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Abstract
The selection of appropriate analogue materials is a central consideration in the design of realistic physical models. We investigate the rhe-
ology of highly-filled silicone polymers in order to find materials with a power-law strain-rate softening rheology suitable for modelling rock
deformation by dislocation creep and report the rheological properties of the materials as functions of the filler content. The mixtures exhibit
strain-rate softening behaviour but with increasing amounts of filler become strain-dependent. For the strain-independent viscous materials, flow
laws are presented while for strain-dependent materials the relative importance of strain and strain rate softening/hardening is reported. If the
stress or strain rate is above a threshold value some highly-filled silicone polymers may be considered linear visco-elastic (strain independent)
and power-law strain-rate softening. The power-law exponent can be raised from 1 to w3 by using mixtures of high-viscosity silicone and plas-
ticine. However, the need for high shear strain rates to obtain the power-law rheology imposes some restrictions on the usage of such materials
for geodynamic modelling. Two simple shear experiments are presented that use Newtonian and power-law strain-rate softening materials. The
results demonstrate how materials with power-law rheology result in better strain localization in analogue experiments.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Plate tectonics implies the operation of efficient strain
localization processes in order to produce and maintain litho-
spheric shear zones. Localization phenomena can be generated
or initiated within the brittle part of both oceanic lithosphere
and continental crust as well as in the uppermost continental
lithospheric mantle that is potentially brittle (Brace and Kohl-
stedt, 1980). Strain localization is also observed in ductile
shear zones but the mechanisms contributing to this process
are not yet completely understood. Localization in the ductile
regime may be promoted by strain weakening mechanisms
such as dynamic recrystallization or shear heating (Poirier,
1980; White et al., 1980; Montési and Zuber, 2002). However,
the weakening functions associated with these mechanisms are
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still debated (Rutter, 1999; De Bresser et al., 2000; Montési
and Hirth, 2003). In the lowermost mantle lithosphere, viscous
creep by dislocation glide is believed to be the dominant de-
formation mechanism, while deeper in the upper mantle, dis-
location creep may in turn be replaced by diffusion creep.
The conditions (depth, temperature) for this transition are still
not well determined (Karato and Wu, 1993). If deformation is
accommodated by dislocation or diffusion creep, no strain
weakening is expected. However, dislocation creep is a strain-
rate softening mechanism, which promotes system weakening
(Hobbs et al., 1990; Rutter, 1999). This is because diffusion
creep has a Newtonian constitutive relation with strain rate pro-
portional to stress, while for dislocation or power-law creep the
strain rate is proportional to an exponential power of the applied
stress, with the exponent being w3e4. The development of
a system instability (e.g., necking, folding) around a composi-
tional or geometrical heterogeneity is thus promoted by disloca-
tion creep because of the higher sensitivity of the strain rate to
stress (Hobbs et al., 1990; Rutter, 1999). Simply, a local stress
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increase around an instability in a system produces a higher
strain rate increase if the flow law is of a power-law strain-
rate softening type rather than if Newtonian.

In a simplified approach, the bulk rheology of the lithosphere
is often described as the competition between brittle failure and
dislocation creep, with the mechanism requiring the minimum
work under given P/T, stress or strain rate conditions being
dominant. In analogue models, a Newtonian approximation is
often made for the flow law of rocks in the ductile regime
(Weijermars, 1986; Weijermars and Schmeling, 1986; Davy
and Cobbold, 1991; Sokoutis et al., 2000; Regard et al., 2003;
Fournier et al., 2004; Pysklywec and Cruden, 2004; Cagnard
et al., 2006; Cruden et al., 2006). Temperature and composi-
tional variations in the effective viscosity and density of rocks
are approximated by using multiple layers of various viscous
fluids mixed with granular fillers, plasticine or bouncing
putties. However, by using Newtonian materials the deforma-
tion rates associated with dislocation creep are underestimated,
and little strain localization is possible in the viscous parts of
the model. The employment of a ‘‘power-law material’’ to
model the ductile layers of the lithosphere would allow a better
and more natural strain localization process to occur in ‘‘sili-
cone and sand’’ analogue experiments.

In this study we investigate the rheology of various filled
silicone polymers seeking a strain-rate softening power-law
material that is suitable for modelling rock deformation by
dislocation creep. It has been shown previously that the addi-
tion of granular fillers to a silicone polymer can result in the
breakdown of Newtonian behaviour and an increase of the
power-law exponent (Poslinski et al., 1988; Leonov, 1990;
Walberer and McHugh, 2001; Stickel and Powell, 2005). Sim-
ilarly, it has been shown that adding oil to plasticine (i.e. de-
creasing the filler volume fraction) results in a reduction of the
power-law exponent (Zulauf et al., 2003). Here we find that
high viscosity silicone polymers mixed with plasticine pro-
duce strain-dependent materials if the amount of plasticine ex-
ceeds 10% of the volume. However, the strain dependency of
these materials is only relevant when the shear stress imposed
in the material is very small, in which case the material de-
velops a dynamic yield strength. When the shear stress ex-
ceeds this threshold, the strain dependency vanishes and the
material behaves as a power-law linear visco-elastic fluid
with a stress exponent as high as 2.8. Different behaviour is
observed for mixtures of low-viscosity silicone polymer
with granular fillers. The power-law exponent observed at
high stresses imposed on highly-filled low-viscosity silicone
polymers never exceeds 1.2. The mechanical properties of
the investigated materials are reported in detail and their use
in physical modelling is discussed. Two experimental results
are presented in which Newtonian and power-law materials
are successively used in simple shear experiments. The results
demonstrate that the use power-law rheology materials results
in better strain localization in analogue experiments. In
a companion paper (Schrank et al., in press), the ability of
various materials (frictional, plastic, and viscous) to localize
deformation is studied in detail using similar simple shear
experiments.
For clarity, we hereafter consider a material to be ‘‘linear’’
if its mechanical properties do not change with strain. It is then
a linear visco-elastic material. If a flow law is a linear relation-
ship between stress and strain rate the material is said to be
Newtonian and if not (e.g., if the flaw law is a power law) it
is simply a non-Newtonian fluid. A material can thus be ‘‘lin-
ear’’ (i.e. strain-independent or linear visco-elastic) and
‘‘power-law’’ (i.e. stress or strain rate dependent).

2. Materials

Silicone polymers mixed with various amounts of granular
fillers or plasticine are widely used in analogue experiments.
The reason for mixing these materials together is to vary the
effective viscosity or the density of a material in order to fulfil
scaling relationships. Studies have been made of pure silicone
polymers and bouncing putties (Weijermars, 1986), plasticine
(McClay, 1976), plasticine softened with added oil (Schopfer
and Zulauf, 2002; Zulauf et al., 2003), granular materials
(Schellart, 2000; Lohrmann et al., 2003) and mixtures with rel-
atively small amounts of fillers mixed with silicone polymers
(ten Grotenhuis et al., 2002). No systematic study has yet been
reported on the rheological properties of silicone-based mix-
tures as functions of filler content. In particular, the mechanical
behaviour of highly-filled silicone polymers has not been inves-
tigated in view of their use in analogue modelling experiments.

In this study we explore the influence of increasing the
amount of filler added to Newtonian pure silicone polymers
in order to create a ‘‘power-law’’ material suitable for ana-
logue modelling experiments. We acknowledge that it is also
possible to design power-law strain-rate softening materials
using, for example, mixtures of plasticine and oil (Kobberger
and Zulauf, 1995; Zulauf and Zulauf, 2005) or wax and oil
(Mancktelow, 1988; Brune and Ellis, 1997).

The silicone polymers used in this study are the ‘‘pure sil-
icone 60,000 cSt fluid’’, a polydimethylsiloxane silicone oil
hereafter referred as low-viscosity-silicone (LVS), from
Clearco Products Co. (Bensalem, PA, USA) and ‘‘Silastic 4-
2901’’, a polydimethylsiloxane (PDMS) gum manufactured
by Dow Corning Co. (Midland, MI, USA). The Clearco sili-
cone oil is a transparent Newtonian viscous fluid with a low
viscosity of 57 Pa.s and density of 975 kg/m3. The Dow Corn-
ing PDMS has a higher viscosity of 2.5 � 104 Pa.s and a den-
sity of 960 kg/m3. Both silicone polymers are very stable
binders, as their mechanical properties do not vary with time
or temperature (at the scale of laboratory experiments). The
added fillers are a blend of talc and glass bubbles (3M Ltd.,
S32 Scotchlite), or Harbutt’s yellow plasticine. The glass bub-
bles are low-density (true density of 320 kg/m3) hollow
spheres with diameters w50e100 mm, while the talc powder
is composed of 100e300-mm laths with a high true density
of 2700 kg/m3. The two granular fillers are first combined to-
gether (77% talc and 23% S32 glass bubbles) in order to ob-
tain a homogeneous distribution and are then mixed by hand
with the silicone polymer. The resulting mixture is a micro-
scopically homogeneous and stable material since no sedimen-
tation was observed over a period of a several days for the
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lowest concentration of filler in the low viscosity silicone
polymer to several weeks for the highest concentration.

Plasticine consists of a wax, petrolatum, oil and solvents
matrix filled with various combinations of potato starch,
calcite, barite and/or kaolinite (McClay, 1976; Schopfer and
Zulauf, 2002; Zulauf and Zulauf, 2004). Plasticine is
a power-law strain-rate softening material at low shear strain
rates. Depending on the fillers, plasticines show steady state
flow or a weak to moderate strain hardening (Zulauf and
Zulauf, 2004). The plasticine and silicone polymer are slowly
mixed by hand. The silicone polymer is progressively incorpo-
rated to the plasticine in order to prevent the formation of large
pure plasticine flocks. The resulting materials are macroscop-
ically homogenous. Microscopic observation reveals a homo-
geneous distribution of silicone polymer and micro-flocks of
plasticine. The mixtures of plasticine and PDMS are very sta-
ble and no sedimentation was observed over a period of
months. In this study, the temperature sensitivity of the mate-
rials have not been characterised and all measurement are per-
formed at ambient temperature (25 �C). The amount of fillers
in the mixtures is quantified by volume % and varies between
0% (pure silicone polymers) and 40%.

3. Methods

The mechanical properties of the materials are measured
using an AR1000 rheometer (TA Instruments Co.) with paral-
lel-plates geometry (Fig. 1). Various tests are performed to de-
termine the rheological behaviour of the materials.
3.1. Dynamic tests
In a dynamic mechanical test, an oscillating (sinusoidal)
stress or shear strain function is applied to the sample and
the resulting shear strain or stress is measured. For ideal
solids following Hooke’s law, the shear strain is proportional
to the applied stress and the stress and shear strain functions
Fig. 1. Sketch of the stress-controlled rheometer. A parallel plate geometry

with 4 cm diameter head is used in this study.
are in phase. In that case, the shift angle (d) between the two
signals is zero (Fig. 2a). If the sample behaves as an ideal
fluid and follows Newton’s law of viscosity, the rate of shear
strain is proportional to the applied stress resulting in stress
and shear strain functions with phases shifted by 90�

(Fig. 2b). For a visco-elastic material the stress function is
complex and can be separated into an elastic stress (t0), in
phase with the shear strain, and a viscous stress (t00), in phase
with the shear strain rate. The elastic stress reflects the degree
to which the material behaves as a perfectly elastic solid
while the viscous stress is the degree to which the material
behaves as a pure fluid. In the case of a visco-elastic material
the shift angle between the stress and strain signals ranges
between 0 and 90� (Fig. 2c). The material’s overall resistance
to deformation is the complex shear modulus G* consisting
of an elastic or storage modulus (G0) and a viscous or loss
modulus (G00):

G� ¼ G0 þ iG00 ð1Þ

where i is the imaginary unit. The storage modulus is the ratio
of the elastic stress to shear strain while the loss modulus is the
ratio of the viscous stress to shear strain. The dynamic moduli
can be written as functions of the stress amplitude t0, strain
amplitude g0, and phase shift angle d:

G0 ¼ t0

g0

cosðdÞ ð2Þ

G00 ¼ t0

g0

sinðdÞ ð3Þ

The rheometer measures these dynamic moduli as functions of
strain, strain rate (frequency), temperature, or time. This pro-
vides a robust method for differentiation of the elastic and vis-
cous properties. Whichever modulus (G0 or G00) is dominant at
a particular frequency (equivalent to a shear strain rate) indi-
cates whether the material behaves dominantly elastically or
viscously in a process of similar time scale. However, these
dynamic functions are defined for a linear visco-elastic mate-
rial only, and the rheological properties of a visco-elastic ma-
terial are only independent on shear strain up to a critical value
gc, beyond which the behaviour becomes strain-dependent or
‘‘non-linear’’ and the moduli decline.

Dynamic strain sweep tests are carried out to evaluate the
linearity or strain dependency of the material. In these tests,
a sinusoidal shear strain function is imposed on the sample in-
stead of a shear stress function. The stress-controlled rheome-
ter constantly reads the shear strain function and adjusts the
shear stress for the strain function to match the desired sinu-
soidal function (u, g0). The amplitude of the shear strain func-
tion g0 is progressively increased until the material becomes
non-linear while the frequency of the oscillation u is kept con-
stant. This allows the determination of the critical strain gc,
a measure of the extent of the material’s linearity. Subsequently,
a dynamic frequency sweep is performed. The frequency u is
slowly increased while the shear strain amplitude g0 is con-
trolled and kept below the critical shear strain gc. This test
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determines whether the material can be considered purely vis-
cous at the characteristic low shear strain rates used in labora-
tory modelling. More tests (steady state and transient tests
detailed below) are performed to further characterize the me-
chanical behaviour of the material.
3.2. Steady state tests
The steady state flow test is a measure of the material effec-
tive viscosity (heff ¼ t= _g) at steady state shear rate. A stress is
imposed and the shear strain rate is measured until a steady
state has been reached. At this point the rate of shear strain
and effective viscosity are recorded and a higher stress is
then imposed on the sample. Recorded imposed shear stresses
and associated steady state shear strain rate are used to fit
a power-law flow law of the form:
a
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associated with the instantaneous purely elastic shear strain, Ge, and the slowly re
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h
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where _g is the shear strain rate, t is the shear stress, h is a material
constant, and n is the power law exponent. If n is equal to one the
material is Newtonian and h is then the material’s viscosity. This
type of test should be performed on visco-elastic materials with
a large linear visco-elastic domain because we assume the mate-
rial properties do not change with strain during the test.
3.3. Transient ‘‘creep and recovery’’ tests
In a ‘‘creep and recovery’’ test, a constant shear stress is
imposed on the sample and the resulting shear strain over
time is recorded. The stress is then removed abruptly and
the ability of the material to recover is recorded (Fig. 3).
From the creep test, the viscosity of the sample can be
e (s)

e (s)

very test for the mixture of PDMS and 20 vol.% plasticine. (a) The duration of

e beginning of the recovery period allow determination of two elastic moduli

coverable visco-elastic shear strain, Gr .
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determined by dividing the imposed shear stress by the shear
strain rate (i.e., the slope of the linear portion of the strain ver-
sus time curve). It also provides important information on the
elasticity of the sample. The strain versus time curve exhibits
three domains: first, a purely elastic and recoverable response
of the material to stress; second, a transient visco-elastic re-
sponse that is eventually recovered slowly when the stress is
removed; third, a non-recoverable viscous domain that is
either linear (strain-independent) or non-linear.

These tests are used to characterize the elasticity of mate-
rials and investigate their behaviour once the critical shear
strain has been reached. Beyond gc, the non-linear effective
viscosity is recorded as a function of shear strain for each im-
posed stress. A map of the effective viscosity in stress- and
shear strain space is then produced from multiple successive
creep tests in order to identify sub-domains of the stress-
and shear strain space in which the material behaves quasi-
linearly.

4. Results

b

4.1. Mixtures of PDMS and plasticine
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Fig. 4. Results of strain sweep tests for mixtures of PDMS and plasticine. (a)

Evolution of the loss modulus (G00) with strain for various amounts of filler

(volume %). (b) Evolution of the storage modulus (G0) with strain for the

same amounts of filler. Only the pure PDMS and the 10 vol.% plasticine mix-

tures are linear visco-elastic materials over a significant range of strain. Oscil-

lation frequency is 10�1 s�1.
Strain sweep tests performed on mixtures of PDMS and
plasticine (Fig. 4) show that all materials become non-linear
after a certain amount of shear strain that is inversely propor-
tional to the volume of plasticine in the mixture. Only the ma-
terial with the lowest amount of plasticine (10 vol.%) and pure
PDMS are linear over a significant range of strain (up to 100%
shear strain). We therefore investigated the visco-elastic prop-
erties of these two materials with frequency sweep tests
(Fig. 5). These tests reveal mainly viscous behaviour for
both materials at low frequencies (G00 > > G0) but elastic
behaviour at high frequencies (G0 > > G00). For modelling
purposes these two materials can thus be considered purely
viscous provided the strain rate is kept low (<10�1 s�1).
Flow tests yield power-law exponents very close to one for
both materials but different viscosity coefficients (Table 1).
These results suggest that all mixtures of PDMS and small
amounts of plasticine (<10 vol.%) are linear and Newtonian
viscous fluids. Hence, it is possible to create a material with
a specific viscosity by adjusting the amount of plasticine.
However, adding plasticine will also increase the density of
the mixture, which is often a crucial parameter in laboratory
experiments. One solution to control the density of the final
mixture is to incorporate a low-density filler in the mixture.
3M Scotchlite glass bubbles have very small specific gravities
(125 to 320 kg/m3, depending on the product) and can be
added in small amounts to decrease the density of the mixture
without significantly changing the effective viscosity.

For all other materials with more than 10 vol.% plasticine,
the rheology is non-linear; in other words the mechanical prop-
erties change with strain. To investigate whether this strain de-
pendency is a significant property or can be neglected for some
applied shear stresses or shear strain rates, we conducted a se-
ries of creep tests on 20 and 40 vol.% plasticine mixtures. Since
the results are similar for both materials we present the data for
the 20 vol.% plasticine mixture (Fig. 6) and also summarize the
flow law obtained for the 40 vol.% mixture.

The shear strain evolution for any applied shear stress is re-
corded and shear strain rate and effective viscosity are derived
(Fig. 6a). Fig. 6b plots effective viscosity in stress-strain space.
Shear strain rate is not displayed as a controlling variable since
the measurements were made with a stress-controlled rheom-
eter. However, a similar diagram could be obtained if shear
strain rate is the controlled variable and shear stress is the de-
pendent one. The viscosity increases with strain when the
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imposed stress is low, but this effect diminishes when the
stress is high. For stresses higher than w70 Pa, the isocontour
lines of the effective viscosity clearly show that the material
weakens when stress increases but does not harden with in-
creasing shear strain. In this area (right-hand shaded domain
in Fig. 6b), the material can be considered ‘‘quasi-linear’’. As-
suming the shear strain dependency is negligible for this range
of stresses, the slope of the viscosity map at high stresses
(>70 Pa) yields a power-law behaviour with an exponent
n ¼ 2.8. This quasi-linear power-law behaviour has been ob-
tained for a limited range of strain only. Strains below 0.1
are not plotted on Fig. 6b because for small strains the material
behaviour is mostly elastic or transient visco-elastic, and not
viscous (Fig. 6a). The viscous behaviour could not be investi-
gated with this technique at very high strain because of the
high effective viscosity of the material at low stress. In order
to produce a deformation map one would need to have creep
results with various stresses but similar ranges of strain. How-
ever, with a very high effective viscosity (>1 � 106 Pa.s) at
Table 1

Measured rheological properties

Material Index n

Dow Corning Silastic gum (PDMS) 1.013 � 2 � 10�3

PDMS þ 10 vol.% plasticine 1.07 � 4 � 10�2

Clearco ‘‘60,000 cSt’’ (LVS) 0.998 � 4 � 10�4

LVS þ 10 vol.% filler 1.006 � 1 � 10�3

LVS þ 20 vol.% filler 1.038 � 1 � 10�3

PDMS þ 20 vol.% plasticine 2.795 � 8 � 10�3

PDMS þ 40 vol.% plasticine 4.6 � 1.3

LVS þ 40 vol.% filler 1.25 � 5 � 10�2

The upper part of the table displays the parameters measured for the linear (strain-in

more than 50 points in a specific range of shear rates. All linear materials are Newto

law parameters obtained from the creep tests for the strain-dependent materials, wh

and-strain maps.
low stress (Fig. 6b) it is not possible to achieve large strains
in reasonable period of time.

At low stresses, the material hardens (i.e. the effective vis-
cosity increases) in a small but significant way and the steep
slope suggests that the material is acquiring a dynamic yield
stress. The material does not display a classical Bingham yield
stress and flows initially even for very low shear stresses.
However, as the sample is sheared the material strength in-
creases and when the imposed shear stress is low, the material
may stop flowing because of the build up of a dynamic yield
stress. The fact that this process does not happen for relatively
high shear stresses suggests that the strength increase is related
to clustering of particles of plasticine or plasticine fillers in the
sample. We speculate that when stress is small, particles may
aggregate within the sample creating a cluster that does not
yield because shear stress is too low and mechanical jamming
prevents the material from further flow. At high stresses, the
clusters that may form during flow break down quickly and
flow continues (Fig. 7a). As a result, small-amplitude oscilla-
tions of the effective viscosity are observed (Fig. 7b). This
microscopic mechanical model cannot be verified with our
present equipment and further investigation is beyond the
scope of the present study.

The elastic properties of the mixture are determined by ex-
trapolating the viscous region of the shear strain versus time
curve toward the strain axis and computing a purely elastic
shear modulus and a transient visco-elastic shear modulus
(Fig. 3). The strainetime curve obtained for the 20 vol.%
plasticine mixture submitted to a shear stress of 70 Pa
(Fig. 3) gives an elastic shear modulus Ge ¼ 8 � 104 Pa and
a second modulus Gr ¼ 2 � 103 Pa. The Maxwell relaxation
times associated with these elastic shear moduli are then 34
and 1375 s respectively, since the viscosity of this material
with an imposed shear stress of 70 Pa is 2.75 �106 Pa.s.

The 40 vol.% mixture displays a mechanical behaviour
similar to that of the 20 vol.% mixture, but since the effective
viscosities are higher, the mechanical properties could only be
investigated over a very small range of strain (<5%). Nonethe-
less, we observed an increased power-law exponent of w4,
which suggest that with increasing amounts of plasticine the
Viscosity (Pan.s) Shear rate

range (s�1)

2.44 � 104 � 2 � 102 1 � 10�6e0.1

3.9 � 104 � 7 � 102 1 � 10�6e0.1

56.2 � 1.0 1 � 10�4e1

79.4 � 1.0 1 � 10�2e10

160.7 � 1.0 1 � 10�3e10

5.8 � 109 � 2 � 109 1 � 10�5e1 � 10�4

5.88 � 1016 � 7.8 � 1015 4 � 10�8e1 � 10�6

3.8 � 103 � 8.5 � 102 0.01e1

dependent) viscous materials. A power-law of the form _g ¼ ð1=hÞtn is fitted to

nian or quasi-Newtonian (n w 1). The lower part of the table shows the power-

ich are quasi-linear (strain-independent) in specific sub-domains of the stress-
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power-law exponent of these mixtures approaches the high ex-
ponent (n > 5) obtained for pure plasticines or plasticine soft-
ened with oil (McClay, 1976; Zulauf et al., 2003).

Mixtures of PDMS and plasticine display quite complex
behaviours, but have the potential to model rock deformation
by dislocation creep with a power-law exponent of about 3.
Hence, the typical underestimation of strain rates can be re-
duced in physical models. These materials should also have
a greater ability to localize deformation. To evaluate this hy-
pothesis, we have tested them in simple shear experiments
that are reported in a subsequent section of this paper (see
also Schrank et al., in press).
One disadvantage of some PDMS and plasticine mixtures
for physical modelling may be their very high effective viscos-
ity at relatively low stresses or strain rates. If a material has
such a high effective viscosity (>106 Pa.s), the time scaling
factor becomes large, which requires an impractical duration
for an experiment. This aspect of the rheology of PDMS and
plasticine mixtures suggests that the amount of plasticine should
be kept below w20% vol. to avoid impractically high effective
viscosities. To investigate whether we can obtain similar power-
law behaviours together with lower effective viscosities, we
tested the rheological properties of low viscosity silicone filled
with various amount of granular fillers.
4.2. Mixtures of low-viscosity silicone polymer (LVS)
and granular fillers
Strain sweep tests conducted on mixtures of LVS, talc, and
glass bubbles reveal that these materials are non-linear (strain-
dependent) if the volume fraction of the filler exceeds
20 vol.% (Fig. 8). Because we started with a lower bound
shear strain of 0.1% no linear visco-elastic domain is observed
for the mixtures with 30 and 40 vol.% filler, although it might
exist for shear strains <0.1%. Frequency sweep tests con-
ducted on LVS and the 10 and 20 vol.% mixtures show viscous
behaviour for a large range of frequencies. These mixtures of
LVS, talc, and glass bubbles can thus be considered as purely
viscous at the typical strain rates of analogue experiments.
Flow tests reveal Newtonian and quasi-Newtonian flow with
a viscosity that increases with the amount of filler. We did
not try to fit the EinsteineRoscoe equation for the viscosity
of filled fluids (Roscoe, 1952) since two different kinds of
filler with different densities and shapes were used. The vis-
cosities of these materials are given in Table 1.

A mixture with 40 vol.% granular filler has been character-
ized by creep tests in order to investigate its strain-dependent
behaviour. The resulting map of effective viscosity in the
stress-strain domain is presented in Fig. 9. As for the strain de-
pendent mixtures of PDMS and plasticine, non-linear or strain
dependent behaviour is observed at low stresses. However, the
sense of the slope obtained in this case is inverted and the ma-
terial softens with strain. The material might have a Bingham
yield stress as suggested by earlier studies (Poslinski et al.,
1988; Leonov, 1990) but this has not been observed here,
which suggests it must occur below the minimum stress im-
posed in the creep tests (30 Pa).

At high imposed stresses the 40 vol.% talc and glass bub-
bles mixture becomes weaker and quasi-linear (strain-indepen-
dent). The effective viscosity does not change significantly
with strain (right-hand domain in Fig. 9). As for the mixtures
with PDMS and plasticine, the slope of the plane toward high
stresses yields a power-law exponent. However, for these ma-
terials the exponent does not depart significantly from unity.
For the 40 vol.% filler mixture we determined an exponent
n ¼ 1.25, suggesting that it is impossible to reach very high
exponents with this kind of material since the volume fraction
of 40% is approaching the maximum volume fraction (50e
60%).
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Because these materials are dominantly viscous and the
elasticity is very small (d ¼ 80� in strain and frequency sweep
tests), we did not determine elastic parameters from the creep
tests.
5. Discussion

In this study we have investigated the mechanical proper-
ties of highly filled silicone polymers in order to find a viscous
analogue material suitable for modelling rock deformation by
dislocation creep. This objective is important because strain
localization processes would be better reproduced in labora-
tory experiments if the viscous flow law for the ductile layers
of the model lithosphere were a power-law instead of
Newtonian. Since the power law exponent is a dimensionless
parameter it should be identical in the model and the prototype
(Buckingham, 1914; Weijermars and Schmeling, 1986).
For rocks in the lithosphere it should be between 3 and 4
(Kohlstedt et al., 1995). The mixtures of PDMS with 20 to
40 vol.% volume plasticine appear to be suitable because the
power-law exponent is close to 3. However, these materials
should be used with some restrictions that are elaborated below.
5.1. Restrictions
When using PDMS and 20 vol.% plasticine mixture, the im-
posed shear stress should be above a threshold of 70 Pa, after
which the material behaves quasi-linearly. With this minimum
level of imposed shear stress the material’s effective viscosity
is 2.75 � 106 Pa.s (Fig. 6), which leads to an experimental shear
strain rate of 2.5 � 10�5 s�1. The combination of a high effec-
tive viscosity and the need for a relatively high shear strain
rate imposes some limitations on the use of this material for lith-
ospheric-scale modelling. The calculation of the shear stress in
a particular model cannot be done here since it depends on a va-
riety of parameters characteristic for each setup. However, it is
possible to estimate the length scaling factor that should be
adopted in order to use this material to model the lithospheric
mantle. Let us assume the lithospheric mantle is 120-km thick
(Hp), has a density (rp) of 3300 kg/m3, and an effective viscosity
(hp) of 1 � 1023 Pa.s at a strain rate ( _gp) of 1 � 10�15 to
1 � 10�14 s�1. The experiment is conducted at normal gravity
( gm ¼ gp). Subscript p refers to the parameters in the prototype
(i.e. in nature), while subscript m refers to the parameters in the
model. A dimensionless ratio can be derived that will ensure that
the viscous stress in the material is properly scaled with respect
to the lithostatic stress:

h _g

rgH
¼ Const ð5Þ

Since our material has an effective viscosity (hm) of
2.75 � 106 Pa.s at a strain rate ( _gm) of 2.5 � 10�5 s�1, and
a density (rm) of w1000 kg/m3, the layer thickness Hm is
given by:

Hm ¼
hm _gm

rmgm

�
rpgpHp

hp _gp

ð6Þ
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which yields values of 27 to 2.7 cm depending on whether
the natural strain rate is assumed to be 1 � 10�15 or
1 � 10�14 s�1. The first value of the layer thickness obtained
for a lower bound of the natural strain rate is unpractical for
laboratory experiments. The second value obtained for the
higher bound of the natural strain rate is well within the
range of length scales commonly used in analogue experi-
ments. With the strain rate in the experiment being con-
strained by a minimum rate of 2.5 � 10�5 s�1 required to
ensure power-law rheology, we have lost one degree of free-
dom in the set-up of the experiment compared to previous
models performed with Newtonian materials (e.g., Pysklywec
and Cruden, 2004; Cruden et al., 2006). This aspect of the
scaling also affects the scaling of time. With the aforemen-
tioned parameters, 1 Ma in nature is 3.5 h in the model. If
we model a process that last 50 Ma (i.e. orogeny), the exper-
iment lasts one week.

It is evident that it would be advantageous to design power-
law materials with lower effective viscosities, in order to re-
duce the duration of the laboratory experiments. It is for this
reason we investigated the properties of highly-filled low-vis-
cosity silicone. For practical reasons we used granular mate-
rials as fillers. For these materials we observe an increase of
the effective viscosities with the filler volume fraction, and
power-law rheology for high volume fractions of filler. How-
ever, the power-law exponent never exceeds 1.25, even for
mixtures containing 40 vol.% of granular fillers. Using these
materials does not yield a significant improvement over con-
ventionally employed Newtonian materials. We conclude
that an appropriate power-law material with relatively low
effective viscosity cannot be designed from a mixture of
low-viscosity silicone and granular fillers only. We are cur-
rently investigating the properties of materials composed of
both high- and low-viscosity silicone polymers mixed with
plasticine and low-density granular fillers to overcome this
limitation.

Materials made of PDMS and plasticine can however be
used for other modelling experiments at intermediate length
scales. For example, they can be used to study strain patterns
in viscous shear zones in the deeper parts of the crust. Let us
assume that a shear zone develops at depth in continental
crust in a quartzite. The shear strain rate can be as high as
1 � 10�12 s�1 (Handy, 1994), which gives an effective vis-
cosity of w1 � 1019 Pa.s. Finally, let us assume that the
rock has a density of 2800 kg/m3. If we use the 20 vol.%
plasticine and PDMS mixture to model this rock, a shear
stress higher than 70 Pa is required to be within the power-
law domain. If we impose a shear rate of 1 � 10�4 s�1 the
effective viscosity is 2.0 � 106 Pa.s and the shear stress is
100 Pa, which is well within the power-law domain for this
material. With a density of 1000 kg/m3 and natural gravita-
tional acceleration the resulting length scaling factor is:
1 cm in the model to 300 m in nature. In the following we
present an example of such shear zone modelling experiment
in order to illustrate the ability of the power-law material to
better localize deformation than in conventional Newtonian
fluids.
5.2. Strain localization experiments
The modelling setup is similar to that described in the com-
panion paper by Schrank et al. (in press). It consists of
a 30 � 20 � 4 cm (x � y � z) simple shear box that can be
filled with various fluids (Fig. 10). A basal cut that is parallel
to x in the box centre serves as a sharp velocity discontinuity
(Vx ¼ constant, Vy ¼ Vz ¼ 0) and one half of the box is
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displaced horizontally with respect to the stationary second
half. Experiments by Schrank et al. (in press) reveal that
localization is strongly enhanced by the no-slip basal bound-
ary condition. In order to avoid this effect and to drive the shear
zone from the sides rather than the base, we include a 2-cm-thick
low-viscosity, high-density corn syrup as a decoupling layer be-
tween the sheared material and the bottom of the box (Fig. 10).
The sheared layer has dimensions 30 � 20 � 0.7 cm and con-
tains a circular weak seed located in the centre of the box.
weak seed

decoupling layer

X

Y

Fixed half

30 cm

20
 c

m

weak seed
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b

X
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Z
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2.0
0.7

Fig. 10. Sketches of the setup of the shear zone experiments. (a) Surface view,

(b) cross-section.
Two experiments are described here. In the first experiment
the sheared layer is made of pure PDMS while in the second ex-
periment the sheared layer is made of the 20 vol.% plasticine
mixture. In both experiments the weak seed has the same density
as the sheared layer and a Newtonian viscosity that is two orders
of magnitude lower than the effective viscosity of the sheared
layer. A high bulk shear strain rate of 1 � 10�4 s�1 is imposed
in both experiments in order for the 20 vol.% plasticine mixture
to be in the ‘‘power-law domain’’ (see Fig. 6b).

Profiles of shear strain exy across the shear zone at the final
stage of the experiments (total displacement of 5 cm) are pre-
sented in Fig. 11c. Particles sifted on top of the sheared mate-
rial allow determination of the velocity fields using a PIV
(Particle Imaging Velocimetry) system (Adam et al., 2005).
The velocity gradient dUx/dy is computed for the whole model
surface (Fig. 11a,b) and a profile is constructed at the centre of
the box in order to avoid boundary effects (Fig. 11c).

The Newtonian material developed a shear strain profile
that resembles the parabolic curve obtained when no weak
seed is present (Schrank et al., in press). Deformation is
only slightly enhanced by the presence of the weak seed
(Fig. 11c). The power law material developed two shear zones,
both being considerably narrower than the Newtonian shear
zone. This unexpected feature (two shear zones instead of
one) results from the presence of a second weak seed within
the sheared layer related to the model construction. Briefly,
an air bubble was trapped between the PDMS þ 20 vol.%
plasticine layer and the underlying corn syrup during model
construction. Despite efforts to remove the air bubble, its ef-
fect persisted during the experiment, resulting in the presence
of a second weak seed (Fig. 11b).

The description of strain localization also includes on how
strain is distributed within the shear zone. To investigate this
we use the strain localization intensity parameter Iloc as a mea-
sure of the heterogeneity of the shear strain distribution
(Schrank et al., in press):

Iloc ¼ 1� gmean

gmax

ð7Þ

where gmean is the mean shear strain integrated over the shear
zone width, and gmax the maximum shear strain, usually
reached in the shear zone centre. Iloc increases with time in
softening materials (progressive localization) and decreases
in hardening materials (delocalization). Fig. 11d plots the
time evolution of Iloc in both experiments. It is clear that the
strain distribution becomes more heterogeneous (more local-
ized) in the power-law material since Iloc increases. This is
not the case for the Newtonian material for which Iloc stays al-
most constant as expected.

The two experiments demonstrate that a power law rheol-
ogy results in better strain localization in the presence of
a weak seed. However, an important difference between the
two experiments is due to a point defect inherited from the
model set-up. Analogue models are rarely free of such small
heterogeneities, but with Newtonian materials these defects
usually do not affect the strain distribution. However, when
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using power-law material, this heterogeneity becomes more
important and may affect the strain distribution. Such a phe-
nomenon renders the material mixing process and model set-
up more difficult if the goal is to use an homogeneous material
in order to simplify the analysis of the experiment. However,
the sensitivity of strain rate to stress that enhances strain local-
ization around an existing weakness would also allow better
investigation of the role of structural inheritance in geody-
namic models.

Without significant heterogeneity, the strain profiles in the
bubble-free half surface areas (i.e. from 0 to 100 mm in
Fig. 11c) look similar. The profile obtained for the power
law material is however slightly steeper and narrower. This ob-
servation suggests that the power-law flow law is not the most
efficient mechanism for strain localization. Strain-softening
materials sheared in similar shear zone experiments (Schrank
et al., in press) demonstrate that strain softening is more
efficient. A combination of both is certainly required to repro-
duce in analogue models the level of strain localization ob-
served in nature. However, this conclusion should be
tempered by the fact that the boundary conditions used in
these experiments do not favour system weakening. Localiza-
tion of shearing in the experiment does not produce a mechan-
ical increase of the stress or strain rate as strain localization
does in, for example a necking experiment (ten Grotenhuis
et al., 2002). The influence of the power-law rheology on
strain localization is more important in models where defor-
mation is not constrained.
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6. Conclusion

This study of the rheological behaviour of highly filled sili-
cone polymers reveals that adding plasticine or granular fillers
to a viscous binder produces mixtures of higher viscosity. If rel-
atively small amounts of filler are incorporated, the resulting
material is linear-viscoelastic (strain-independent). Our study
confirms that most of the currently used silicone-based analogue
materials are Newtonian or nearly-Newtonian viscous fluids at
the low stresses or strain rates used in laboratory experiments
(ten Grotenhuis et al., 2002). This characteristic makes them
more appropriate for simulating natural rocks deforming by dif-
fusion creep. Our data also confirm that the elastic behaviour of
these mixtures is negligible at the typically low shear strain rate
of laboratory experiments (ten Grotenhuis et al., 2002).

To model rocks that deform by dislocation creep, a higher filler
volume should be used. Our investigation of the influence of plas-
ticine and granular fillers suggest that plasticine is more effective
for increasing the power-law exponent (n). However, these mate-
rials should be used with caution since they behave non-linearly.
We demonstrate that this non-linear (strain-dependent) behaviour
is only significant for low stresses or strain rates. It is therefore
possible to design and use a power-law material if the strain
rate imposed in the experiments is above a threshold value that
must be determined for each compound. Elastic behaviour is
shown to be significant for these materials with high volumes
of plasticine. However, at large shear strains in kinematically
controlled experiments the role of elasticity may be neglected.

The materials presented in this study can be used in a vari-
ety of experiments. As an example, we describe two shear
zone experiments that illustrate the effect of power-law rheol-
ogy on enhancing strain localization in the presence of a weak
seed. This study suggests that a material made of both high-
and low-viscosity silicone with plasticine could provide an ap-
propriate power-law exponent together with a low effective
viscosity suitable for modelling an array of ductile creep pro-
cesses in the lithosphere.
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