our experiments, (a) rigid objects are
elongated and (b) objects still rotate slightly during
progressive deformation even if they are positioned in
low strain zones. Further detailed studies are needed
to evaluate the correspondence of suggestions by Bell
(1985, 1992) and the experiments satisfactorily.

5.2. Geological application of experimental results
If flow in a material is partitioned, the pattern of

strain and W), partitioning has important implications
for the development of (1) shape-preferred orientation

of rigid object populations, (2) shear zones and (3)
shear bands. It is also relevant for the applicability of
flow type analyses in terms of kinematic vorticity
number. The mean orientation of rigid objects can be
used for shear sense determination for populations
with R.,=3 if the matrix material follows power law
flow. It is limited if the matrix material is Newtonian.
Quantitative strain analysis is to a limited extent
possible for populations of R,,=3. For populations
with R,,=2, the mean orientation of the objects can
neither be used reliably for shear sense nor shear
strain determination.

Intensities of SPO of rigid object populations in
rocks are expected to be high if (1) the aspect ratios of
the bodies (e.g. porphyroclast, porphyroblasts) are
higher than 2; (2) the matrix material deforms by
power law flow; and (3) deformation has a significant
pure shear component. Localized shear zones extend-
ing over large areas are likely to develop in rocks
characterized by power law rheology and competence
heterogeneities. The spatial distribution of such shear
zones will be strongly influenced by the rock rheology
and major simple shear zones will develop at distance
to the more rigid parts of the rock. The experiments
suggest that the orientation of high strain zones with
respect to the shear zone boundary could be used to
determine the type of deformation in terms of kine-
matic vorticity number. Vorticity numbers smaller
than 1 result in synthetic high strain zones, where
the higher the component of pure shear deformation,
the higher the angle ¢ and intensity of the high strain
zones at an angle to the shear zone boundary. This
observation supports the work of Passchier (1991),
who proposed that so-called ECC-fabrics (extensional
crenulation cleavage; Platt, 1979, 1984; White, 1979;
Platt and Vissers, 1980) can develop more easily in
stretching shear zones than shear zones with bulk
simple shear flow. At simple shear, the mean orienta-
tion of high strain zones is slightly inclined antitheti-
cally.

Our experiments show that I, may locally deviate
significantly from the bulk applied W,. Therefore,
results from kinematic vorticity number analysis,
which is performed in a localized volume of rock
using for example porphyroclasts (Passchier, 1987;
Vissers, 1989; Masuda et al., 1995; Wallis, 1995;
Beam and Fisher, 1999), can only to a certain extent
be extrapolated to the bulk deformation of the whole
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rock. Especially in rocks in which the matrix exhibits
power law rheology, locally derived kinematic vor-
ticity numbers may be quite different from those of
the bulk flow. This may even apply to Newtonian
matrix materials. Measurements in several representa-
tive parts of such a fabric may give more accurate
results for the bulk flow type.

The mean orientation of a population of rigid
objects can be used as a shear sense indicator and
estimate for shear strain in populations of R,,=3 if the
matrix material exhibits a power law flow behaviour.
If the matrix is Newtonian, the observed mean ori-
entation may be misleading and point to the wrong
shear direction and evaluation of the shear strain is
limited (cf. Fig. 6). For populations of R,,=2, the
mean orientation is not very well defined (low x
value) and its interpretation may lead to wrong shear
sense determination as the orientation changes peri-
odically. Due to the periodic change of the intensity of
SPO, a meaningful estimation of shear strain is not
possible.

When comparing and applying experimental
results to real rocks, one has to be aware that rocks
deforming in a ductile regime commonly exhibit a
power law flow behaviour with a stress exponent
between 2 and 5 (Kirby and Kronenberg, 1987).
Hence, effects attributed to the nonlinearity of the
theology of the matrix material are expected to be
more pronounced in nature than in experiments.

6. Conclusion

Analogue modelling of shape fabric development
of a population of rigid objects dispersed in a viscous
matrix shows that the shape-preferred orientation is a
function of (1) aspect ratio of rigid objects, (2) the
type of flow, (3) the rheological properties of the
matrix material and (4) the accumulated strain.

Populations of object with an aspect ratio of 3 can
be used for determination of shear sense and, to a
limited extent, flow geometry, and for strain analysis.
Analyses have to consider the significant influence of
the rheology of the matrix material and particle
interaction on the rotation rates of the rigid objects
and development and intensity of SPO. Therefore,
analysis will lead to qualitative but not necessary
quantitative estimates. SPO of object populations with

an aspect ratio of 2 or less are unreliable to determine
shear sense and the intensity of shape-preferred ori-
entation cannot be used to determine the finite strain.

The intensity of the developed SPO increases with
an increase in the pure shear component of bulk flow.
In a matrix material with power law flow behaviour,
the intensity of the shape-preferred orientation is
higher than in a Newtonian material. In both matrix
materials, high strain simple shear zones develop.
Adjacent are low strain pure shear dominated zones,
which are characterized by relatively stable similarly
orientated trains of rigid objects oriented at low angles
to the extensional eigenvector or shear plane. Parti-
tioning between high strain simple shear and low
strain pure shear dominated flow is most pronounced
in the power law material. Therefore, in such materi-
als, kinematic vorticity analyses on the scale of
partitioning may not necessarily represent the kine-
matic vorticity of bulk flow.
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