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Abstract
Deformation bands are a strain localisation structure of sandstones often associated with faulting. The impact on microstructural and
petrophysical properties of reservoirs due to deformation band formation, whilst varied, generally is disruptive to fluid flow due to porosity loss
through grain re-organization, fracturing, and cataclasis. The yield and subsequent cataclasis of sandstones are controlled mainly by porosity
and mean grain size, as such strain localisation is favoured in high porosity, coarse-grained sandstones. Mixed aeolian-fluvial reservoirs exhibit
a wide range of porosity and permeability distributions, with sandstones of both mature and immature grain textures. Whilst it has been
reported that strain localisation is inhibited in texturally immature sandstones with a wide grain size distribution, we report the occurrence of
deformation bands in sandstones with a broad range of grain size profiles, as well as interactions between sandstones of different properties
where deformation band characteristics change. The effect of grain size distribution on both the inelastic yield of sandstones, and the dominant
deformation mechanism by which yield occurs is examined. We present results of a range of deformation experiments, using unconsolidated
quartz sands, allowing us to control and replicate textural parameters observed in the field in order to investigate yield behaviour. Hydrostatic
experiments were conducted on both under- and over-consolidated samples with a range of mean grain sizes from 128-700µm, as well as
constant displacement rate triaxial experiments up to 10% axial strain, to explore yield behaviour in both the brittle dilatant regime and shearenhanced compactive regime. Experiments were then repeated with systematically varied grain size distribution whilst mean grain size
maintained. The development of both localized dilation and compaction bands, as well as distributed cataclastic flow, are observed using a
range of techniques including micro X-ray computed tomography and back scattered electron microscopy. The prediction of deformation
bands, particularly of their occurrence in complex reservoirs, is of huge importance for the effective sweep of hydrocarbons. These results offer
insight into the role of grain size distribution on the mechanical behaviour of sandstones, and ultimately the development and predictability of
deformation bands within aeolian-fluvial reservoirs.
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Introduction

1

Deformation bands, also known as granulation seams, are a major feature
1
of fault zones within porous sandstones . They consist of laterally extensive
planes of deformation, with length scales tens to hundreds of meters, and
commonly reduce porosity and permeability, thus having huge implications
for hydrocarbon production. Our current understanding of deformation
bands is that they are preferentially formed in texturally mature high porosity
2
sandstones . However, our previous research has shown they are prevalent
in a variety of sandstone facies with a broad range of grain textures. In this
study we examine the effect of grain size distribution on the mode of
deformation, using an experimental approach using triaxial deformation of
unconsolidated sands, followed by detailed microstructural analysis.
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A normal fault zone within a typical eolian succession. Deformation bands are the main structural element of the fault damage zone, occupying the
highest porosity and most texturally mature units of eolian dunes, terminating at low porosity and ﬁne grained eolian interdune units, decreasing in
density with distance from the fault plane.

Rationale

3

Deformation bands of the Triassic Sherwood Sandstone of the U.K have shown
to develop in both texturally mature and immature sandstones. In addition to
porosity, sorting has shown to be a major control on the damage intensity of fault
zones. This evidence has increased the complexity of band prediction in mixed
eolian-ﬂuvial successions. Therefore, in order to understand the formation and
impact of deformation bands in mixed successions, we must understand the
role of grain sorting, in addition to porosity, grain size and composition.

Triaxial deformation
The triaxial apparatus allows axisymmetric
compression whereby samples are loaded to diﬀerent
Conﬁning pressure eﬀective 3 pressures (conﬁning pressure - pore
pressure) . An axial load is then applied (s1) whilst
inlet
conﬁning pressure is held constant (s2, s3). A series of
tests at diﬀerent conﬁning pressures can then
investigate the type of failure at diﬀerent points on the
Top nut
4
yield cap .
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Experimental Method

Hydrostatic Results
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crushing in BSE images. Both samples show pervasive grain crushing and
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Hertzian grain-grain fracture networks (red arrows) that emanate from grain
contacts.
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Poorer sorted sands show a vastly diﬀerent style of deformation to the very wellsorted sands. Despite similar stress-strain response, deformation is not
characterised by localised cataclasis in the formation of deformation bands.
Larger grain sizes remain largely undeformed, whilst ﬁner grains accomodate
most of the strain through grain crushing via hertzian fracture, similar to that
observed under hydrostatic compaction. Porosity reduction of the samples is
greater than that of very well-sorted sands due to more eﬃcient grain packing.
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Results of hydrostatic compaction show
small inﬂections indicating the onset of grain
crushing P*, followed by an almost linear
compaction, unlike in a typical sandstone.
Reduction of porosity is approx 2% more for
poorly sorted sands, attributed to better
packing during compaction
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At low conﬁning pressures (5-7.5 MPa) deformation is characterised by minor
grain crushing evident by hertzian fracturing. In the 7.5 MPa test, initial
compaction is followed by dilation as the sample fails and the stress path crosses
the critical state line from compaction to dilation. At higher eﬀective pressures
(10-15 MPa) deformation is characterised by localised grain crushing and the
development of discrete deformation bands. At 10 MPa, Intense cataclasis
resulting in grain size reduction is developed by an increased amount of shear. At
12.5 and 15 MPa, deformation band development is more discrete,
characterised by localised hertzian grain-grain fracturing and cataclasis.

Sandstone
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The sample material used for testing is a quartz sand from the Cheﬂord
Formation and is mined for its use primarily as a proppant for hydraulic
1
fracturing . The sand is unusually pure and rounded for Pleisticene ﬂuvioglacial
2
sand, but is sourced locally from Triassic eolian-ﬂuvial units which host
deformation bands in a variety of facies. Sand was sieved into very narrow 100
micron bins which were then passed through Laser Particle Size Analyser
(LPSA).This allows us to test a range of narrow grain sizes, as well as mixing to
attain any grain size distribution we require.

Hydrostatic deformation tests were
performed to establish the critical
eﬀective pressure (P*) at which
grain crushing occurs. This gives
us understanding of the yield curve
and therefore the style of
deformation during triaxial loading
at diﬀerent eﬀective stresses. The
onset of grain crushing scales with
porosity and grain size with the
3
relationship -3/2 log(ϕr) , giving us
a calculated P* of 55 MPa.
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Chelford Sand Fm - Pleistocene ﬂuvioglacial sand sourced from
aeolian Triassic Sherwood Sandstone.
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Cylindrical samples of unconsolidated quartz sand are deformed using a
triaxial deformation apparatus. The sand samples are contained within
copper jackets and spacers of high porosity/permeability sandstone. The
triaxial apparatus used has 250 MPa conﬁning pressure, and 200 MPa pore
pressure capability, and is able to load samples axially up to 300 kN. The
conﬁning pressure and pore pressure is servo controlled for precision of 0.01
MPa. Pore volume is also monitored during deformation to a resolution of 0.1
mm3. Hydrostatic tests are performed with 10 MPa pore pressure, and pore
volume monitored for P*. For axially loading tests at diﬀerent eﬀective
pressures, pore pressure is held constant at 10 MPa, and the sample is
axially loaded at a rate of 1 µm/s until C* is observed, and a speciﬁed amount
of axial strain achieved.

Triaxial tests - Very Well-sorted Sand
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110
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500mm

Yield data plotted in Q-P space normalized to P*, show a broadly elliptical ﬁt (thick dashed
line) which falls between the yield cap limits. Tests indicate failure from the shear region to
the shear enhanced compaction region of the failure envelope, aﬃrmed by the
high angle defromation band structures found.
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Grain size modification
Very well-sorted 391mm grain size distribution

Moderately well-sorted 390mm grain size distribution
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Deformation bands 10 MPa
B

1 mm

32.6%

Deformation bands 15 MPa
C

34%
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Both samples show a change in grain
size distribution toward that of the
hydrostatically compacted sample with
increasing eﬀective pressure. High
pressure samples of very well sorted
sands (10-15 MPa) show poorer sorting
than hydrostatic due to deformation
band formation and associated intense
cataclasis. Moderately sorted sands
show less reduction in mean grain size
than the well-sorted sands, this is due to
the preferential fracturing of smaller
grains and the preservation of larger
grains. The result is an increased grain
size distribution compared to the wellsorted sand for a given eﬀective
pressure (7.5 Mpa). This would explain
the greater reduction in porosity in the
moderately sorted samples when
compared to the well-sorted sands.

Conclusions and Further work

Ÿ From our experiments we ﬁnd that strain localisation in the form of
deformation bands is exclusive to very well sorted sands.
Ÿ Deformation in the moderately sorted sand was characterised by
pervassive grain crushing throughout the sample amongst the ﬁner grain
fraction.
Ÿ Deformation band formation results in signiﬁcant porosity loss through
grain size reduction via cataclasis, and increased grain packing density
associated with increased grain size distribution.

The results of our experiments do not support the observations made in the
ﬁeld, with band formation in poorly sorted sandstones of good reservoir
quality. We propose that band formation in these units, may be facilitated by
adjacent well-sorted sandstones, whereby strain localisation and grain
comminution is promoted from one unit to another.
Continued experiments on poorly sorted sandstones, as well as
2 mm
1 mm
1 mm
experiments with sandstones of diﬀerent properties in series are required to
fully understand the inﬂuence of sorting on band formation, and the
Porosity for BSE images was obtained using ImageJ with a jPOR plugin. distribution of deformation bands in mixed eolian-ﬂuvial reservoirs.
The reduction in porosity due to compaction is compared in images A and
s1
D, both deformed at 7.5 MPa in the absence of band formation. Poorer
5cm
sorted samples have increased porosity loss
Hertzian
1
fracture
with compaction due to denser grain packing ,
network
Bed Boundary
this is also supported in pore volume data
Constrained comminution
within sandstone with wide
during experimental tests.
grain size distribution.
Cataclasis occurs amongst
Samples of very well-sorted sands with
grains of similar grain size to
st
neighbouring sandstone.
deformation bands at 10 MPa (E) and 15 MPa
(F) show signiﬁcant porosity loss due to
Wide zone of grain comminution
deformation band formation, with porosity as
within sandstone of relatively
uniform grain size.
low as 23% compared to the surrounding
s1
undeformed sample with 32-34% (B, C).
D

28%

E

23%

F

31%

Ÿ
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