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Abstract

Experiments performed to high strains in simple shear are necessary to resolve many important problems in rock deformation,

including the simulation of non-coaxial deformation, the exploration of the in¯uence of strain on rheology, and the development
of mineral segregation, dynamic recrystallisation, and other aspects of microstructure. Using a new torsion system we are able to
simulate both the high strains and the simple shear style commonly observed in naturally deformed rocks, and to make accurate

measurements of shear stress, strain and strain rate at high temperatures and pressures. The torsion system, which is described
brie¯y, is based on a standard gas-medium high-pressure high-temperature triaxial deformation machine to which has been
added an additional module allowing rotary shear of a cylindrical specimen.

In this paper, we discuss procedures for carrying out torsion tests and we analyse the mechanics of torsional deformation. We
show how to extract information about the rheological parameters from the torque±twist data, and how to deal with the
problems posed by the variation of strain within a cylindrical specimen. Procedures for microstructural studies are also set out.

Finally, some results on calcite rocks are given to illustrate the application of torsion tests. 7 2000 Elsevier Science Ltd. All
rights reserved.

1. Introduction

Experimental rock deformation studies of potential
geological application have so far concentrated mainly
on coaxial axisymmetric deformation, as typi®ed by
the so-called `triaxial test'. However, many geological
deformation histories are non-coaxial and relatively
few experimental studies have been carried out which
are of relevance to them. Therefore, in order to facili-
tate such experimentation at high temperature and
high con®ning pressure, a torsion testing system has
been developed for use in a gas-medium testing ma-
chine. The present paper discusses the application of
this testing system in the context of general aspects of
torsion testing.

Geological deformation is commonly non-coaxial, or

rotational, in the sense that the principal axes of strain

lie parallel to di�erent lines of particles in successive

strain increments, that is, the axes rotate. Simple shear

is a non-coaxial deformation. Geological examples of

non-coaxial deformations are seen in the limbs of folds

and, most notably, in shear zones (Ramsay, 1980).

Shear zones occur on many scales, from the tectonic

scale, as represented in the Glarus Thrust in Switzer-

land (Schmid, 1975), to the local scale of millimetres,

as illustrated in ®gure 5.38 of Hobbs et al. (1976).

Shear zones represent a localisation of deformation,

generally resulting from rheological instability. The

magnitude of the strain can be very high and the large

strains can lead to characteristic textures and fabrics in

the rocks, as in mylonites, the symmetry of which

tends to re¯ect the symmetry of the deformation. It is

often di�cult to determine the strain exactly but shear

strains g of at least 10±20 have been reported (Ramsay

and Graham, 1970). The corresponding maximum

natural extensional strain e can be obtained from
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or e � ln g for large g �2�
(Ramsay, 1980; Ramsay and Huber, 1983).

The features associated with large geological shear

strains can be conveniently explored experimentally in

torsion tests on cylindrical specimens (Fig. 1). The

aims of such tests therefore include:

1. To carry out non-coaxial deformation.

2. To explore rheological and microstructural develop-

ment over a much larger strain range.

Fig. 1. Torsion specimens of Carrara marble. These specimens have been deformed between alumina pistons, the whole assembly being enclosed

in a thin iron jacket; wrinkles in the jacket, originally parallel to the axis, serve as markers for the deformation. (a) 10 mm diameter, g=0.6; (b)

10-mm diameter, g=2.1; (c) 15 mm diameter, g=5; (d) 15 mm diameter, g varying from 1 to >10 (Urs Gerber).
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3. To explore the development of localisation of defor-
mation in shear.

4. To study the fabric and texture produced by large
non-coaxial strains.

By applying axial loading in addition to torsional
loading, using hollow cylinders if necessary, general
rheological behaviour can also be explored since all
three principal stresses can then be varied indepen-
dently.

The achievement of large strains is in itself of con-
siderable interest in connection with both rheological
and microstructural development. Strains in triaxial ex-
periments in compression are usually limited to 0.2±0.3
for rheological purposes because of complications as-
sociated with inhomogeneous behaviour such as bar-
relling and buckling, although with the lateral
constraints of solid medium apparatus strains several
times greater have been achieved for microstructural
studies (Tullis and Yund, 1977; Dell'Angelo and Tullis,
1996). Large strains can be achieved in extension and
Rutter (1998) has shown how to analyse the measure-
ments on necked specimens to yield data on coaxial
mechanical behaviour to natural strains of around 2.
The importance of exploring behaviour to such strains
is that microstructural development such as recrystalli-
sation is commonly still incomplete after strains of
0.2±0.3 and it is questionable whether a mechanical
steady state has yet been established. Preliminary
results mentioned later indicate that in the case of
marble and anhydrite a steady state is not reached
until at least a shear strain of 2. Shear strains of this
order can be achieved in diagonal saw-cut tests (for
example, Dell'Angelo et al., 1987; Schmid et al., 1987;
Zhang and Karato, 1995) but the constraints brought
into play by the lateral o�sets can be expected to com-
plicate the derivation of accurate strength data at the
higher strains.

The torsion test has many advantages for testing to
high strains, as follows:

1. There is no limit to the amount of twist that can be
applied to the specimen.

2. In the absence of material instability the defor-
mation is homogeneous to a high degree (Fig. 1a±
c). Thus there is no `end e�ect' similar to the conical
zone adjacent to the loading anvils in axial tests
because all displacements are parallel to the ends.
The geometry remains essentially unchanged
throughout the deformation to large strains, greatly
facilitating the establishment of whether a steady
state is developed or not.

3. Localisation of strain due to material instability is
readily studied in specimens of moderate length
because of the absence of any lateral constraints on
the specimen (Fig. 1d).

4. The local deformation in the specimen is always a

simple shear although on the scale of the specimen
the shear direction curves around the cylindrical
axis (Fig. 1b).

Torsion tests on cylindrical specimens have often
been used in materials science (for example, Swift,
1947; Hardwick and Tegart, 1961; Keane et al., 1966;
Lindholm et al., 1981; Canova et al., 1982; Montheillet
et al., 1984; ToÂ th et al., 1992; Blankenship et al.,
1995), but only rarely in experimental rock defor-
mation. An early application to rocks was that of Boe-
ker (1915) and the most comprehensive studies were
those of Handin et al. (1960, 1967). Durand and
Comes (1974), Durand (1975) and Bouchez and Duval
(1982) have used torsion tests in studies on ice. In ad-
dition, the rotating anvil method of Bridgman (1935,
1936) has been applied by Carter et al. (1964) and by
Riecker and Seifert (1964a,b), Riecker (1965) and
Riecker and Rooney (1966, 1967, 1969) to shear defor-
mation of various geological materials at high tem-
peratures, but this procedure only produces a thin
layer of deformed material and does not yield accurate
rheological data. Somewhat similar experiments have
been carried out on analogue materials by Jessell and
Lister (1991) and Bons and Urai (1996). Friction ex-
periments in torsion can also be used to study large
shear strains in gouge (for example, Tullis and Weeks,
1986; Yund et al., 1990; Tullis, 1994).

2. Mechanics of the torsion test

2.1. Basic analysis

The mechanics of the torsion test are well known
(e.g. Metals Handbook, 1985). Here we consider the
torsion of an isotropic homogenous cylindrical speci-
men of diameter d and length l, to which is applied a
torque M, and we designate the amount of twist or

Fig. 2. Schematic diagram of cylindrical specimen.
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angular displacement by y. The strain in the specimen
is inhomogeneous, being zero at the central axis and a
maximum at the cylindrical surface. However, because
of the constraints of the geometry, planes of material
normal to the axis will remain planar, and radial lines
of material normal to the axis will remain linear. Any
element along a radius of the cylinder undergoes a
simple shear in a plane normal to the radius, the dis-
placements being in the direction normal to the cylin-
der axis (Fig. 2). The shear strain gr at any radius r is
then given by gr=ry/l and so the strain rate at any
given radius r is given by _gr � r_y=l: Therefore, the
strain and the strain rate increase linearly with radius
within the specimen.

The maximum shear strain g, at the surface of the
cylinder, is given by

g � dy
2l

�3�

and the corresponding maximum strain rate _g is given
by

_g � d_y
2l
� pdo

l
�4�

where _y and o are the twist rate in radians per second
and in revolutions per second, respectively.

The stress state in the specimen will depend on the
stress±strain characteristics of the material but will be
of cylindrical symmetry for isotropic and homogeneous
material. For each annular ring of width dr at radius
r, in which the shear stress is tr, the torque is tr2pr

2 dr
and therefore the total torque M is given by

M � 2p
�
trr2 dr: �5�

The evaluation of this integral depends on the
speci®c stress±strain relationship, as follows:

For the elastic case, if we assume that tr � Ggr
where G is the shear modulus, we obtain for a solid
cylinder

M � pGyd 4

32l
� pd 3t

16
�6�

since the maximum shear stress at the surface, t, is
equal to Gg � Gyd=2l: For a hollow cylinder of outside
diameter do and inside diameter di we obtain

M � pGy
ÿ
d 4

o ÿ d 4
i

�
32l

� p
ÿ
d 4

o ÿ d 4
i

�
t

16do
: �7�

For the rigid-plastic case, in the case of a perfectly
plastic material with yield stress ty, we have tr=ty for
all r, and we obtain for a solid cylinder

M � pd 3ty
12

�8�

and for a hollow cylinder

M � p
ÿ
d 3

o ÿ d 3
i

�
ty

12
�9�

Power-law creep case:
Now we assume that _gr �Atnr e

ÿQ
RT , where A, n and

Q are constants, T is the temperature, and R is the gas
constant, so that tr � �2r=d�1=nt, from which we obtain
for a solid cylinder

M � pd 3t

4

�
3� 1

n

� �10�

and for a hollow cylinder

M � pt

4

�
3� 1

n

� d
3�1

n
o ÿ d

3�1
n

i

d
1
n
o

�11�

It is noted that, for n = 1 and n � 1, the ex-
pressions Eqs. (10) and (11) correspond, respectively,
to Eqs. (6) and (7), and to Eqs. (8) and (9). Also, since
M is linearly related to t, the slope of the log±log plot
of _g or _y vs. M for constant temperature will give the
value of n in a way analogous to the procedure in
axial deformation tests, that is,

n � d ln _g
d ln M

� d ln _y
d ln M

: �12�

Similarly Q can be determined for constant strain rate
using the expression

Fig. 3. Variation in shear stress tr with radius r for power law creep

in dependence on stress exponent n; t is the stress at the outer radius

ro.
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Q � nR
d ln M

d �1=T� : �13�

Having determined n and Q, A can be determined
for given M and _y from

A �

0@ pd 3�1
n

4M
ÿ
3� 1

n

�
1An

_y e
Q
RT

2l
: �14�

It must be borne in mind that the above analysis
assumes homogeneous rheological properties through-
out the specimen.

The nature of the radial variation in stress within
the specimen as a function of its rheology is shown in
Fig. 3.

2.2. E�ect of non-uniform diameter or temperature Ð
power-law creep case

There may be situations, such as those involving
very strong samples or studies of localisation, in which
it is desired to vary the diameter of the specimen in
order to increase the degree of gripping at the ends or
to concentrate the deformation in a controlled way, or
to vary the temperature along the specimen. In these
cases, the strain rate will also be non-uniform along
the length. However, for equilibrium, the torque must
be the same at all positions. This condition permits the
calculation of distribution of maximum strain rate and
stress along the length of the specimen.

If we consider the deformation of an elementary
slice of thickness dx and diameter dx at distance x
from the reference end of a specimen of total length l,
then, from Eq. (4), the contribution _yx from this el-
ement to the total twist rate _y is given by

_yx � 2_gxdx

dx
�15�

where _gx is the maximum shear strain rate in the el-
ementary slice. In the case of power-law creep, using
Eq. (10), we can write

_gx � A e
ÿQ
RTx tnx � A e

ÿQ
RTx

0B@4

�
3� 1

n

�
pd 3

x

M

1CA
n

: �16�

Then, for a given temperature pro®le Tx,

_y �
�l
0

_yxdx � 2A

�
4

p

�
3� 1

n

��n

Mn

�l
0

e
ÿQ
RTx

d 3n�1
x

dx: �17�

In the case of uniform temperature T where the di-
ameter d is reduced to fd over a fraction a of the
length l (Fig. 4), the integral term in Eq. (17) becomes

�l
0

e
ÿQ
RTx

d 3n�1
x

dx � l e
Q

RT

d 3n�1

�
�1ÿ a� � a

f 3n�1

�
�18�

and so the fractional contribution D_ya from the
reduced section to the total twist rate _y will be

D_ya
_y
�

a
f 3n�1

1ÿ a� a
f 3n�1

� a
a� �1� a�f 3n�1 : �19�

Table 1 shows the degree of concentration of the de-
formation in the section of reduced diameter for var-
ious values of the parameters a, f and n. For example,
if the specimen of material with n = 3 is reduced to
90% of its original diameter over 10% of its length,
the reduced section will contribute 24% of the total
twist; consequently, the strain in the reduced section
will be 2.16g and the strain in the remainder will be
0.84g where g is the apparent strain calculated from
the total twist.

Similar considerations show that if there is a tem-
perature gradient along the specimen, the total twist
rate will be given by

Table 1

Examples of concentrated deformation, from Eq. (19)

a f N a
a��1ÿa� f 3n�1

0.1 0.9 1 0.14

0.1 0.9 3 0.24

0.1 0.9 10 0.74

0.5 0.7 1 0.81

0.5 0.7 3 0.97

0.5 0.7 10 1.00
Fig. 4. Cylindrical specimen of non-uniform diameter.
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_y �
�l
0

_yx dx � 2A

�
4

p

�
3� 1

n

��n
lMn

d 3n�1

�l
0

e
ÿQ
RTx dx �20�

where Tx is the temperature at position x.
The ratio of the strain rates _g1, _g2 at di�erent pos-

itions 1 and 2 in the specimen under a given torque
can be obtained directly from Eq. (16) as

_g1
_g2
�
�
d2
d1

�3n

�21�

or

_g1
_g2
� e

Q
R

�
1

T2
ÿ
1

T1

�
�22�

for variations in diameter and temperature, respect-
ively. For example, if there is a temperature gradient

of 20 K over the length of the specimen at 1000 K and
Q=400 kJ molÿ1, then _g1/_g2=2.7.

3. Apparatus details

3.1. Apparatus con®guration

The speci®c torsion system described here has been
designed as an add-on feature for the Paterson gas-
medium HPT testing machine (Paterson, 1990) but the
principles are of general application. The environmen-
tal conditions are generally within the range of con®n-
ing pressure to 500 MPa and temperature to 1600 K.

The basic layout of the system is shown in Fig. 5.
The testing assembly is mounted in a vertically
oriented pressure vessel A, with upper and lower clo-
sures B and C through which the torque and axial
force can be transmitted to the specimen assembly
from externally mounted actuators. The axial actuator
is mounted below the pressure vessel and the axial
force transmitted to the specimen assembly through
the piston D and the internal load cell E. The torsion
actuator is mounted at the top of the pressure vessel,
its body G being attached to the top of the pressure
vessel by an annular nut H which allows its removal
for specimen insertion. The upper end of the specimen
assembly consists of a boss F that projects through the
closure and engages with the driver J seated in the
rotating member I supported by a thrust bearing. The
member I is connected to a servomotor drive through
reduction gearing of 54,600:1 ratio. Operating the ser-
vomotor drive over a speed range from 3000 rpm (50
Hz) down to 0.03 rpm (5 � 10ÿ4 Hz) gives a range of
twist rate from 10ÿ3 to 10ÿ8 radians per second.

Since the machine is normally operated at elevated
con®ning pressure, this aspect is used for the gripping
of the various components. The friction associated
with the large contact forces generated by the con®n-
ing pressure acting on the boss F and on the bottom
closure C ensures that the actuator body and the bot-
tom plug do not rotate during a test, and the con®ning
pressure also provides the means of gripping the driver
J and the specimen assembly. The torque reaction at
the bottom end of the specimen assembly is provided,
®rst, by spines between the bottom specimen anvil and
the load cell and, second, by spines between the in-
ternal load cell and the bottom closure. The latter
spines permit the specimen assembly to be subjected to
simultaneous axial and torsional loading. The mini-
mum con®ning pressure for e�ective operation of the
system is around 20±50 MPa, depending on the magni-
tude of torque to be applied.

The torsion driver J has a stem that projects out of
the actuator and engages with a rotary displacement
transducer K to register directly the twist of the speci-

Fig. 5. Schematic diagram of high-pressure high-temperature testing

machine with torsion actuator and specimen assembly.
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men assembly with a rotary displacement transducer.
Primary measurement of torque is done with the in-
ternal load cell E; the axial and torsional distortions of
its elastic element under axial load and torque, respect-
ively, are measured with displacement sensors (capaci-
tance gauges, electric resistance strain gauges or
LVDTs). Strain gauges are mounted on the boss of the
driver J, which engages with the specimen assembly
boss F, and also provide external torque measurement
for an approximate indication of the torque, which
includes the friction. The rating of the torsion actuator
and internal torque cell is typically 1000 N m.

3.2. Specimen assembly

The simplest specimen assembly is indicated in
Fig. 5. In this assembly the cylindrical specimen S is
placed within the jacket N, ¯anked with two pistons
M of the same diameter, normally of ceramic for high
temperature tests. The two endpieces F and L are
sealed within the jacket with O-rings. The seals are
located outside the furnace and are at low tempera-
ture. In this specimen assembly, the torque is trans-
mitted to the pistons and specimen by friction
associated with the con®ning pressure, the jacket in-
terior being vented to atmosphere at both ends. The
maximum torque available for this arrangement is lim-
ited to that which would cause slip at any of the inter-
faces between specimen, pistons and endpieces.
Assuming a coe�cient of friction m, the maximum tor-
que transmitted across any interface can be obtained
from the rigid-plastic Eq. (8) with ty=mp where p is
the con®ning pressure. The corresponding maximum
¯ow stress in a specimen undergoing homogeneous
power-law creep can then be obtained by substituting
this torque into the Eq. (10) to give

t � 3� 1
n

3
mp: �23�

As an example, taking m=0.5 for steel±ceramic or
ceramic±rock interfaces and p=300 MPa gives t=200
MPa for n=1 and t=164 MPa for n=3 as the maxi-
mum shear strength of a material that can be
deformed in this way. The corresponding torque is 133
N m for a 15-mm specimen diameter.

If the frictional gripping of a plain cylindrical speci-
men is inadequate, alternative arrangements within the
specimen assembly will be necessary, such as keying
the components together or using a `dog-bone' speci-
men, with appropriate jacketing. Thus, reducing the
specimen diameter in the `dog-bone' from 15 mm to 10
mm and swaging the jacket down over the specimen
would increase the stress range by a factor of 3.4 (Eq.
(10) and Fig. 4).

Although copper jackets can be used at relatively

low temperatures, their high thermal conductivity
tends to distort the temperature pro®le in the hot zone
of the furnace and to overheat the O-ring seals. Thus
iron jackets are more suitable at most temperatures,
especially above 1000 K. In practice, jackets can show
remarkable ductility, for example, a shear strain of
about 22 has been reached in a test on Solnhofen lime-
stone in an iron jacket at 1000 K. The choice of suit-
able jacket material for speci®c cases is an essential
part of the experimental design.

In cases where it is desirable to have a nearly uni-
form stress state, hollow specimens can be considered,
for which it is then necessary to jacket the inside diam-
eter as well as the outside and to ensure that both are
exposed to the con®ning pressure. However, in order
to achieve a high degree of uniformity of stress, a thin-
walled specimen is required, which poses problems of
specimen preparation and handling because of fragility
at atmospheric pressure. This question is considered
further below in Section 5.

3.3. Control and conduct of experiments

Torsion tests can be carried out under displacement
control or torque control, similar to the controls used
in axial tests. Since the diameter of the specimen does
not change during deformation, unless there is a
change of volume, it is su�cient to control at constant
motor speed or at constant torque in order to ensure
constant strain rate or constant stress, respectively.
For this purpose, feedback from a speed transducer on
the motor or from the internal torque cell, respectively,
is used. Relaxation experiments can be carried out
simply by stopping the motor.

The strain rates in experiments can be in¯uenced
both by choice of twist rates and by choice of speci-
men dimensions, through _y � �2l=d�_g: For example,
for a specimen of 15 mm diameter and 10 mm length,
the drive speed range of 10ÿ3±10ÿ8 radians per second
give a strain rate range 0.8 � 10ÿ3 sÿ1±0.8 � 10ÿ8 sÿ1.
For more slender specimens, the same drive speed
range gives lower strain rates, while the reverse applies
for relatively short specimens, thus providing at least
an extra order of magnitude in range of strain rates.
The slender specimens might be used when exploring
shear instabilities; the practical limitations are set by
specimen fragility, relative jacket thickness and hot
zone length to, say, 5 mm diameter and 30 mm length.
The relatively short specimens allow the highest strains
to be explored in given time; practical limitations are
set mainly by grain size to, say, 15 mm diameter and 1
mm length. In this way the strain rate range available
becomes 10ÿ2±10ÿ9 sÿ1.

The time required for reaching a given strain
gmax is given by gmax=_g: For example, if gmax=10 and
_g � 10ÿ5 sÿ1, then the duration of the experiment is
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106 s or nearly 12 days. Thus it is seen that consider-
able compromise may be called for between require-
ments for low strain rates and for large strains
(geological strains at geological strain rates require
geological time). However, for a given instantaneous
microstructural state of the specimen, stress or strain-
rate stepping can be used in exploring the correspond-
ing rheology down to very low strain rates. Similar in-
formation can be obtained from relaxation
experiments, which can be carried out simply by stop-
ping the drive motor and monitoring the decay of the
torque.

In carrying out or interpreting a torsion test
using an internal load cell that measures both axial
load and torque it is important to be aware of the
e�ects of friction between the end of the specimen
column L and the load cell E (Fig. 5). Thus, when
establishing the axial load zero and axial touch
point, it is important to ensure that no torque is
being applied; otherwise, a large hysteresis will be
found, originating in the friction at the torsional
contact with the load cell. Conversely, when estab-
lishing the torque zero and torsional touch point, it
is important to ensure that no axial load is being
applied, for similar reasons. During the torsion test,
even when the specimen column is positioned to be
away from the axial touch point, the frictional con-
tact in the splines will allow change in length of
the specimen column to be re¯ected in change in
the axial load signal, up to the limit set by fric-
tional sliding; such an e�ect may arise from
changes in pressure or temperature a�ecting the
length of the column, as well as from changes in
length of the specimen itself, such as that arising
from dilatancy. These interactions may give a mis-
leading impression of `cross-talk' between axial and
torsional load signals whereas in fact they represent
real behaviour of the experimental assemblage,
which in turn makes detection of `cross-talk' within
the load cell di�cult to establish unambiguously.

Care also needs to be taken in interpreting the data
from an experiment in which non-coaxial deformation
occurs, such as `dog-legging' (non-alignment of the
ends of the specimen) or development of a `bent'
shape. An indication of whether `dog-legging' is devel-
oping can often be obtained during the experiment by
unloading the specimen and checking the `touch-point'
in both senses of twisting. If the internally measured
torque zero is di�erent in the two senses, indicating
signi®cant friction, then the specimen assembly may be
exerting a lateral load on the load cell. A lateral load
on the load cell may also cause some error in the tor-
que signal due to incomplete compensation for side
load. Therefore, particular caution should apply to
rheological conclusions drawn from specimens that
develop a non-cylindrical shape during deformation.

3.4. Calibration

The calibration of the torsional displacement trans-
ducer will usually be available from the manufacturer.
Alternatively, a calibration may be derived from
counting of complete revolutions of either the displace-
ment transducer or of the motor. This step ensures
that the values of y are calibrated values in the follow-
ing procedure.

The calibration of the internal torque cell is done
under pressure. In order to allow for apparatus distor-
tion, this calibration can be done by measurements in
the elastic range on two steel bars of di�erent diam-
eters. Eq. (3) gives the elastic compliance of a given
bar as

y
M
� 32l

pGd 4
�24�

where l and d are the length and diameter, respectively,
of the calibrating bar and G is its shear modulus
(around 83 GPa, depending somewhat on the speci®c
steel).

Fig. 6(a) shows the relationships between the indi-
cated values of torque, designated M ', and the twist y
for the two bars, designated by subscripts 1 and 2, as
well as, notionally, for a rigid bar (the notional twist
yapp for a `rigid bar' represents the apparatus distor-
tion outside of the calibrating bars and need not be
linear with M ' ). The actual compliance of bar 1 will
be

y1 ÿ yapp

M
� 32l1

pGd 4
1

�25�

and that of bar 2

y2 ÿ yapp

M
� 32l2

pGd 4
2

: �26�

Taking the di�erence and re-arranging gives

M � pG�y1 ÿ y2�

32

 
l1

d 4
1

ÿ l2

d 4
2

! : �27�

Thus measurements of the twists y1 and y2 at a
number of indicated torque values M ' (Fig. 6b) enable
a calibration curve for the torque M to be derived
(Fig. 6c). In practice, it is convenient if this curve is
linear but it is not necessarily so, and it may show
some pressure dependence. The apparatus compliance
C=yapp/M (which excludes the compliance of the spe-
cimen assembly pistons) can also be obtained from
Eqs. (25) and (26). A typical value of this compliance
is 4 � 10ÿ5 radians per N m at 300 MPa con®ning
pressure for the apparatus discussed here.
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Finally it is necessary to make a correction to the
measured torque for the torque supported by the
jacket on the specimen. If the ¯ow stress for axial de-
formation of the jacket material is known from direct
measurement or taken from a ¯ow law such as that of
Frost and Ashby (1982), the ¯ow stress in shear can be
calculated assuming the von Mises failure criterion. If
not, a calibration must be carried out. This is most
readily done using a specimen of the same material as
the jacket and calculating the torque supported by the
jacket using relationships appropriate to power-law
rheology if the behaviour is of this type. An alternative
is to use a hollow specimen assembly without speci-
men, spinning the outer jacket down to ®t over the
inner jacket and measuring the diameters after pressur-
ising to eliminate any gap. The magnitude of the cor-
rection is of the order of 5% for a 15-mm-diameter
specimen in a jacket of 0.25 mm wall thickness when
the jacket material is of similar strength to the speci-
men.

4. Analysis of experimentsÐmicrostructural

The microstructural study of the specimens from
torsion tests is more complex than for axial defor-
mation tests because of the gradient in strain rate
and strain with radius. There are three principal
ways of cutting sections for microscopical examin-

ation, shown in Fig. 7, which can be referred to as
`longitudinal tangential', `longitudinal axial' and
`transverse'. These sections have the following
speci®c characteristics:

Longitudinal tangential: the transport direction is
approximately parallel to the section (analogous to the
xz plane of Ramsay, 1980) and normal to the longi-
tudinal dimension, provided the section is cut close to
the surface. Strain localisation e�ects should be
revealed by variations in strain in the direction of the
longitudinal dimension. In the absence of localisation,
the strain and strain rate are approximately uniform
within this section. This section is normally the most
informative because of the orientation and of the rela-
tively large area at maximum strain.

Longitudinal axial: the shear transport direction is
normal to the section (analogous to a section of a
shear zone normal to the transport direction, or the yz
plane of Ramsay, 1980) and the strain and strain rate
increase in the normal direction from the specimen
axis which lies in the section. Strain localisation e�ects
should be revealed within this section by variations
parallel to the longitudinal dimension.

Transverse: the shear displacement or transport
direction lies in the plane of the section (analogous to
that in a section parallel to a shear zone, or the xy
plane of Ramsay, 1980), and the strain and strain rate
increase radially from the centre, with radial symmetry
in homogeneous and isotropic material. Strain localis-

Fig. 6. Torque calibration procedure. (a) Schematic relationship between twist and indicated torque for two bars of di�erent diameter. (b) An

example of calibration data. (c) Calibration curve derived from data in (b).
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ation e�ects can only be studied by cutting successive
sections along the specimen axis.

In the interpretation of variations in radial and axial
directions, respectively, it cannot be assumed that the
variations in the transverse and longitudinal sections
can be entirely attributed to the variation in the strain
itself because the strain rate is varying also. To separ-
ate the e�ects of these two factors, experiments at
di�erent twist rates are required.

The nature of the microstructural studies will, of
course, depend on the aims of the research. The stu-
dies are likely to include observations of recrystallisa-
tion, grain-size and shape, and other microscopical
features, observations on lattice and shape preferred
orientations, and electron microscopical observations
on dislocations, grain boundary structures, etc.

Variations in observed structure with position in the
specimen must be interpreted with care because of the
complex interrelationships between strain, strain rate
and structural evolution. Thus, if the achievement of a
steady-state torque±twist relationship means that a

steady-state stress±strain condition has been achieved
at each radius, the corresponding microstructure is not
necessarily homogeneous because the local steady state
at each radius may correspond to a di�erent grain size
in dynamic recrystallisation, leading to a radial vari-
ation in grain-size in the specimen. Conversely, the ob-
servation of a gradient in grain-size in a transverse or
longitudinal section does not necessarily mean that the
specimen is not deforming in a steady state in a single
rheological regime.

5. Analysis of experimentsÐrheological

Torsion experiments carried out to large strains give
a broader view of the e�ects of strain history on the
¯ow stress than do conventional axial deformation ex-
periments. Thus, gradual changes in microstructure
such as the development of crystallographic preferred
orientation or change in grain-size through recrystalli-
zation can result in gradual changes in ¯ow stress at a
given strain rate over a large range of strain. At any
particular stage in the strain history, the maximum
strain rate at the surface of the specimen is given by
Eq. (4), and the ¯ow stress at this strain rate is given
by Eq. (10), assuming that the strain rate dependence
within the specimen can be represented by a power
law. Stepping tests then enable the strain rate and tem-
perature dependencies and the pre-exponential factor
for the current ¯ow stress to be determined using Eqs.
(12)±(14). The values of the parameters thus deter-
mined may be useful in constraining deductions about
possible deformation mechanisms at a particular stage
in the deformation. However, their usefulness for
extrapolating the rheological behaviour to geological
conditions will depend on the degree to which a
`steady-state' or strain-independent behaviour can be
de®ned.

The procedures just outlined represent the primary
approach to determining the rheological parameters.
However, the stress exponent can also be obtained
from relaxation experiments if these are carried out
under well-de®ned conditions. In such tests, with the
actuator drive stationary, the torque relaxation rate at
a given torque is used to estimate the strain rate at the
corresponding stress, through the relationship

_y � C _M �28�
where _y is the twist rate in the specimen at the torque
M at which the torque relaxation rate _M is measured,
and C is the elastic compliance of the torque loading
system (see Section 3.4 above). Then, using Eq. (12)
we have

Fig. 7. Schematic diagram showing the three principal ways of cut-

ting sections.
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n � d ln _y
dM

� d ln _M

dM
� d ln C

dM
: �29�

If the machine is behaving with constant compliance,
then

n � d ln _M

dM
� 1

_M

d _M

dM
�30�

at each stage in the relaxation.
It should be emphasised that the Eqs. (12)±(14) and

(30) are only strictly applicable if the material deforms
throughout the specimen according to the same creep
law, that is, with the same A, n and Q values at all
stresses and strain rates below the maxima at the sur-
face. This assumption will not be valid if the rock
undergoes a rheological transition with decreasing
stress and strain rate below those applying at the sur-
face of the specimen. However, because of the cubic
dependence of the torque on the diameter, a large pro-
portion of the measured torque relates to an outer
fraction of the radius that is relatively small, and
hence relates to stresses near the maximum stress.
Thus, for n=3, Eqs. (10) and (11) can be used to show
that 90% of the torque comes from the outer half of
the radius, across which the stress is within 20% of the
maximum stress (Fig. 3). Eqs. (12)±(14) and (30) can
therefore be used as a good approximation for deter-
mining n and Q provided that there is not a rheologi-
cal transition close below the maximum stress. Even if
the latter conditions are not ful®lled, twist-rate or tor-
que stepping tests would probably give a good quali-
tative indication of the presence of a transition.

In principle, the use of hollow specimens would
overcome the limitations of radially inhomogeneous
behaviour in solid specimens. For power-law creep, the
ratio of shear stress at the inside diameter ti to that at
the outside diameter to is given by

ti

to

�
�
di

do

�1
n �31�

A robust specimen of 22 mm outside diameter and
16 mm inside diameter has a stress ratio of 0.90 for
n=3 (Fig. 3). If it is desired to have a stress ratio of
0.95, for example, the inside diameter would have
to be 19 mm, giving a wall thickness of 1.5 mm. For
n=1, the requirement on wall thickness for high stress
ratio is even more stringent, and probably impractical
for many materials. Thus, in view of the point made in
the previous paragraph that the major part of the tor-
que relates to the outer radii of the specimen and
because the torque supported by the jacketing will be
nearly double that for a solid specimen, it will often be
questionable whether the extra experimental di�culties
in using hollow specimens are worth the inconvenience

for the sake of marginal improvement in rheological
analysis.

An alternative procedure for dealing with radially
inhomogeneous behaviour is to make measurements
on two specimens of the same material with slightly
di�erent diameters d1 and d2 (d1 > d2) and take the
di�erence in the torques, corrected slightly for the
di�erence in torque supported by the two jackets, as
being the torque supported by a hollow specimen of
outer diameter d1 and inner diameter d2. In this case,
if we insert d2/2 and d1/2 as the integration limits in
Eq. (5) and assume power-law rheology with a unique
n for the material between d2 and d1 in the larger spe-
cimen, so that tr � �2r=d1�1=nt as in the derivation of
Eq. (10), it follows that

DM �M1 ÿM2 � pt

4

�
3� 1

n

�
0B@d

3�1
n

1 ÿ d
3�1

n
2

d
1
n
1

1CA �32�

in analogy with Eq. (11). The relations Eqs. (12)±(14)
and (30) can then be applied to DM to obtain the
rheological parameters n, Q and A that apply to the
layer between d1 and d2.

Further insight into the rheological analysis can be
obtained from more detailed consideration of rheologi-
cal regime maps and the actual stress±strain relation-
ships that might be expected for homogeneous
behaviour, as follows:

First, consider the rheological regime map of Fig. 8,

Fig. 8. Rheological regime map for Solnhofen limestone based on

Schmid et al. (1977); the contours for the shear stresses marked have

been obtained by adding the ¯ow laws de®ned for the two regimes.

The short vertical lines represent the range of strain rates for the

outer half of the radius of a specimen, from which the measured tor-

que in a torsion test essentially derives. T = temperature, _g=shear

strain rate.
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based on ¯ow laws derived from the measurements of
Schmid et al. (1977) for Solnhofen limestone. The span
of log strain rates in the outer half of the radius of a
specimen is log 0.5=ÿ0.301, or slightly less than one
third of a decade of log strain rate. Several such spans
are marked (vertical lines) for a decreasing series of
torque values at a temperature of 900 K. It is seen
that the span of stresses contributing most of the tor-
que generally falls entirely within one regime ®eld;
only over a relatively small torque range does it fall
across the regime boundary. Moreover, this boundary
is not very sharp in practice. Thus the use of rheologi-
cal data derived from solid specimens should fairly
well de®ne the regime ®elds and give reliable rheologi-
cal parameters.

Second, consider hypothetical stress±strain curves
for a series of constant strain rates at a given tempera-
ture. Fig. 9(a) depicts a case in which steady state is
soon reached and maintained to large strains. The
dashed curves represent the stress distributions within
specimens for several maximum (surface) strains. The
weighted integration of these stresses according to Eq.

(5) gives the torque±twist curve of Fig. 9(b). Fig. 10(a)
depicts a case in which a strain softening is followed
by steady state behaviour. A similar analysis leads to
the torque±twist curve of Fig. 10(b). These examples
show that, while the stress±strain history is qualitat-
ively re¯ected in the torque±twist curves, the details
are less distinct.

There may be situations in which the microstructure
can give guidance to the rheological analysis. Thus, if,
for example, due to dynamic recrystallisation at the
higher strain rates and strains, the specimen were to
develop a ®ne-grained outer rim between radius ri and
the surface radius ro, which did not develop in the
inner parts of the specimen, the specimen could be
treated as consisting of two concentric parts and the
integration in Eq. (5) could be carried out separately
for the two respective ranges and added, according to

M � 2p
�ri

0

trr
2 d r� 2p

�ro

ri

trr
2 dr: �33�

If the rheological parameters can be assumed to be
known for one of the zones (for example, the unrecrys-
tallised zone), the corresponding integral could be eval-

Fig. 10. Derivation of torque±twist curve from shear stress±shear

strain relationships for a case involving strain softening. (a)

Hypothetical shear stress±shear strain curves for a series of strain

rates. The dashed lines represent examples of the distributions of

stress within specimens strained to the maximum shear strain rep-

resented by the vertical lines. (b) Torque±twist curve derived using

Eq. (5).

Fig. 9. Derivation of torque±twist curve from shear stress±shear

strain relationships for a case of early approach to steady state. (a)

Hypothetical shear stress±shear strain curves for a series of strain

rates. The dashed lines represent examples of the distributions of

stress within specimens strained to the maximum shear strain rep-

resented by the vertical lines. (b) Torque±twist curve derived using

Eq. (5).
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uated and subtracted from M, to give a value for the
integral relating to the other zone, and thus facilitate
further analysis of its rheological properties.

6. Other aspects of torsion tests

So far no account has been taken of any role of
non-zero strain or stress in the axial direction. There
are two such situations that may be mentioned here.

To a ®rst approximation, no change in length of a
specimen undergoing torsional deformation would be
expected for an initially homogeneous and isotropic
material deforming at constant volume. However,
small changes in length have often been observed in
metals (Van Arsdale et al., 1980; ToÂ th et al., 1992;
Jonas, 1993) and might be similarly expected in rocks,
especially since volume change may occur due to
microcracking or phase change. Length changes can be
monitored with the axial displacement transducer if a
small axial load is applied to the specimen and main-
tained constant. No careful measurements have yet
been made of length changes in rocks.

The second application where axial e�ects come into
consideration is in the determination of the role of all
three principal stresses in the rheology. The use of
combined torsion and axial tests on hollow cylinders
has been a classic method for determining the constitu-
tive laws for plastic deformation of metals. Similar ap-
plication can be expected for determining the full
rheology of rocks, especially taking dilatancy into
account.

A knowledge of the constitutive law is a prerequisite
to comparing axial and torsion test results. It has
often been assumed that a von Mises type of constitu-
tive relationship will apply in creep deformation of
rocks (Odqvist, 1935, 1966). In this case, under general
states of stress, comparable ¯ow rates would be
expected at identical values of the von Mises equival-
ent stress

seff �
������������������������������������������������������������������������������
1

2

�
�s1 ÿ s2 �2��s2 ÿ s3 �2��s3 ÿ s1� 2

	r
�34�

in which s1, s2, s3 are the principal stresses. Then,
since the principal stresses in the torsion test are p+t,
pÿt, and p, and in the axial test are s+p, p, and p,
where p is the con®ning pressure, t the shear stress
determined with the internal torque cell in the torsion
test, and s(=s1ÿs3) the axial stress determined with
the internal load cell in the axial test, we have

seff � s in the axial test, �35�
and

seff �
���
3
p

t in the torsion test: �36�

In order to compare ¯ow rates under the di�erent
states of stress, we use the equivalent strain rates

_eeff �
��������������������������������������������������������������������������
2

9

�
�_e1 ÿ _e2�2��_e2 ÿ _e3�2��_e3 ÿ _e1� 2

	r
�37�

where _e1, _e2, _e3 are the principal strain rates. Putting _e2
� _e3 � ÿ_e1=2 for the axial test and _e2 � ÿ_e3 � _g=2,
_e1 � 0 for the torsion test �_g is the maximum engineer-
ing shear strain rate), we have

_eeff � _e1 in the axial test, �38�

_eeff � 1���
3
p _g in the torsion test: �39�

If we compare the ¯ow stresses in axial and torsion
tests at the same equivalent strain rates (and therefore
the same equivalent stresses), then we would expect

s �
���
3
p

t or t � 1���
3
p s: �40�

However, if we compare the ¯ow stresses in axial
and torsion tests at the same nominal strain rate
�_e � _g), then the equivalent strain rate in torsion will
be 1=

���
3
p

times that in the axial test and the equivalent
stress will be lower by a factor that depends on the
stress vs. strain rate relationship. If this relationship is
a power law with stress exponent n, we would expect

t �
�

1���
3
p s

��
1���
3
p

�1
n� 1

3
1�n
2n

s �41�

or

s � 3
1�n
2n t: �42�

For Newtonian ¯ow, n=1, and Eq. (42) gives
s=3t and, for n=3±5, Eq. (42) gives s12t:

7. Examples of torsion tests to high strains

To illustrate the application of torsion testing, we
®rst show that for Carrara marble it leads to rheolo-
gies and microstructures similar to those from more
conventional tests at similar conditions (Table 2), and
then show that signi®cant new information is available
because of the higher strains in torsion tests. Carrara
marble has been chosen for such a comparison because
considerable experimental data already exist showing
the in¯uence of strain on both microstructure and
rheology and showing that high strains may be necess-
ary before either reaches steady-state (e.g. Schmid et
al., 1980, 1987; Rutter, 1974, 1995, 1998; Covey-
Crump, 1994, 1997, 1998). Carrara marble is used for
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deformation experiments because it is homogeneous,
medium-grained and almost pure calcite.

Our test specimens were of the Lorano Bianco Car-
rara marble that has been widely distributed for inter-
laboratory comparison. Specimens of 15 mm diameter
and 10 mm length were cored parallel to the A-orien-
tation (Pieri et al., 2000a) and jacketed in iron (0.2
mm wall thickness). Tests were carried out at 973 K,
strain rate 4.7 � 10ÿ4 sÿ1 and con®ning pressure 300
MPa, up to shear strains g=7. Flow can be described
by a power-law with a high stress exponent �nr7).
The resulting stress±strain curves are compared with
previously published curves from other types of tests
in Fig. 11. In all cases, the shear stresses reached simi-
lar values for g=0.2 and thereafter appeared to remain
approximately constant up to g=1 (Fig. 11a). How-
ever, when a greater strain range is considered, notice-
able work softening is evident (Fig. 11b). At three
points during the g=7 test, strain-rate stepping was
performed to determine the evolution of the stress
exponent n with strain (Fig. 11b). The value of n
decreased from 13 for g=0.5 to approximately 7 for
g=3.5, and remained constant to g=7. This change in
n suggests an evolution in deformation mechanism.

Ultra-thin �R10 mm) sections were made of the
starting material and of the specimen strained to
g=2.1 in the orientations depicted in Fig. 7. The start-
ing material has a unimodal grain size distribution and
a mean grain size of 140 mm (Fig. 12a). Most grains
are equant in shape and contain thin randomly
oriented twin lamellae, serrate grain boundaries, and a
faint undulatory extinction. There is also a weak

Table 2

Compilation of rheological data for Carrara marble deformed at a temperature of 973 K, con®ning pressures of 200±300 MPa and shear strain

rates of approximately 5� 10ÿ4 sÿ1

Test type Shear strain rate Peak shear stress Total shear strain Reference

(sÿ1)a (MPa)a (g)a

Torsion 4.7� 10ÿ4 57 0.52 This study

Torsion 4.7� 10ÿ4 57 2.1 This study

Torsion 4.7� 10ÿ4 66 7.0 This study

Stepping sequence #1b 4.7� 10ÿ4 64 0.3±0.5 n=12.721.0

Stepping sequence #2b 4.7� 10ÿ4 60 3.06±4.0 n=7.721.0

Stepping sequence #3b 4.8� 10ÿ4 58 5.35±6.0 n=7.320.5

Split-cylinder shear 4.7� 10ÿ4 72 2.85 Schmid et al., 1987

Coaxial compression 17� 10ÿ4 66 > 0.2 Schmid et al., 1980

Coaxial compression 1.9� 10ÿ4 60 > 0.2 Schmid et al., 1980

Coaxial compression 2.9� 10ÿ4 64 0.88 Rutter, 1995

Coaxial compression 3.8� 10ÿ4 70 0.52 Covey-Crump, 1998

Coaxial extension 4� 10ÿ4 82 1.4 Rutter, 1995

Flow law (Regime 2) 4.7� 10ÿ4 69 ± Schmid et al., 1980

a For the torsion tests, values of strain, strain rate, and stress were calculated from Eqs. (3), (4) and (10). For coaxial tests, the shear values

were calculated from the coaxial values using Eqs. (38) and (39).
b Strain-rate stepping tests used to estimate n-values. The listed strain rates and stresses are those at the beginning of the stepping sequence.

Strain rates for a sequence were 1.0 � , 0.33 � , 0.10� and 1.0� the listed value. The complete stepping sequence occurred over the listed range

of shear strain (Fig. 11). The uncertainty in the n-value represents the maximum range determined in the strain-rate stepping sequence.

Fig. 11. Shear stress±strain curves for Carrara marble at 973 K and

200±300 MPa (see Table 2). (a) Low-strain region. (b) High-strain

region.
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grain-shape fabric and a weak crystallographic pre-
ferred orientation. This microstructure is similar to
that described by others (e.g. Schmid et al., 1980; Rut-
ter, 1995; Covey-Crump, 1998).

Examples of microstructures from the sheared

specimen are shown in Fig. 12(b±f). The longitudi-
nal tangential section shows a grain shape change
that corresponds approximately to the ®nite strain
(Fig. 12b). Many grains contain strong undulatory
extinction, thick-bowed twins, and subgrains, all in-

Fig. 12. Microstructures of Carrara marble. (a) Undeformed. (b) Longitudinal tangential section, g=2. (c) Longitudinal axial section from near

centre of specimen �g10). (d) Longitudinal axial section near outer edge of specimen (specimen boundary is on the right-hand side). (e) Trans-

verse section from near centre of specimen �g10). (f) Transverse section near outer edge of specimen (specimen boundary is on the right-hand

side). All micrographs are to the same scale as shown in (a).

M.S. Paterson, D.L. Olgaard / Journal of Structural Geology 22 (2000) 1341±1358 1355



dicative of dislocation glide and climb. There is
also abundant evidence for incipient dynamic recrys-
tallisation on grain boundaries, in pockets within
the large grains, and in some twin bands. These
microstructures are similar to those seen in the
direct shear tests of Schmid et al. (1987), deformed
at similar conditions. In thin sections of the longi-
tudinal axial and transverse orientations, the micro-
structures continuously evolve from the undeformed
cylinder core (Fig. 12c and e) to the outer surface
where g is a maximum (Fig. 12d and f). In the
core, the microstructure shows the static adjustments
caused by annealing at 973 K for approximately 2 h,
e.g. smoother grain boundaries and minor grain
growth. Observations from such sections can be used
to subtract the e�ects of temperature and time from
the dynamic a�ects of strain and stress. At the high-
strain outer edge of the longitudinal axial section
(Fig. 12d) many microstructures are similar to those in
the longitudinal tangential section (Fig. 12b), e.g.
undulatory extinction, twins, and recrystallised grains.
The grains have undergone an apparent shortening in
both the x- and z-directions (seen in transverse and
longitudinal axial sections, respectively). Assuming
plane strain, the mean grain-size in the neutral y-direc-
tion compared to that near the central axis gives a
measure of strain-induced grain growth or grain-size
reduction.

The rheological and microstructural data collected
for several rock types using the new torsion apparatus
illustrate the importance of carrying deformation ex-
periments to very high strains in order to throw light
on geological behaviour in shear zones. The following
are such examples:

1. The study of Casey et al. (1998) on Solnhofen lime-
stone using electron back-scattering di�raction
(EBSD) shows that a steady-state texture developed
which persisted over a large range of strain, to at
least g=12.

2. In Carrara marble, Kunze et al. (1998) and Pieri et
al. (2000) have found evidence for the (r ) <a> slip
system in high strain simple shear. This slip system
was previously only seen in dolomite. Also in Car-
rara marble, Pieri et al. (2000) used large strain tor-
sion tests to show that strain weakening in the
dislocation creep ®eld is associated with strong crys-
tallographic preferred orientation and with dynamic
recrystallisation to a ®ner grain-size.

3. Stretton and Olgaard (1997) showed that in torsion
of anhydrite to large strain there is a reduction in
grain-size due to dynamic recrystallisation, which is
associated with marked strain weakening and a re-
duction in n value from 5 at the peak stress to 1 at
large strain. It is concluded that dynamic recrystalli-
sation leading to a reduction in grain-size can cause

a transition from dislocation-controlled creep to dif-
fusion-controlled creep.

4. Wendt et al. (1999) describe rheological and micro-
structural results of a high temperature, high strain
torsion test on a silicate, a synthetic Ca-rich plagio-
clase aggregate deformed to g=1 at 1473 K. The
sample deformed uniformly and developed strong
grain shape and crystallographic preferred orien-
tations.

8. Conclusions

The torsion test o�ers the following special features
as a procedure for studying the rheological behaviour
of rock specimens at high pressure and high tempera-
ture:

1. It allows the study of non-coaxial deformations and
thus the simulation of the simple shear style of de-
formation commonly observed in naturally
deformed rocks. The microstructures and textures
resulting from such deformation can thus be estab-
lished.

2. The e�ects of large strains can be explored without
signi®cantly changing the geometry of the speci-
mens, thus revealing the in¯uence of strain on the
evolution of rheology, microstructure and crystallo-
graphic preferred orientation. In particular, the
existence of steady-state deformation can be tested
more thoroughly and the evolution of deformation
mechanisms explored.

3. Torsion testing also opens up the possibility of
exploring whether localisation develops during large
strains and, if so, why.

4. By combining axial deformation with torsion, the
e�ect of variation of all three principal stresses can
be explored.

Some preliminary observations to high strains indi-
cate that strain softening can be associated with either
lattice rotations or dynamic recrystallisation.
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