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Strain localization in sandstone and its 
implications for CO2 storage

A. Torabi1*, R.H. Gabrielsen2, H. Fossen3, P. Ringrose4, 5, E. Skurtveit6, E. Ando7, F. Marinelli8, 
G. Viggiani7, S. Dal Pont7, A. Braathen2, A. Hovland1, P. Bésuelle7, R. Alikarami1, H. Zalmstra2 
and D. Sokoutis2, 9 explore how rock strain influences fluid communication and how structural 
architecture might affect CO2 storage effectiveness.

Introduction
Geological storage of CO2 is a key technical solution to the 
climate-energy challenge, but it has a number of techno-
logical constraints (Baines and Worden 2004; Halland et 
al., 2011), broadly under the themes of assuring adequate 
storage capacity and long-term storage integrity. A suitable 
CO2-storage reservoir should consist of rock formations with 
sufficient porosity, permeability and connectivity in order to 
provide an adequate storage volume. The role of faults and 
their associated deformation structures (such as deformation 
bands and fractures) in controlling both storage capacity and 
long-term storage integrity is thus a key factor in achieving 
globally significant CO2 storage (Figure 1).

Although some sedimentary basins on the Norwegian 
continental shelf already harbour operational CO2-injection 
and storage projects such as Sleipner (Zweigel et al., 2004) 
and Snøhvit (Hansen et al., 2013), our understanding of res-
ervoir fluid communication due to compartmentalization is 
far from complete and will be important for further use of the 
offshore basins for CO2 storage. In addition to the inherited 
structural features, elevated injection pressures may cause 
hydraulic fractures or stimulate fault reactivation which both 
point to the need to characterize the geomechanical response 
of the rock system to CO2 injection (Rutqvist, 2012; Iding 
and Ringrose, 2010). In the present work, we investigate the 
effects of faults and their related structures on the geome-
chanical and petrophysical properties of sandstone reservoirs. 
Important components of fault systems include fractures and 
deformation bands in the damage zone and fault core (Caine 
et al., 1996; Shipton and Cowie, 2003; Fossen et al., 2007). 
Fault systems may enhance or suppress fluid communication, 
which in turn may affect the storage capacity and conductiv-
ity of the candidate reservoirs (Figure 1).

As a case study, a reservoir model of the Tubåen 
Formation at the Snøhvit CO2 injection site in the Barents 
Sea (Grude et al., 2013; Hansen et al., 2013) was investi-
gated using 4D seismic data and fault attribute analysis. The 
characteristics of deformation structures (e.g. sub-seismic 
faults, deformation bands and fractures) were investigated by 
field studies of outcrop analogues and by triaxial laboratory 
experiments to provide a basis for numerical modelling. Fault 
architecture within reactivated fault systems was studied by 
the use of analogue modelling. Key questions addressed in 
the work include: a) Where and when might strain localize 
in the reservoir? b) How does rock strain influence fluid 
communication? c) How might structural architecture affect 
CO2 storage effectiveness?

Strain localization in sandstone and the related 
flow properties
Faults can provide good seals, retaining large columns of 
oil or gas over millions of years. However, under varying 
conditions of applied stress or elevated pore pressures, 
faults may become efficient conduits for fluid flow along 
and across them with flow rates up to ~1-10 m/day 
(Figure 1). It is therefore of vital importance to understand 
the fault architecture and the process of strain localization 
and faulting in sandstone in order to evaluate potential 
storage sites.

The macroscopic properties of larger fault systems 
are controlled by fault separation, characteristics of fault 
rocks (including the effects of clay smear and fault smear), 
and the effects of tectonic reactivation (Hildebrand and 
Kroon, 2003; Gray et al., 2012; Couples, 2005; Yielding 
et al., 2011). Such structural elements may affect both the 
caprock and the reservoir rock (Figure 1).
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Rudnicki, 2004) are needed to predict different deformation 
modes in porous sandstone reservoirs under different stress 
conditions. The modified Cam-Clay Cap model uses a plot of 
shear stress versus mean stress to describe two yield surfaces, 
a shear surface and a compaction surface (Cap), which allows 
for a complete analysis of deformation modes in porous 
sandstone from dilation to shear and compaction (Figure 2). 
The condition for faulting is satisfied on the critical state 
line, which intersects the shear surface at the maximum shear 
stress. Pore pressure increase (e.g. due to CO2-injection) and 
uplift of the sediments (unloading) reduce the effective mean 
stress and the stress state moves closer to critical pressure 
for failure (Figure  2). It is therefore crucial to predict the 
deformation behaviour of rocks and the optimal pressure 
change that they can sustain when evaluating and assessing 
risk for CO2-injection in such reservoirs.

Fractures and deformation bands can have a wide range 
of effects on fluid flow, both promoting and suppressing fluid 
communication. Kinematically, deformation bands can be 
classified as one of three end members (Fossen et al., 2007) 
or combinations thereof, namely dilation bands, compaction 
bands, and shear bands. Among deformation bands, cataclas-
tic bands (which involve crushing, shear and compaction of 
the grains) are the most common and can significantly alter 
the petrophysical properties of the reservoirs (e.g. Torabi et 
al., 2013).

Usually, granular materials such as porous sandstones 
respond to stress by volumetric changes, which are not taken 
into account by the failure criteria developed for brittle rocks 
(such as Mohr-Coulomb). More sophisticated yield criteria 
and mechanical models such as the Drucker-Prager criterion 
and the modified Cam-Clay Cap model (e.g. Bésuelle and 
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structures relevant for identifying possible CO2-
leakage pathways.
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Figure  2 A modified Cam-Clay model for porous 
sandstone, which includes two yield surfaces, a 
shear surface and a cap. Different deformation 
modes (dilation, shear, and compaction) occur 
in the conditions that are met along the yield 
surfaces. Note the effect of pore-pressure change 
on the model.
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(7121/4F2H) at the Snøhvit site (Figure 3b). The structure of 
the field is dominated by an E-W-trending horst-and-graben-
system. This fault system is terminated towards the deep 
Bjørnøya Basin to the west by the N-S-trending down to the west 
extensional Ringvassøy-Loppa Fault Complex (Gabrielsen et 
al., 1997; Figure  3). The Snøhvit Field can be structurally  
divided into a main segment and a F-segment (Hansen 
et al., 2011). A relay ramp bridges the two segments. 
The CO2-injection-well is located in the F-segment, 
where the CO2 was injected into Tubåen Formation  
(Figure 3c).

Analytical methods and data analysis

Seismic interpretation and attribute analysis of faults in 
the Snøhvit Field
By combining seismic interpretation calibrated to wells, and 
seismic attribute analysis (e.g. Chopra and Marfurt, 2008; 
Henderson, 2012), we identify geological heterogeneities that 
may influence CO2 storage at the Snøhvit site. Two 3D reflec-
tion seismic data sets used in this study were acquired in 2003 
(before injection), and in 2009 (after injection). The surveys 
cover an area of 8 km x 8  km around the injection well 

Figure 3 a) Map of the studied area with the main structural elements of the Hammerfast Basin. b) Map of Snøhvit Field with well locations (After Hovland, 2013; 
modified from NPD Fact Maps).c) Envelope attribute difference of injection interval before and after CO2 injection, d) Extracted semblance map superimposed 
by the 4D anomalies (after Hovland, 2013).
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One of the cases specifically addressing CO2 storage is the 
natural subsurface CO2 plumes of Utah, US, which have 
received significant attention (Dockrill and Shipton, 2010; 
Kampman et al., 2013). A recent research well into a fault 
damage zone (with full coring of the stacked sequence of 
reservoirs and caprocks and sampling of fluids allowing 
mapping of CO2 saturation) suggests that fluid over-pressure 
is important for the current leakage (Kampman et al., 2013). 
Expanding on these observations, Ogata et al. (2012; 2014) 
mapped exhumed reservoir-seal systems of Utah, showing 
that enhanced fracturing characterized by closely-spaced, 
sub-parallel fracture networks (i.e. fracture corridors) acted 
as fluid pathways (bleaching pathways) in both permeable 
sandstone and tight lithologies (Figure 4).

Field observations of deformed porous sandstones have 
shown that deformation bands are very ‘selective’ in the 
sense that they only form in sandstone layers with a certain 
range of properties. Among the properties that are seen to 
affect deformation localization and growth are porosity, 
permeability, cementation, grain size, sorting and mineral-
ogy. Most of these factors change throughout the lifespan of 
sandstone as a function of stress and temperature.

Field studies on cemented and non-cemented Navajo 
Sandstones (Utah) show that cementation has a signifi-
cant effect on permeability and mechanical properties of 
sandstone (Alikarami et al., 2013). In the damage zone of 
the fault within the non-cemented Navajo Sandstone in 
Cache Valley, zones of deformation bands show the highest 
strength and Young’s modulus and the lowest permeability. 
Open fractures in the cemented Navajo Sandstone in the 
San Rafael Swell may enhance fluid flow and CO2-leakage 
in this reservoir (Alikarami et al., 2013; Skurtveit et al., 
2014b).

The localization of deformation bands leads to faulting 
through the formation of a through-going slip surface, while 
the surrounding deformation bands constitute the damage 
zone. Slip surfaces propagate through low-porosity sand-
stones and other lithologies to form faults that can grow 
to seismic-scale structures. Skurtveit et al., (2014b) report 
normal faults formed due to the propagation of cataclastic 
bands in the Navajo and Page formations in the San Rafael 
Swell. The cataclastic bands were later overprinted by frac-
tures (open and cemented (veins)). The calcite cementation 
in the veins could be attributed to a CO2-bearing fluid along 
fractures. This suggests that faults and their surrounding 
damage zones can change from barriers to conduit depend-
ing on the dominant deformation mechanism involved.

Among the petrophysical properties of faulted sand-
stone, porosity and permeability have been the focus of most 
researchers (Antonellini and Aydin, 1994; Fisher and Knipe, 
1998, 2001; Sternlof et al., 2004), while capillary pressure 
has received less attention (Torabi et al., 2013).

The capillary trapping of CO2 in reservoir rocks might 
be enhanced in fault-related rocks through compaction and 
grain crushing (Torabi et al., 2013). A correlation can be 

A series of surface and volume attributes were applied 
to investigate the structural elements as well as the influence 
of injected CO2 on seismic amplitude response. Firstly, an 
advanced fault imaging workflow (Hovland, 2013) was 
used to provide high-resolution fault attribute volumes. The 
large-scale fault detection attribute analysis was used to 
identify the major faults with a high confidence level and 
also several previously undetected potential faults with a 
medium confidence inside different fault blocks. The small 
fault detection attribute identified many low confidence 
small-scale faults within the fault blocks. Such anomalies are 
known to influence the CO2-migration.

Using a second workflow (Hovland, 2013), envelope 
attributes of the CO2 storage reservoir interval before and 
after injection showed a significant amplitude anomaly which 
is caused by CO2 injection (Figure 3). By co-blending ampli-
tude and fault attributes we visualized several structures, 
among them a NW-SE trending structure that appears within 
the F-segment, which seems to have acted as a pressure barrier 
(Figure 3d). To the west of the injection well, the 4D anomalies 
(envelope attribute difference) stop rather abruptly against a 
detected structure (Figure 3d). Judging from the variance map, 
the structure is most likely a N-S trending accommodation-
fault, although a stratigraphic barrier is also possible. Other 
studies (Hansen et al., 2011; Chiaramonte et al., 2014) 
have shown that such barriers have controlled the pressure 
response at the Snøhvit CO2 injection site and are critical to 
understanding the storage integrity.

Deformation of high porosity and low porosity sand-
stones (field study)
Deformation in sandstone can occur in the form of deformation 
bands and/or fractures, depending on the porosity and degree 
of lithification (e.g., Fossen et al., 2007), with fractures domi-
nating in tighter sandstones (porosity < 12%). For CO2 storage 
in sandstone reservoirs, differential stress, CO2 fluid pressure 
and CO2-brine reactions causing dissolution of load-carrying 
framework minerals could change the failure mechanics of the 
storage formation, and could cause failure that also might jeop-
ardize the surrounding seal. We have identified five settings for 
the encountered fracture systems (Ogata et al., 2014):
1.	 Joints (mode I) – commonly associated with tectonic 

forces, compaction or decompaction from burial/uplift or 
mineral reactions, and fluid pressure-driven failure;

2.	 Fault core fractures – found as extensive slip-surfaces 
(shear fractures, mode II) interlinked with minor frac-
tures, or in lenses of wall rock or fault rock hosted by the 
core of overall semi-penetrative strain;

3.	 Fault damage zone fractures (modes I and II) – networks 
of fractures related to discrete fault strain outside of the 
fault core;

4.	 Fault-tip process zone fractures – fringes of fractures 
found at the tip of faults;

5.	 Fold-crest fractures (mode I) – linked to outer arch 
stretching of fold hinges.
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can also be promoted by contrasting compaction and fluid 
pressure.

One fault complex of this kind is the Ringvassøy-Loppa 
Fault Complex (Gabrielsen, 1984; Gabrielsen et al., 1997; 
Faleide et al., 1993) of the Barents Sea that contributes to 
constraining the Snøhvit Field to the west (Figure  3).This 
fault complex is characterized by a late Palaeozoic initiation 
and was reactivated in several stages in the Mesozoic-
Cenozoic (Gabrielsen et al., 1997; Faleide et al., 1993). This 
resulted in a complex geometry, seemingly with multiple 
levels of dislocations as interpreted from reflection seismic 
data (Gabrielsen, 1984).

The three series of experiments presented below demon-
strate the significant influence that mechanical stratification 
can have on the structuring of a lithostratigraphic sequence, 
which is subjected to multi-stage deformation. The experi-
ments include:
n	 Stratified sand not interlayered by silicon putty layers;
n	 Stratified sand separated by a layer of silicone putty;
n	 Adding an additional (second) silicon putty layer;

In the experiment where an additional (second) silicon putty 
layer was added, three levels of faulting occurred. The fault 
system formed in between the two silicon layers consisted of 

found between the degree of consolidation, the dominant 
deformation mechanism, and the sealing capacity of the fault 
rocks (Torabi, 2012; Figure 5). The damage zone of faults in 
poorly consolidated, moderately consolidated and consolidat-
ed sandstones is dominated by deformation bands leading to 
lower permeability and higher capillary pressure, which may 
cause trapping of a higher column of CO2. While it would 
be the opposite for the damage zone of well-consolidated 
and cemented sandstones which are dominated by fractures, 
(Figure  5). Although permeability and porosity are reduced 
in the damage zone of faults formed in poorly consolidated 
sandstones with high content of clay and phyllosilicate, the 
slip surfaces are characterized by lower capillary pressure 
(Figure 5) and seem to act as conduits in these rocks.

Analogue experiments – investigation of fault linking in 
mechanically stratified sequences
Multiple levels of fault decoupling due to contrasting 
mechanical strength are commonly reported for extensional 
fault systems (Withjack and Callaway, 2000; Wilson et al., 
2013). Such situations occur particularly where strata-
bound units of mechanically weak rock units, such as salt 
or mudstone, are parts of the lithostratigraphic sequence 
(Withjack and Callaway, 2000; Wilson et al., 2013) but 

Figure 4 a) Salt Wash Graben case study. The photograph shows the northern, major fault of the Salt Wash Graben (left, south) and the northern footwall (view 
to the NW). The lower part of the Entrada Fm offers a bleached out reservoir (see C for details). b) Chimney Rock case study of the Entrada Fm, with 4.5 m offset 
normal fault cutting a medium grained sandstone layer. Note bleaching along the fault and along joints in shale of the footwall as well as in the interlayers of 
sandstone in shale. c) Salt Wash Graben case study, showing a fault-tip joint swarm with bleaching. The variable width of bleaching into sandstone and siltstone 
suggests that the reducing fluid penetrated deeper into more permeable units.
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of sandstone/sand were performed in the rock mechanics 
laboratory facility of Norwegian Geotechnical Institute in 
Oslo. Results from high-pressure triaxial testing were used 
to study deformation mechanisms involved during shear-
enhanced compaction in deformation bands and controlling 
parameters for yield stress at varying confining pressure for 
sandstone/sand with contrasting grain size, porosity, and 
packing. Sands from the Boncavaï quarry in France with dif-
ferent modes of grain-packing were used: 1) natural coarse-
grained sandstone (2) densely packed fine-grained sand and 
(3) loosely packed fine-grained sand (Skurtveit et al., 2013). 
Only results from tests on densely packed fine-grained sand 
are presented here (Figure 7).

The experimental work on shear-enhanced compac-
tion (Skurtveit et al., 2013, 2014a) has provided insight 
into some critical aspects of shear-enhanced compaction 
in poorly consolidated sandstone; (1) the large inelastic 
deformation observed during testing and (2) a change in 
deformation mechanisms from grain rearrangement into 
grain fracturing and crushing. The combined effect of both 
inelastic and elastic deformation during compaction is 
expressed as porosity reduction. The results are presented 
as elliptical end-caps (Cap surfaces) for given porosities 
for densely packed fine sand (Figure 7a). These show that 
the onset of shear-enhanced compaction does not occur in 
the form of a single end-cap as observed for consolidated 
sandstone (e.g. Wong and Baud, 2012). Rather, it relates 
to the observed porosity reduction during increasing total 
mean stress and differential stress, mapping out elliptical 
end-caps increasing in size during compaction at higher 
confining pressures.

The observed onset of grain fracturing at effective 
pressure of 5-10  MPa (Figure  7b) supports the idea that 
cataclastic shear-enhanced compaction bands might have 
been formed at shallow burial depth in the field. Comparison 
of laboratory tests with field observations (Skurtveit et al., 
2014a) show that grain size and compaction behaviour may 
control the selective formation of shear-enhanced compac-
tion bands in sands from the Boncavaï quarry.

Well-defined localization of shear bands was not observed 
in the tests. The grain-crushing, as seen in the sample by 
final strain, was distributed over a wider area of the sample 
(Figure 7c).

Triaxial experiments on sand inside an x-ray scanner
Two different sands were tested in this work: Hostun 
HN31 sand (angular, D50= 338 μm) and Ottawa 50-70 sand 
(rounded; D50= 310 μm). A series of triaxial tests on small 
specimens (22 mm height and 11 mm diameter) of dry sands 
at confining pressures ranging from 100  kPa to 7000  kPa 
(7  MPa) were performed at the Laboratoire 3SR applying 
simultaneous in-situ x-ray scanning (Alikarami et al., 2014). 
Among the performed tests, only the tests at the lowest 
(100  kPa) and highest (7000  kPa) confining pressure are 
presented here.

a symmetric graben. In these cases, each layer above a silicon 
putty layer developed its specific, intra-formational fault sys-
tem. This nicely explains the contrasting fault patterns and the 
depth-dependent extension at several different levels as seen 
in the Ringvassøy-Loppa Fault Complex of the Barents Sea. 
In some cases where the uppermost layer was significantly 
stronger than its substratum, wide, coherent blocks of the 
upper-layer sand sequences slide across the graben edge, rotat-
ing towards the graben axis, resulting in faults with reverse 
geometry in the central graben (Figure  6). This is similar to 
analogue experimental results obtained by Dooley et al. (2003) 
and Withjack and Callaway (2000). Such configurations are 
common on the mid-Norwegian continental shelf for instance 
the Mikkel structure (Withjack and Callaway, 2000) and the 
Revfallet Fault Complex (Dooley et al., 2003). Reverse faults 
are also promoted by strong contrasts in mechanical stiffness 
where the stronger layer is the deepest (Horsfield, 1977).

This study shows that even for long-lived faults that 
are positioned above deep-seated (basement) locations of 
instability (faults), linkage can be mechanically discontinued 
in beds of high plasticity (e.g. unconsolidated mudstones 
and salt-dominated evaporitic sequences) in the vertical 
dimension. Such beds may represent baffles to fluid commu-
nication, which may prevent unwanted leakage of CO2 from 
deeply buried reservoir units, but which could also constrain 
efficient injection of CO2.

Triaxial experiments on sand and sandstone
Triaxial experiments investigating the localization of defor-
mation for various consolidation stresses and initial porosity 
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Figure 5 Possible sealed column height of CO2 due to capillary effect for unde-
formed (host rock) and different types of fault rocks with different degrees 
of consolidation; calculations of h were performed using the algorithm 
(approach B) suggested by Torabi et al. (2013). The classification of sandstones 
is based on their host rock porosity, degree of cementation and consolidation, 
and burial depth at the time deformation.
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show that in both cases the band becomes thinner after 
the peak.

The porosity map of specimen HNEA01 shows a 
shear band that becomes more dilatant with increasing 
shortening (Figure  10). Specimen HHEA01 which was 
tested at 7000 kPa confinement deforms with a progressive 
and distributed reduction in porosity, which is related to 
grain crushing in the sample (Figure 10). Based on DIC 
results for Hostun sands, at 100  kPa confinement strain 
localizes in a wide band and then gets narrower with 
increasing axial shortening. At 7000 kPa, the shear strain 
concentrates in a similar fashion, a shear band eventually  
forms.

Hydro-mechanical modelling of strain localization in 
porous sandstone
To better understand the influence of strain localization 
on the hydro-mechanical behaviour of porous rocks, this 
numerical study is focused on the material response of fully 
saturated samples. The kinematic of the skeleton is enriched 
using the second gradient theory (Collin et al., 2006) so 
that an internal length can be introduced in the modelling 
and the appearance of possible localized deformations can 
be properly described. To obtain numerical results with the 
finite element method, the weak formulation of equilibrium 
and mass balance fluid equations are enforced.

The image analysis techniques were used to make 
micro-scale measurements (porosity and strain) on the 
various 3D tomography-images during loading (Alikarami 
et al., 2014).

At 100 kPa both sands exhibit a clear stress peak, which 
is followed by a plateau approaching a residual stress state. 
It is anticipated that, strain softening follows strain harden-
ing while the specimen dilated. With increasing confining 
pressure, the trend is to have a less marked stress peak and 
less dilatancy – Hostun sands appears to be more sensitive to 
confining pressure (Figures 8a and b).

The porosity distribution maps obtained for some key 
steps during the triaxial shearing of Ottawa sand specimens 
show that at 100  kPa confinement, a dilatant shear band 
develops early in the test – around the peak stress, (Figure 9). 
The mechanism at 7000 kPa confinement is different: first a 
dilatant shear band is visible at 12.9% but by the end of the 
test, a compactive shear band forms. This band is consistent 
in space with the zone of crushed material (Figure 9).

Image correlation of vertical sections (DIC) results in 
volumetric and deviatoric strains for some selected incre-
ments of tests. DIC for Ottawa sand showed that over the 
peak, in contrast to porosity measurements, the volumetric 
strain in the bands either disappeared (for the test at lower 
confinement) or became compactive possibly due to grain 
breakage (at higher confinement). The shear strain fields 

Figure 6 Experiment where an additional (second) 
silicon putty layer was added, three levels of fault-
ing occurred.
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Figure 7 a) Porosity at yield stress in axial compres-
sion tests compared with yield caps calculated 
from hydrostatic loading of densely packed fine 
sand (Skurtveit et al., 2013). b) Stress-strain curve 
for the 2, 5 and 15  MPa stress paths showing 
the variation in deformation and description of 
observed cataclasis. c) Post-test SEM image for 
axial compression test at 5  MPa confining stress 
showing cataclasis distributed within the sample.
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βc and βφ represent the parameters of the hardening law indi-
cating the rate of the hardening process. In the interest of sim-
plicity, only one parameter (namely D, the second gradient 
parameter) is used following the approach of Bésuelle et al.  
(2006). The loading rate varies in the range from  = 1 mm/1h  
to  = 1 mm/3.6s. Since the excess of the pore fluid  
pressure for the case in which  = 1 mm/1h is close to zero  
(∆pw ≈ 0), this case can be considered locally drained (not 
shown here).

To describe the global behaviour of the sample under the 
prescribed boundary conditions, the total vertical reaction R, 
defined as a sum of all nodal reactions at the bottom of the 
sample, is plotted in Figure 11 as a function of the normalized 
time t/T.

Before the appearance of strain localization, all the 
numerical tests are characterized by the same behaviour 
that shows an initial elastic phase and then, before the 
strain localization, the accumulation of plastic strain. 
After the onset of localization, the curves of Figure  11 
differ by the time at which the shear bands are triggered, 
i.e. for faster loading rates, the shear bands appear sooner 
due to the increasing of the excess pore pressure in the  

In this study, the hydromechanical behaviour of high 
porosity rocks is investigated in the case of biaxial tests 
with no confining pressure. A rectangular geometry 
(25 mm x 50 mm) retaining the same size of the sample used 
in a true triaxial apparatus (see Bésuelle and Hall, 2011) 
was utilized including 3200 finite elements. At the top of the 
specimen a strain ( y = 3mm) is enforced at different loading 
rates. The hydromechanical parameters used in the computa-
tions are presented in the Table 1.

Cohesion c and friction angle φ represent the hardening/
softening variables as a function of the Von Mises equivalent 
plastic strain distribution, . A hyperbolic variation of the 
friction angle and cohesion between initial (φi and ci) and 
final values (φf and cf ) is considered in the hardening rule 
(Equation 1) of this constitutive equation. In particular, 
hardening on friction angle and softening on cohesion are 
taken into account to model the behaviour of the skeleton.

� (1)

Figure 8 Deviatoric stress normalized by the mean 
stress (q/p) vs. axial shortening (top) and volu-
metric strain vs. axial shortening (bottom) for 
triaxial compressions tests on Hostun sand (a) and 
on Ottawa sand (b).
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specimen core. The corresponding localization phenomena 
are characterized by different configurations (conjugated 
and crossed shear bands). In order to identify these con-
figurations, the index loading and the equivalent plastic 
strain  are considered. The loading index is graphically 
represented as follows: if a Gauss point undergoes plastic 
loading, a small blue square is plotted, otherwise (in the 
case of elastic unloading or reloading of the Gauss point), a 
small yellow square is plotted. The loading index is plotted 
in Figure 12 for all cases at the normalized time  cor-
responding to the triggering shear bands time.

As a consequence of the increasing loading rates, the 
overpressures inside the specimen tend to increase. Since 
in the selected model the plastic strains are computed by 
the plastic potential characterized by a given dilatancy  

, the accumulation of shear strain  involves extensive 
volumetric plastic strain. This aspect explains the develop-
ment of negative pore pressure pw that, for high value of pw 
could trigger cavitation (Figure 13). In this study, cavitation 
is not modelled.

Discussion and conclusions
The results summarized here illustrate the improved under-
standing of processes and products of deformation in porous 
sandstone at different scales. This is important in forecasting 

Figure 9 Porosity maps of some selected states of 
two specimens of Ottawa sand during shearing, 
modified after Alikarami et al., 2014.

Figure 10 Porosity maps of some selected states of 
two specimens of Hostun sand during shearing, 
modified after Alikarami et al., 2014.

Parameters of the fluid and solid phase

Young’s Modulus E [MPa] 12300

Poisson’s ratio v [-] 0.215

Initial cohesion ci [MPa] 32.5

Final cohesion cf [MPa] 9.6

Softening parameters βc [-] 0.03

Hardening parameters βφ [-] 0.00067

Initial friction angle φi [°] 4

Final friction angle φf [°] 21

Dilation angle ψ [°] 18

Initial porosity ϕ [-] 0.26

Intrinsic permeability κ [m2] 5 * 10-10

Parameters of the fluid and solid phase

Water specific mass ϱw [kg/m3] 1000

Water dynamic viscosity μ [Pa.s] 1.0-4

Water compressibilty 1/kw [Mpa-1] 1.0-4

Solid specific mass ϱs [kg/m3] 2026

Parameters of the second gradient model

Second gradient parameter [N] D 3

Table 1 Parameters of the porous medium utilized in the numerical modelling.
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sandstone and sand for confining pressures ranging from 
4 MPa and higher. The effect of angularity of sand grains 
on the degree of grain crushing and deformation pattern 
is emphasized in triaxial experiments run by utilizing 
CT-scan images and DIC results. Our numerical modelling 
reveals that loading rates and pore pressure increase affect 
the localization and configuration of the observed shear 
bands. These new insights into deformation mechanisms 
and kinematics, which are influenced by the applied load-
ing and the petrophysical properties of granular material, 
illustrate the factors needed for prediction of strain locali-
zation and communication within highly porous sandstone 
reservoirs that are a major target for current and future 
CO2 storage sites.

Some of the main conclusions of this study are:
n	 Geological field measurements of permeability and 

strength of undeformed and deformed sandstones can 
be used in forecasting the behaviour of these rocks 
when subjected to stress change due to pore-pressure 
increase as a result of CO2 injection.

the distribution and impact of faults on reservoir/aquifer 
performance and sealing properties, optimizing planning 
and the choice of reservoir/aquifer for CO2 storage.

We have investigated faults and their effects on dis-
tribution of CO2 in Snøhvit field by integrating seismic 
attributes and 4D anomalies. Using appropriate fault 
attributes helped to visualize faults that were otherwise 
hidden in the seismic. The complexity of fault systems 
in areas of multiple reactivations was studied by field 
study and analogue mechanical experiments. The main 
finding is that strong mechanical contrasts in sediment 
sequences are likely to cause fault geometries that prevent 
homogeneous upward migration conditions for faults with 
regional significance. This was supported by analysis of 
the condition for strain localization in porous sandstone 
and sand through triaxial experiments demonstrating the 
importance of confining pressure, relative density, sort-
ing, grain size and grain shape (angularity), as shown in 
Figure 7 and Figures 8-10. Microstructural imaging of the 
experiments revealed that grain breakage (crushing) is an 
important deformation mechanism in poorly consolidated 

Figure 11 Total vertical reaction R: global behavior of the sample. Figure 12 Loading index at the triggered time of shear bands.

Figure  13 Fluid pore pressure at the end of 
the loading path (t/T=1). The legend colours are 
referred to Pa.
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n	 Pre-deformation cementation increases the strength of the 
host rock and therefore promotes fracturing upon defor-
mation. This will have a positive effect on permeability 
and conductivity of such rocks.

n	 Cataclastic bands that are overprinted by open fractures 
due to a change in stress conditions could change them 
from being barriers to conduits for CO2.

n	 Deformation mechanisms and kinematics of deformation 
bands change with increasing confining pressure (in the 
triaxial experiments).

n	 Sorting and initial porosity affect the sandstone behav-
iour under compaction.

n	 Angularity of sand grains influences the strain localiza-
tion process and the degree of grain breakage and kin-
ematics in the localized bands.

n	 Analogue fault models improve understanding of the kin-
ematic and possible reactivation scenarios of faults in the 
Hammerfest basin of the Barents Sea.
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