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Abstract

We used experiments to investigate the behaviour of rigid elliptical cylinders embedded in a viscous ¯uid of ®nite thickness, and for very

small ratios (S) between shear zone width (z) and the shortest principal axis (e2) of the ellipse that constitutes the base of the elliptical cylinder

(3.5 $ S � z/e2 $1.2). Former theoretical and experimental work on the rotation of rigid inclusions immersed in a viscous matrix

considered in®nite shear zone thickness and/or a very large ratio between shear zone thickness and inclusion size (S . . 1), and concluded

that inclusions rotate continuously and synthetically with the applied bulk simple shear ¯ow (except for inclusions with in®nite axial ratio).

Our results depart greatly from the analytical predictions. Experiments were carried out at constant shear zone thickness, but variable S and

degree of coupling at the inclusion/matrix interface. The results show that: (1) con®ned inclusion rotation always deviates from theoretical

predictions for in®nite shear zone thickness, even for synthetic rotation; (2) the deviation in the angular velocity and/or in the sense of

rotation increases as S approaches 1, and antithetic rotation is possible from a position with ellipse longest axis parallel to the shear plane; and

(3) a slipping inclusion/matrix interface greatly enhances deviation from theoretical predictions, with antithetic rotations to as much as 208.
q 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Previous analytical work has dealt with the rotation of

rigid inclusions immersed in a viscous matrix of in®nite

thickness subject to simple shear (e.g., Jeffery, 1922;

Bretherton, 1962; Freeman, 1985; Ghosh and Ramberg,

1976). Substantiating their analytical results, experimental

work by Ghosh and Ramberg (1976) used very small inclu-

sions relative to the thickness of the viscous matrix. The

result is that, under these conditions, the inclusions rotate

continuously and synthetically with the applied simple shear

¯ow.

According to Ghosh and Ramberg (1976), the amount of

rotation of elliptical rigid inclusions is controlled by the

inclusion axial ratio (R), its initial orientation (f) and the

relative amount of pure and simple shear (Sr). Because our

experimental work considered only simple shear, we are

only concerned with the results of Ghosh and Ramberg

(1976) for Sr� 0 (Sr� 1 is coaxial ¯ow). For simple

shear ¯ow, all inclusions rotate continuously and syntheti-

cally with the applied bulk simple shear; the limit case are

inclusions with in®nite axial ratio, which act as passive

markers and tend to a stable position with the longest axis

parallel to the shear plane and shear direction. Thus, if the

initial position coincides with the stability plane, the

material line does not rotate at all.

To our knowledge, with the exception of Ildefonse and

Mancktelow (1993) and Marques and Cobbold (1995),

published experimental work assumed a non-slipping inter-

face between inclusions and surrounding matrix. In this

case, there is no velocity discontinuity across the inclu-

sion/matrix boundary. Ildefonse and Mancktelow (1993)

argued that in natural systems this assumption is not always

true (e.g. pressure shadows around rigid objects, mantle-

core structures in porphyroclast systems) and they devel-

oped an experiment to quantify the effect of a slipping inter-

face on the inclusion's rotation. A slipping interface induces

a slower rotation and the inclusion tends to stabilise with its

longest axis parallel to the shear plane (Ildefonse and

Mancktelow, 1993).

Marques and Cobbold (1995) veri®ed that no rotation, or

even antithetic rotation of ellipsoidal inclusions with their

longest axes initially parallel to the shear plane and shear

direction, are possible in bulk simple shear ¯ow. The ellip-

soidal inclusions had axial ratios between 2.2 and 3.6.

According to Ghosh and Ramberg (1976) inclusions should

have rotated continuously and synthetically with the applied
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simple shear ¯ow. The major difference between the experi-

ments of Ghosh and Ramberg (1976) and those of Marques

and Cobbold (1995) is the ratio of shear zone thickness over

inclusion. Ghosh and Ramberg (1976) considered in®nite

width shear zones or large shear zone thickness/inclusion

ratios, whereas Marques and Cobbold (1995) used a ®nite

shear zone (shear box width� 50mm) and large ellipsoidal

inclusions relative to the rig width.

Strain localization is commonly observed in mylonites in

the form of shear bands of variable thickness. Layers of

different viscosity ¯ow at different velocities, with genera-

tion of microscopic/mesoscopic shear zones in which the

ratio between their thickness and porphyroclast/inclusion

dimension can approach one. The aim of the present work

is to study the in¯uence of shear zone thickness on the

behaviour of rigid inclusions immersed in a viscous ¯uid
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Fig. 1. (A) Schematic representation of the simple shear box used in the experiments. upÐupper wall; loÐlower wall; laÐlateral walls; toÐtop walls. X, Y

and Z are kinematic axes. (B) Schematic representation of the model with the inclusion. x, y and z are principal dimensions of the model. e1 and e2 are principal

axis of the elliptical cylinder.
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Fig. 2. Graphs of results for: (A) Non-slipping inclusion/matrix interface, and (B) Slipping inclusion/matrix interface. Compare experimental results in A and

B with analytical result in A (S�1).



subject to bulk simple shear ¯ow (Sr� 0), and analyse

deviations from what is analytically predicted for in®nite

shear zone thickness. Instead of large shear zone thick-

ness/inclusion ratios and/or non-slipping interfaces as used

by former authors, we worked with very small ratios (S)

between shear zone width (z) and ellipse shortest principal

axis (e2) (3.5 . S� z/e2 . 1.2), and a variable degree of

coupling at the interface.

2. Experimental procedure

The analogue materials used are transparent silicone

putty (a polydimethyl-siloxane-PDMS-manufactured by

Dow Corning of Great Britain under the trade name SGM

36), as the ductile matrix (see Weijermars 1986a,b,c for

PDMS properties), and a rigid plastic material with density

similar to the PDMS for the inclusions.

The experiments were carried out in a Perspex simple

shear rig capable of shear strains (g ) up to 12, with the

shear plane vertical. The shear box (Fig. 1A) is comprised

of two horizontal ®xed upper and lower walls (normal to the

shear plane), two vertical side walls (parallel to the shear

plane-XY), one ®xed and the other driven by a motor (these

transmit simple shear ¯ow to PDMS), and two vertical top

walls articulated with the side walls to keep the volume

constant and maintain geometry of the model. Undesirable

boundary effects resulting from the approximation of the

two top walls can only arise at shear strain values higher

than the ones used in our experiments. The model dimen-

sions (x, y and z in Fig. 1B) were 500 £ 21 £ 70mm. To

assure homogeneous simple shear ¯ow in the model,

PDMS adheres perfectly to the lateral walls, and a neutral
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Fig. 3. Experimental results for S ù 1.6 and a non-slipping inclusion/

matrix interface. (A) initial state; (B) ®nal state, g ù 4.0. Note that the

inclusion has rotated little synthetically when compared with the analytical

prediction (cf. Fig. 2A). Top to the left shear. Plane of photo is xz.

Fig. 4. Comparison between analytical predictions (Ghosh and Ramberg, 1976) and experimental results for the same value of ellipse axial ratio (R ù 1.5).



liquid soap was used to assure that friction was kept to a

minimum on all other walls. In this way, simple shear ¯ow

is only driven by the lateral walls.

The rigid inclusions (Fig. 1B) had an elliptical section,

and for most experiments an identical axial ratio of ca. 1.5

(R� e1/e2). The shape of the inclusion (Fig. 1B) was chosen

to allow comparison with the 2-D analytical results of

Ghosh and Ramberg (1976). The variable that most

in¯uences the rotation of rigid inclusions in a con®ned

environment is the ratio (S) between shear zone width (z)
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Fig. 5. (A) Graph of the results for R ù 1, S ù 1.2 and a non-slipping matrix/inclusion interface; the analytical curve is also included for comparison.

(B) Graphical representation of the results for R ù 3, R ù 1.5, S ù 1.2 and a non-slipping inclusion/matrix interface.



and shortest principal axis (e2) of the ellipse that con-

stitutes the base of the elliptical cylinder (see Fig. 1);

S� z/e2 and varies between 1 and 1. We used seven

rigid inclusions with e2 values of 33, 40, 43, 47, 50, 53

and 57 mm, which correspond, respectively, to S values

of 2.1, 1.8, 1.6, 1.5, 1.4, 1.3 and 1.2 because z ù 70 mm.

An e2 ù 20 mm ellipse was also used in order to allow

comparisons with the results of Ghosh and Ramberg (1976),

because then S ù 3.5, which can be considered large.

For testing purposes, we also performed two other experi-

ments, one with a cylinder (R ù 1) and the other with an

elliptical cylinder (R ù 3). The rigid inclusions were

always put inside the PDMS matrix with their e1e2 plane

normal to the shear plane and e1 axis parallel to the shear

direction (X).

According to the slipping or non-slipping nature of the

inclusion/matrix boundary, two sets of experiments were

performed, both with the same above described initial

conditions. In the ®rst set of experiments the interface was

non-slipping, by placing the inclusion directly in contact

with the PDMS matrix. In the second set, the inclusion

surface was covered with a ®lm of lubricant, before its

immersion in the PDMS, to make the inclusion/matrix

boundary slipping.

The angle f measured between the normal to the shear

plane and the major axis of the elliptical inclusion (e1) was

considered positive when rotation was synthetic (top to the

left shear and anticlockwise rotation of the inclusion in our

experiments) and negative when rotation was antithetic (top

to the left shear and clockwise rotation of the inclusion in

our experiments).

The shear strain rate in the presented experiments was

constant and approximately equal to 1023 s21. We tested

the in¯uence of strain rate variation on the rotation of the

elliptical cylinders, but the results were not conclusive

because they were not signi®cantly different, even up to

shear strain rate geologically unrealistic (0.5 s21).

3. Results

For each experiment, we plotted all the data in a spread-

sheet capable of producing graphs with different trendlines.

The procedure used by the software is the least squares

method and, with the exception of one experiment, the

best-®t for all data sets are polynomial with a degree of

®tness greater than 0.9 (where 1.0 is perfect correlation).

3.1. Experiments with a non-slipping interface

The results of the experiments with R ù 1.5 are repre-

sented in the graphs of Fig. 2a and a representative example

on the photo of Fig. 3. The deviations from theoretical predic-

tions are clear from the graphs: in the experiments all inclu-

sions except one rotated synthetically, but with less magnitude

and at slower angular velocities then theoretically predicted

for S�1; for S , 1.3 antithetic rotation occurred (Fig. 2a).

Fig. 4 shows the experimental results of S ù 3.5 in

comparison with the theoretical prediction for S�1 and

an identical R value. The graphs show that the inclusion

rotates synthetically, but still signi®cantly deviates from

the analytical solution of Ghosh and Ramberg (1976).

Thus, at an S value as large as 3.5, the ¯ow is still suf®-

ciently disturbed by the inclusion.

Following the results of the experiments with constant R

and variable S, we performed two other complementary

experiments in which S was constant and R variable. Results

for R ù 1 and R ù 3 with S ù 1.2 are represented in Fig.

5a and b respectively. The graph of Fig. 5b shows that the

cylinder rotates signi®cantly slower than what is theoretically

predicted for S�1 and R� 1. The graph of Fig. 5b shows

that both elliptical cylinders rotate antithetically, and that

the rotation of the two inclusions follow different paths to an

identical orientation at g ù 5.

3.2. Experiments with a slipping interface

The results of these experiments are graphically represented

in Fig. 2b, and the images of the most representative results
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Fig. 6. Experimental results for S ù 2.1 and a slipping inclusion/matrix

interface. (A) initial state; (B) ®nal state, g ù 4.0. Note that the inclusion

has virtually not rotated up to g ù 4.0. Top to the left shear. Plane of photo

is xz.



in Figs. 6 and 7. As in the ®rst set of experiments, deviations

from theoretical predictions for S�1 are signi®cant, and

even greater than for non-slipping inclusion/matrix interface

(Fig. 8a and b), and antithetic rotation occurs for S # 2.1. The

major differences between experiments with non-slipping or

slipping boundaries lie in the angular velocity and amount of

synthetic and antithetic rotation, and the S value at which

antithetic rotation starts to occur. Slipping inclusion/matrix

boundaries induce reduction of the amount of synthetic rota-

tion and angular velocity, and increase of the amount of anti-

thetic rotation and angular velocity, when compared with the

behaviour of inclusions with non-slipping boundaries.

From the graphs we can also deduce that, for each set of

experiments, there is an S value at which there should be no

rotation of the inclusion at all. In fact, the inclusion with

S ù 2.1 rotated very little up to g ù 4.0, as shown in Fig. 8a

and Fig. 6.

4. Discussion

As in Marques and Cobbold (1995), we believe that the

peculiar behaviour displayed by our experiments is a direct

consequence of the geometrical con®nement, which leads to

a squeezing of the ¯ow between the inclusion and the shear

walls. Close to the inclusion, the laminar ¯ow is strongly

disturbed by the object interference (obstacle to matrix

¯ow).

Fig. 9 shows that, close to the inclusion, the silicone

matrix can be divided into four quadrants in the shape of

wedges; these straighten towards the middle part of the

inclusion, i.e., from a (thicker) to b (thinner) in Fig. 9A.

This means that when the walls move to produce simple

shear ¯ow, the silicone matrix is driven into the thinner

part of the wedges in quadrants 1 and 3 (from a to b in

Fig. 9A), and the opposite happens in the other two

quadrants (Q2 and Q4). Because silicone is a viscous

¯uid, it has great dif®culty in going through the thinner

section in a, and pressure increases in Q1 and Q3 (P

in Fig. 9A). The opposite happens in Q2 and Q4, where

silicone is driven from a narrower section towards a wider

section; then pressure decreases (p in Fig. 9A) because in-

suf®cient silicone goes through a. This wedge effect

induces higher normal pressure on the surface of the inclu-

sion in Q1 and Q3, and lower normal pressure in Q2 and Q4.

This results in a torque that makes the inclusion rotate

clockwise in response to a top to the left shear ¯ow (anti-

thetic rotation).

As a result of this antithetic rotation, the areas of Q1 and

Q3 increase and the areas of Q2 and Q4 decrease (respec-

tively A and a in Fig. 9B); this means that the inclusion's

antithetic rotation tends to reduce the pressure gradient

induced by the wedge effect in consecutive quadrants (Q1

and Q2, and Q3 and Q4). For each increment of shear ¯ow,

normal pressure increases in Q1 and Q3 (conversely

decreases in Q2 and Q4), the inclusion rotates antithetically

and pressure decreases in those quadrants (increases in the

other two) as a result of area increase (decrease in Q2 and

Q4).

To signi®cantly disturb the typical rotation of an elliptical

inclusion (for S�1), pressure-gradient-driven rotation

(which is antithetic) must overcome viscous-¯ow-driven

rotation (or vorticity-induced rotation, which is synthetic).

Then, it is more dif®cult to disturb the inclusion rotation

when the inclusion/matrix interface is non-slipping

(greater viscous-¯ow-driven rotation) than when it is

slipping (smaller viscous-¯ow-driven rotation). When the

S value increases, the pressure induced by the wedge

effect decreases, and thus viscous-¯ow-driven rotation

dominates and particle rotates synthetically. Conversely,

when S is small (approaches 1), the wedge effect and

pressure-gradient-driven rotation dominate and strongly

in¯uence the inclusion's rotation. If the sum of viscous-

¯ow-driven rotation and pressure-gradient-driven rotation

is positive, the rotation is synthetic; if negative, the rotation

is antithetic.

During progressive deformation of the PDMS model, the

lubricant (originally with a uniform distribution at the
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Fig. 7. Experimental results for S ù 1.2 and a slipping inclusion/matrix

interface. (A) initial state; (B) ®nal state, g ù 4.0. Note that the inclusion

has signi®cantly rotated clockwise, which is antithetic with the applied

shear. Top to the left shear. Plane of photo is xz.



matrix/inclusion interface) migrated from the areas exposed

to maximum tension to minimum tension areas, and such

accumulations are interpreted as pressure shadows. Their

stair-stepping geometry resembles the s-type core-mantle

structures of Passchier and Simpson (1986) and can be used

as a kinematic indicator, as shown by our results (Figs. 6 and

7). Despite the similarity, these structures have a different

origin, because they do not result from dynamic recrystalli-

sation of the inclusion, but from ¯uid migration to zones of

low pressure. The asymmetric geometry of pressure

shadows develops because the inclusion rotates a small

amount and/or stabilises with the longest axis at a small
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Fig. 8. Comparisons between the most contrasting results from experiments with non-slipping and slipping inclusion/matrix interface. (a) for S ù 2.1 and

(b) for S ù 1.6.



angle to the shear plane. Therefore, this geometry is stable,

not transient.

5. Conclusions

Previous analytical and experimental results on the rota-

tion of rigid inclusions in a viscous matrix are valid only for

in®nite width shear zones or large S values. Our experiments

show that the behaviour of inclusions is signi®cantly differ-

ent when S is small.

Deviations from theoretical predictions can occur in

the angular velocity and/or sense of rotation. The smaller

the S, the greater the deviation and the more likely that

antithetic rotation occurs. At constant S, deviations also

occur as a result of the degree of coupling at the inclu-

sion/matrix interface; antithetic rotation is enhanced by a

slipping inclusion/matrix interface. If the sum of viscous-

¯ow-driven rotation and pressure-gradient-driven rotation is

positive, the rotation is synthetic, otherwise the rotation is

antithetic.

If our experimental modelling is correct and applicable to

nature, then:

1. One must be very careful when using porphyroclast

vorticity to determine shear sense, because, as our experi-

ments show, during bulk simple shear ¯ow antithetic

rotation is possible, and to signi®cant amplitudes. Never-

theless, stair-stepping seems to be still reliable, at least

when using pressure shadows similar to the ones

observed in our experiments.

2. Small S and/or slipping inclusion/matrix interfaces can

be an alternative explanation for the fact that many

ductile shear zones are not dominated by the presence

of rolling structures (as de®ned by Van den Driessche

and Brun, 1987)Ðour experiments showed that there

are stable positions parallel, or at a small angle (synthetic

or antithetic), to the shear plane.
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Fig. 9. Sketch to illustrate antithetic rotation of the rigid inclusion (RI).

Shear ¯ow drives the silicone matrix into the wedge that straightens from a

to b, and the opposite happens in the other two quadrants. In quadrants 1

and 3 (Q1 and Q3) pressure is higher (P) than in quadrants 2 and 4 (p in Q2

and Q4). If the inclusion rotates antithetically, the areas of Q1 and Q3

increase (A) and the areas of Q2 and Q4 decrease (a), reducing the pressure

gradient between Q1 and Q2, and Q3 and Q4.


