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A B S T R A C T   

This study investigates the limitation of simplified stress path assumptions, particularly uniaxial strain condi-
tions, in fault stability assessments for CO2 injection sites. We conducted a 3D geomechanics simulation for the 
Smeaheia fault block in the Norwegian North Sea and compared the results with simplified stress path as-
sumptions. Our results indicate that the uniaxial strain assumption underestimates the change in effective hor-
izontal stress, particularly for bounding faults subjected to a significant change in pore pressure gradient with 
soft surroundings. Rotations of maximum horizontal stresses parallel to soft surroundings are also observed along 
the bounding faults due to the directional difference in stiffness contrast along faults. This underestimation re-
sults in overestimation of fault stability by up to 60% for an extreme case. Our study thus highlights that the 
uniaxial strain assumption, which limits to account for lateral deformation on the fault/reservoir boundary, 
overlooks critical changes in the effective horizontal stress and associated critical scenarios for fault stability 
assessments. When bounding faults are juxtaposed with low-stiffness shale formation under a normal stress 
regime, calibrating the fault stability assessment by 30% for a base case and 60% for a conservative assessment 
can provide a practical way to correct the uncertainties caused by using uniaxial strain assumption.   

1. Introduction 

Fault-bounded structural closures have been proven as excellent 
traps for oil & gas in many geological settings, e.g., Troll (Horstad and 
Larter, 1997), indicating that these structures may also provide excellent 
CO2 storage sites, as demonstrated by recent studies of the Horda Plat-
form and Smeaheia area (Osmond et al., 2022; L. Wu et al., 2021). In 
order for the fault-bounded structures to provide an attractive structural 
CO2 trap, it is crucial to have a good understanding of the 
injection-induced deformation and associated integrity issues. CO2 in-
jection near major bounding fault zones changes the stress acting on the 
faults and can increase the risk of unwanted failure or fault reactivation. 
If the faults are critically orientated, the fault seal capacity is primarily 
controlled by mechanical stability rather than the capillary trapping 
mechanism (e.g. Bretan et al., 2011; Streit and Hillis, 2004). Therefore, 
evaluating the injection-induced stress changes in faults and their 
associated impact on mechanical stability should be a critical aspect of 
the early screening process for CO2 storage sites, while capillary 
threshold pressure can be considered a secondary issue to be evaluated 
in later development phases. 

Fault reactivation risk and mechanical seal integrity are mainly 
controlled by in-situ stresses, pore pressure conditions, mechanical 
properties, and injection-induced stress changes of faults. The stability 
level can be quantitatively represented by a safety factor or a likelihood 
of failure. The recent literature addressing fault integrity identifies many 
uncertainties and risk factors for the fault stability assessment. For the 
vette fault zone (VFZ) in the Smeaheia fault block, various approaches 
have been considered to address the failure risk. Skurtveit et al. (2018) 
used Mohr-Coulomb failure criteria and showed that if a cohesion above 
3 MPa can be demonstrated for the faults, the most critical failure will be 
tensile fracturing, although not considering any horizontal total stress 
change during the CO2 injection. Rahman et al. (2021) performed a 
probabilistic assessment of the VFZ failure risk to address the high un-
certainty of the fault parameters and identified high sensitivity for the 
fault strength properties as well as the stress conditions. Michie et al. 
(2021) tried to quantify the uncertainty related to the fault-picking 
strategy and highlighted implications for further stability assessments. 
Although the main messages of the studies are that the risk of failure is 
low, there is still a need for a better understanding of the 
injection-induced stress change in the bounding faults of structural 
traps, as this provides essential input for any fault stability assessment. 
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The complexity level of the fault stability assessment or screening 
methods largely depends on the level of accuracy of the injection- 
induced stress changes acting on the faults and associated strength 
variation. Fault stability assessment is mainly carried out by comparing 
the stress condition acting on the fault plane to its strengths. In early 
studies, the injection-induced fault stress change was commonly 
assumed to be the same as the pore pressure change (Streit and Hillis, 
2004). This simplified assumption provides a straightforward way to 
estimate the injection-induced stress change on faults but may not al-
ways hold true unless the rock is already at failure. Moreover, the 
assumption does not include any poroelastic effects affecting the total 
horizontal stress change (Fjær et al., 2008). If the total horizontal stress 
changes due to poroelastic effects during injection are not properly 
considered, the resulting fault stability analysis can be conservative and 
provide a lower allowable injection pressure (Rutqvist et al., 2007). van 
den Bogert and van Eijs (2020) also pointed out from a geometrical point 
of view that Mohr-circle evaluations provide a non-conservative esti-
mate of the allowable reservoir pressure in cases where the reservoir is 
offset by a fault. Uniaxial strain assumption is thus the most widely used 
way to consider the poroelastic effect. The uniaxial strain condition 
assumes no lateral displacement and unrestricted vertical movement 
during the deformation. This uniaxial strain assumption has been widely 
used to estimate reservoir depletion or injection-induced geomechanical 
behaviour. Particularly for a laterally extended reservoir with relatively 
homogenous material and pore pressure distribution, the uniaxial strain 
condition is known as a good approximation of geomechanical behav-
iour at the centre of a reservoir (Fjær et al., 2008; Søreide et al., 2014). 
However, the applicability at a periphery of the reservoir or a bounding 
fault has not been well validated (Cuisiat et al., 2010). Particularly, the 
effects of reservoir heterogeneity in material properties and pore pres-
sures on the stress paths of bounding faults need more understanding. 

The numerical models or semi-analytical solutions could also be used 
for fault stability assessment with complex geometries (e.g., Rutqvist 
et al., 2013; Soltanzadeh and Hawkes, 2008). CO2 injection-induced 
stress change and related deformation can be well simulated through 

geomechanical analysis (e.g., Bjørnarå et al., 2014; Rahman et al., 2022; 
Rutqvist, 2012). Especially, a 3D reservoir geomechanics model can 
provide an overview of mechanical status before field operations (e.g. 
in-situ stress conditions) as well as field operation (e.g., oil and gas 
depletion, CO2 injection, drilling, etc.) induced mechanical responses (e. 
g. stress change, deformation, mechanical failure, and the associated 
change in hydraulic and petrophysical properties). Such a numerical 
model can also capture both effects of pore pressure (poroelasticity) and 
temperature (thermo-elasticity) on mechanical behaviour (e.g., 
Thompson et al., 2021). Rahman et al. (2022) illustrate the need to 
populate the heterogeneous material models with relevant parameters 
using a seismic data-driven 3D field-scale geomechanical model by 
highlighting the effect of the detailed seismically interpreted inputs on 
the geomechanical behaviours. Rutqvist et al. (2007) indicate that 
simplified analytical techniques may underestimate or overestimate the 
maximum sustainable injection pressure and emphasize the importance 
of a numerical model for field stability assessment. 

Despite the benefits of using the numerical model for the fault sta-
bility assessment, making a 3D geomechanics model in an early stage of 
field development is challenging. A successful 3D geomechanical model 
requires a detailed geological model describing the 3D geometry of the 
reservoir, fault zones and the over- and under-burden. Furthermore, 
relevant geomechanical properties describing the elastoplastic proper-
ties and stress conditions are needed. However, there is often only 
limited information on rock mechanical data, stress field, and fault 
characterization in an early project phase. Thus, the early screenings 
have to be carried out by only a simplified analytical solution with 
certain assumptions on the stress change acting on the faults rather than 
field-scale 3D or 4D numerical modelling approaches. Most screening 
studies based on analytical approaches should somewhat rely on 
simplified assumptions. Thus, one of the keys to a successful early-phase 
screening of critically orientated faults might be a better understanding 
of the injection-induced stress change of faults and quantifying associ-
ated uncertainties caused by the simplified model assumptions. 

In this study, we assess the impact of the simplified stress path 

Nomenclature 

C0 cohesion 
Cijkl constitutive matrix 
K0 in-situ effective stress ratio, σh’/σv’ 
εe

ij Elastic strain tensor 
εp

ij Plastic strain tensor 
μ′ effective friction coefficient 
μ

′

mob mobilized friction coefficient 
ν′ drained Poisson’s ratio 
σ

′

h,initial in-situ horizontal effective stress before the injection 
σH In-situ maximum horizontal stress 
σh In-situ minimum stress 
σ

′

h effective horizontal stress 
σ

′

n, fault Effective normal stress acting on fault 
σv In-situ vertical stress 
σ

′

v effective vertical stress 

σ
′

v,initial in-situ vertical effective stress before the injection 
τfault Shear stress acting on fault 
Pc allowable injection pressure 
γ′

h,uniaxial horizontal effective stress path coefficient considering 
uniaxial strain condition 

γ′

h horizontal effective stress path coefficient 
γ′

v,uniaxial vertical effective stress path coefficient considering 

uniaxial strain condition 
γ′

v vertical effective stress path coefficient 
τmob mobilized shear strength 
C3D8RP 8-node trilinear displacement and pore pressure element 

with reduced integration 
D Dip 
DOF degrees of freedom 
E Young’s modulus 
FE Finite element 
IR Intra reservoir faults 
MSL mean sea level 
NB northern bounding faults 
ØFC Øygarden Fault Complex 
P25 25th percentiles 
P50 50th percentiles 
P75 75th percentiles 
PP In-situ pore pressure 
S Strike 
SD Standard deviation 
TVD True vertical depth 
VFZ Vette Fault Zone 
α Biot’s coefficient 
γ total reservoir stress path 
δ Kronecker delta 
θ fault dip angle  

J.C. Choi et al.                                                                                                                                                                                                                                  



International Journal of Greenhouse Gas Control 125 (2023) 103881

3

assumptions, particularly uniaxial strain condition, on fault stability 
assessment for CO2 storage sties. We conduct 3D geomechanical simu-
lation for the Smeaheia fault block in the Horda Platform to calculate 
injection-induced stress changes during CO2 injection. By comparing the 
numerically simulated spatial distribution of horizontal and vertical 
effective stress changes with a simplified estimation assuming uniaxial 
strain conditions, we identify the limitation of the uniaxial strain con-
dition and its effect on fault stability assessments. Finally, we discuss the 
implications of our findings for CO2 storage projects in the Norwegian 
Continental Shelf. 

2. Fault stability assessment 

Faults can be reactivated when the stresses acting on the fault exceed 
its strengths. Thus, the fault stability can be evaluated by comparing the 
stresses acting on the fault plane to its frictional strength, which can be 
defined by various failure criteria (e.g., Mohr-Coulomb criteria). In 
porous rock, failure is associated with the stress acting on the rock 
frame, known as effective stress (Terzaghi, 1943). The effective stress 
σ′used for this study can thus be defined as the total stress σ minus the 
pore pressure pp, given by σ′

= σ − pp. Assuming the principal stress 
directions are aligned with Cartesian stresses direction (σv, σH, σh), the 
effective stresses acting on the faults can be estimated by mathematical 
decomposition of the stress condition around faults (σv, σH, σh, and pore 
pressure) using the fault geometry (dip and strike) (Wiprut and Zoback, 
2002). For example, considering isotropic horizontal stress conditions 
under a normal faulting regime, the effective normal stress σ

′

n, fault and 
shear stress acting on the fault τfault can be expressed as: 

σ
′

n, fault =
σ′

v − σ′

h

2
+

σ′

v + σ′

h

2
cos2θ (2.1)  

τfault =
σ′

v − σ′

h

2
sin2θ (2.2)  

where σ
′

v and σ
′

h are effective vertical and horizontal stresses, respec-
tively. The θ is the fault dip angle. It is noted that our study area 
Smeaheia is expected to have a normal faulting regime and close to 
isotropic horizontal stresses (Andrews et al., 2016; Thompson et al., 
2022). However, in order to consider the injection-induced horizontal 
stress anisotropy, this study uses full 3D stress decomposition. 

The distance from the decomposed stresses acting on the fault plane 
(σ

′

n,fault and τfault) to the strength criteria or failure envelope can be a 
measure for stability evaluation (Fig. 1). There are many different ways 
to define the distance (or relative distance) between the stress and the 
strength (failure criteria). The failure criteria could also be defined by 
different failure mechanisms, including shear and tensile failure. Ac-
cording to Skurtveit et al. (2018), when the fault cohesion is higher than 

the maximum shear stress of faults, the study reported that the fault 
failure could be mainly governed by a tensile failure. However, there are 
high uncertainties in the fault strength, especially for cohesion, because 
the strength parameters of faults can be governed mainly by their 
geometrical irregularity (e.g., roughness, throw direction, etc.) rather 
than a thin gauge from surroundings intact rocks (Barton and Bandis, 
1991; Marone, 1995). It is thus commonly assumed that faults have a 
lower cohesion than surroundings, and the associated main failure 
mechanism can consequently be a shear failure. Thus, we mainly focus 
on the instability caused by the shear failure. In this study, the mobilized 
shear strength τmob is mainly used to quantify fault stability. In addition, 
allowable injection pressure Pc, which is commonly used to assess a 
margin for additional pressure increase near faults, is also compared to 
the mobilized shear strength. The conceptual meaning of stability 
measure τmob and Pc is illustrated in Fig. 1 using the Mohr circle diagram 
and a coulomb failure envelope. 

The mobilized shear strength τmob is defined as the ratio of the 
mobilized shear stress to its maximum resistance or strength, particu-
larly to its friction coefficient. When the fault is stressed by its sur-
rounding, the shear stress acting on the faults can increase only until its 
maximum possible resistance, which is shear strength. As the shear 
stress increases, the mobilized shear strength can thus reach to 
maximum 1.0. In geotechnical and structural engineering, the mobilized 
shear strength is widely used as a measure for stability evaluation that 
can show the relative distance between the stress and the strength 
(Ching and Phoon, 2013; Mesri and Shahien, 2003; Wong et al., 2007). 
The mobilized shear strength can be defined as: 

τmob =
μ′

mob

μ′ =

[
τfault

C0
μ′
+σ′n,fault

]

μ′ (2.3)  

where μ
′

mob is mobilized friction coefficient, C0 is the cohesion, and μ′ is 
the effective friction coefficient. For the cohesionless case, where C0 =

0, the mobilized friction coefficient becomes the same as the slip ten-
dency (ratio of shear stress to normal stress) (Morris et al., 1996). 

The allowable injection pressure Pc, which is also known as critical 
pressure perturbation (Wiprut and Zoback, 2002), represents the change 
in pore pressure ΔP that triggers a shear failure. The Pc can be defined as 
a horizontal distance between the stress acting on the faults and the 
failure envelope. Since it underestimates the allowable injection pres-
sure due to its simplified stress path during the injection, which is a 
horizontal distance, it is often used as a conservative evaluation. The Pc 
equation is expressed as follows: 

Pc = σ′

n,fault −
τfault − C0

τ′ (2.4)  

Fig. 1. Conceptual meaning of mobilized shear strength (τmob) and allowable injection pressure (Pc), illustrated in the 3-D Mohr circle diagram. The symbols in the 
figure are defined in the text. Note: the principal stress directions are assumed to follow the geological stresses σv, σH, σh under a normal faulting regime. 
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2.1. Injection-induced stress changes around bounding faults 

During the injection, increased pore pressure reduces the in-situ 
effective principal stresses, and the fault stress condition becomes 
closer to the failure envelope. Consequently, the fault stability is 
reduced. Thus, it is very important to estimate the change of effective 
stress correctly. Regarding the effective stress concept used for the sta-
bility assessment, it is important to note that effective stress should be 
defined by a general Terzaghi concept where σ′

= σ − pp, rather than 
Biot’s effective stress concept with Biot’s coefficient α where σ′

= σ −
αpp. While Biot’s effective stress is only applicable and valid for a 
poroelastic deformation caused by external stresses and the pore pres-
sure change, the Mohr-Coulomb criteria is an empirical correlation 
measured based on Terzaghi’s effective stress condition. Thus, Terza-
ghi’s concept is the more relevant definition for the failure criteria 
(Detournay and Cheng, 1988; Fjær et al., 2008; Gueguen and Bouteca, 
1999). 

To quantify the effects of pore pressure change on the stress evolu-
tion, the change of total vertical and horizontal stresses (Δσv and Δσh) 
caused by pore pressure change ΔPP can be expressed using vertical and 
horizontal stress path coefficients γv and γh (Hettema et al., 2000): 

γv =
Δσv

ΔPP
(2.5)  

γh =
Δσh

ΔPP
(2.6) 

As our study focuses on the relationship between pore pressure and 
effective stresses, and their impact on stability assessment, it may be 
more straightforward to use effective stress path coefficients. If the 
relationship between effective stresses and pore pressure changes is 
defined by total stress path coefficients, effective stress path coefficient 
γ′ can be expressed using total reservoir stress path coefficient γ and 
Biot’s coefficient α as follows: 

γ′

= γ − α (2.7) 

Then, the vertical and horizontal effective stresses after the injection 
can be defined as: 

σ
′

v = σ′

v,initial + γ
′

vΔPP (2.8)  

σ
′

h = σ′

h,initial + γ
′

hΔPP (2.9)  

where σ
′

h,initial and σ
′

v,initial are the in-situ horizontal and vertical effective 
stresses before the injection, respectively. 

Assuming that the pore pressure does not affect the change in total 
stresses, which means that the stress path coefficients in Eqs. (2.5) and 
(2.6) can be 0.0, the effective stress paths defined in Eq. (2.7) can be γ

′

v 

= γ′

h = − 1.0 with an assumption of α = 1. It assumes that the pore 
pressure is the only factor affecting the change of the effective stresses. 
For a normal faulting regime (σv > σh), when the injection-induced 
effective vertical stress σ

′

v and the effective horizontal stress σ
′

h 
assuming no change in total stress, Eqs. (2.8) and (2.9) are expressed as: 

σ
′

v = σ′

v,initial − ΔPP (2.10)  

σ
′

h = σ′

h,initial − ΔPP (2.11) 

However, injection-induced change of in-situ stress conditions 
around faults is affected by other factors (e.g., boundary condition, 
reservoir geometry, material properties, etc.), and the effective hori-
zontal stress path coefficients will normally be less negative than -1.0. 
Thus, the uniaxial strain condition is a more commonly used assumption 
for a reservoir stress path (Fjær et al., 2008). The uniaxial strain con-
dition assumption is considered valid for the middle of a laterally 

extensive reservoir with homogenous material properties. The uniaxial 
strain condition assumes negligible lateral and unconstrained vertical 
movement. In such uniaxial strain conditions, the effective stress path 
coefficients in Eq. (2.7) can be expressed: 

γ′

v = − α (2.12)  

γ′

h = γh − α =
α(1 − 2ν′

)

1 − ν′ − α (2.13)  

where ν′ is the drained Poisson’s ratio, and α is the Biot’s coefficient. 
For unconsolidated rock where the drained bulk modulus is several 

orders of magnitude smaller than its grain-level bulk modulus, the Biot’s 
coefficient is close to 1.0 and set to 1.0 in this study on poorly consoli-
dated sedimentary rocks. When Biot’s coefficient is set to 1.0, Eq. (2.13) 
can be rewritten as: 

γ’
h =

− ν’

1 − ν’ (2.14) 

As the Poisson’s ratio can be in the range of 0.0–0.5 for various 
materials, the γ′

h representing uniaxial strain condition in Eq. (2.14) 
could theoretically vary in the range of 0.0–-1.0. However, most sand-
stones have a Poisson’s ratio in the range of 0.1–0.3 and the corre-
sponding γ′

h by using Eq. (2.14) are then in the range of around -0.1 to 
-0.4. Then in practice, γ′

h used in the analytical model may be in the 
range of -0.1 to-1.0 based on the two main assumptions used in the 
analytical model in Eqs. (2.11) and (2.14), respectively. The vertical 
effective stress path γ′

v under both assumptions for analytical solution 
equals -1.0. However, in reality, it could be less or larger when ac-
counting for deformation, like arching effects. In addition, the effective 
stress anisotropy can develop differently with the uniaxial strain as-
sumptions and affect the calculated stability. To perform a detailed 
study of the injection-induced stress changes around the bounding fault 
of the Smeaheia fault block, 3D numerical geomechanical models are 
used to investigate the spatial distribution of effective stress change 
around the bounding faults. The 3D geomechanical models can capture 
the effects of geometry or location in the reservoir (Rudnicki, 1999), 
depth of the reservoir (Hettema et al., 2002), and stiffness contrast 
(Morita et al., 1989), which are aspects that become important for the 
bounding faults. Comparing the effective stress paths estimated using 
the 3D geomechanical models and the analytical model using uniaxial 
strain conditions demonstrate the validity of the analytical methods for 
fault stability screening. 

2.2. 3D geomechanics modelling 

In the reservoir, pore pressure change influences the stress on the 
grain skeleton (effective stress) and the total stress. The total stress 
tensor can thus be decomposed by the effective stress tensor σij

’ and pore 
pressure pp as follows (Terzaghi, 1943): 

σ′

ij = σij + ppδij (2.15)  

where δ is the Kronecker delta. The strain εij caused by the effective 
stress change can be decomposed by an elastic part εe

ij and a plastic part 
εp

ij as follows: 

εij = εe
ij + εp

ij (2.16) 

The relationship between the effective stresses and the elastic strain 
can be linked with the constitutive matrix Cijkl as follows (Rice, 1977; 
Suvorov and Selvadurai, 2019): 

σ
′

ij = Cijkl(εkl − εp
kl) + (1 − α)pp (2.17)  

where α is the Biot’s coefficient which is related to the compressibility of 
the formation grain. 
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The 3D geomechanics model needs several steps together with the 
multidisciplinary data (e.g. geological model, geometry, 3D impedance 
cube from seismic information, petrophysical data and pore pressure 
from a reservoir simulator, etc.). This study uses a general-purpose finite 
element (FE) solver Abaqus 2017 (Dassault Systèmes Simulia Corp, 
2017) to solve the constitutive relationships between the reservoir 
pressure and the stress and strain of discretized geometry of the CO2 
storage, which are expressed in Eqs. (2.15) to (2.17). In addition, an 
NGI’s in-house Python scripts and Fortran user subroutines to import the 
multidisciplinary data are used (Choi et al., 2019). The material 
behaviour of the field was modelled using a linear elastic 
perfectly-plastic Mohr-Coulomb model. The reservoir section was 
considered a drained material, and the sections outside the reservoir 
were considered undrained. The model mesh used C3D8RP (8-node 
trilinear displacement and pore pressure element with reduced inte-
gration) was used to consider the effect of pore pressure and stress 

changes. Reservoir geometry and main geological horizons were im-
ported using the geometrical information from the published geological 
and reservoir model (Gassnova 2021). Our model considered a spatial 
variation of the material properties when the 3D data was available. For 
the reservoir, the variations in the drained elastic stiffness as a function 
of porosity were modelled by a user-defined field parameter, where the 
initial field parameter distribution is taken equal to the distribution of 
the initial porosity in the reservoir. The initial effective stresses and pore 
pressures were assumed to be in equilibrium with the total stresses 
generated by gravity and tectonic forces. To generate the initial stress 
equilibrium without causing initial deformation, nodal reaction forces 
were first calculated by fully constraining all displacement degrees of 
freedom (DOF). Then, the calculated nodal reaction forces were applied 
to the model with gravity and tectonic forces. Next, the CO2 
injection-induced pore pressure changes simulated separately from a 
reservoir simulator were applied to the pore pressure nodes of the 

Fig. 2. a) Location and extent of the 
Sognefjord Formation and the Smeaheia 
fault block on the Horda Platform 
showing three potential closures for CO2 
storage, the Alpha, Beta and Gamma. b) 
Profile across Smeaheia with the Sog-
nefjord, Fensfjord and Krossfjord for-
mations grouped as the reservoir and 
the overburden, underburden and sides 
grouped as the surroundings. Location 
of the intra-reservoir faults (IR) and two 
main bounding faults, the Vette Fault 
Zone (VFZ) and the Øygarden Fault 
Complex (ØFC) are included. The map is 
based on NPD FactPage data, and the 
profile is based on interpretation by 
Mulrooney et al. (2020).   
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reservoir section to calculate the mechanical response caused by the 
field operation. Finally, the calculated mechanical responses were 
exported as an independently processible format (e.g., ASCII or binary). 

3. Study area and model properties 

3.1. Smeaheia study area 

The Smeaheia fault block is located on the eastern part of the Horda 
Platform offshore Norway, part of the north-south-trending structural 
high on the eastern side of the Viking Graben (Fig. 2a). The tectonos-
tratigraphic evolution for the Smeaheia area is well described in recent 
publications (Mulrooney et al., 2020; Osmond et al., 2022; L. Wu et al., 
2021), identifying two major extensional rift events, as well as uplift. 
The stratigraphic succession of the Smeaheia fault block can be 
described based on the three dry wells targeting identified structural 
traps, the Alpha, Beta and Gamma (Fig. 2a). The structural traps within 
Sognefjord Formation are identified as a promising CO2 storage reser-
voir within the Upper Jurassic Viking Group (Gassnova, 2021) and 
capped by the sealing Draupne Formation (Skurtveit et al., 2012). The 
Sognefjord, Fensfjord and Krossfjord formations are considered the main 
reservoir succession modelled in the 3D geomechanical model, whereas 
all other formations are considered surrounding material (Fig. 2b). A 
reference dataset containing subsurface data, reports, geomodels and 
reservoir simulations for the assessments of CO2 storage sites in the 
Smeaheia region has been published by Gassnova and Equinor through 
the CO2datashare database (https://co2datashare.org/dataset/smeahei 
a-dataset) (Gassnova, 2021) and provides the base for the current 
modelling. The released Smeaheia Dataset covers the period from 2009 
to 2018, whereas the latest well 32/4–3S drilled in the Gamma closure 
(Gladsheim) is not included in the Smeaheia dataset. 

Smeaheia is a fault-bounded structure to the east, north and west, 
whereas the structure is open to the south (Fig. 2a). The Vette Fault Zone 
(VFZ), bounding the Alpha closure to the west, is a north-south trending, 
west-dipping normal fault with a prominent wedge-shaped growth 
section during the deposition of the Cromer Knoll Group. A comparison 
of the lithology and geometry of the Alpha closure and the similar trap 
structures within Troll east and west suggests that the Cromer Knoll 
Group is expected to act as a good horizontal seal along the Vette Fault 
Zone, whereas within the identified relay zones, fault segmentation re-
sults in reservoir-reservoir contact across the Vette Fault Zone with 
potential for pressure communication (Mulrooney et al., 2020; Wu et al., 
2021). To the east, the Smeaheia fault block is bounded by the Øygarden 
Fault Complex (ØFC), which is the boundary of the sedimentary basin 
and the Precambrian basement rock of the Norwegian mainland (Fossen 
et al., 2017). The basement rock of the Øygarden Fault Complex is 
currently not well known with respect to fault sealing and stiffness 
properties. 

3.2. Model inputs 

The geomechanical models in our study consist of two different 
mechanical material types: the reservoir section and the surrounding 
material (Fig. 2b). The geometry of the model is based on the nine 
seismic horizons interpreted in the Troll Kystnær storage prospect be-
tween 2009 and 2012 by Gassnova (Gassnova, 2021), but available 
geomechanical data only supported two distinct geomechanical layers. 
The Sognefjord, Fensfjord and Krossfjord formations were grouped as 
the reservoir section, and all other layers were defined as surrounding 
materials. Each material type has been assigned based on the available 
data from the Smeaheia dataset (Gassnova 2021) and supplemented 
with input from recent publications (Table 1). To consider the effect of 
material heterogeneity on the reservoir stress path, we used porosity 
distribution from the geomodel provided in the Smeaheia dataset and a 
correlation between Young’s modulus and porosity established from 
relevant data reported by Mondol (2019) and Park et al. (2022). Park 

et al. (2022) presented a sample from the Sognefjord Formation in well 
31/6–6 (Fig. 2a) with 28% porosity and Young’s modulus, E, of 2.0 and 
5.2 GPa during triaxial loading and unloading, respectively. The Sog-
nefjord Formation in well 32/4–1 (Fig. 2a) has an average porosity of 
30% and a range of 25–35% (Mondol, 2019), corresponding to Young’s 
modulus in the range of around 1–6 GPa. The average of the 
porosity-dependant Young’s modulus used for this study is 5.56 GPa, 
which is close to the unloading modulus because the injection-induced 
pressure unload the reservoir materials. However, the caprock and the 
surrounding could also be stressed due to a counter force caused by the 
expansion of the reservoir if negligible fluid infiltration to the sur-
roundings is assumed. Thus, the variations of surrounding stiffness are 
also investigated in the parametric study. The Biot’s coefficient for all 
materials is set to 1.0 based on the assumption that the drained bulk 
modulus is several orders of magnitude times smaller than its grain-level 
bulk modulus for the Horda Platform area. Poisson’s ratio is a critical 
input in estimating the effective horizontal stress path γ

′

h using the 
uniaxial strain assumption (Eq. 2.14), and its variation can affect the 
distribution of stress paths in the reservoir and surrounding areas. To 
exclude the difference caused by the variation in Poisson’s ratio in the 
stress paths between analytical and numerical simulations, a constant 
Poisson’s ratio of 0.22 was selected for the reservoir and 0.4 for the 
surrounding areas was chosen based on the range tabulated in the 
Smeaheia dataset. The strength parameters, including the cohesion and 
the friction angles, are also derived from the Smeaheia dataset. The 
friction angle for the reservoir section, which is 15.0 ◦, is slightly lower 
than the typical range for the reservoir sandstones, which varies be-
tween 20 and 40 ◦. Friction angles tend to decrease with higher 
confining stresses and increasing porosity (Fjær et al., 2008), but the 
database does not clearly comment on it. In addition, there are high 
uncertainties in the fault strength, especially for cohesion, and the 
cohesion of faults is commonly assumed to be lower than the sur-
roundings. To investigate the effect of variation in strengths on the 
stability assessment results, we chose the intact rock properties (C0= 5 
MPa, μ′

= 0.27, which corresponds to 15◦ of the effective frictional 
angle) as a high-value case for the fault strengths and cohesionless faults 
(C0= 0.0 MPa, μ′

= 0.6) as a low-end of the fault strengths for the fault 
stability assessment study. 

In the model, effective unit weights are assumed to be 10.235 kPa/m, 
and the initial pore pressure is assumed to follow a hydrostatic pore 
pressure, although the recent well drilled in the Gamma closure 
confirmed depletion on the Smeaheia fault block (L. Wu et al., 2021). A 
fixed value of in-situ effective stress ratio K0 = σh’/σv’ = 0.45 is applied 
for all lithologies, although K0 may vary between 0.4–0.8 for various 
lithologies as observed from field stress data (Andrews et al., 2016; 
Andrews and de Lesquen, 2019; Thompson et al., 2022). Thompson 
et al. (2022) reported that the study area has some degree of horizontal 
stress anisotropy (σH/σh = 1.01 - 1.27), and the primary orientation of 

Table 1 
Mechanical properties used for the 3D geomechanics modelling study based on 
Gassnova (2021), Mondol et al. (2019), Grande et al. (2020), and Park et al. 
(2022).  

Properties Unit Value 

Reservoir   
Drained Young’s modulus GPa 36.97–9.66*log10(porosity1[-]*100) 
Drained Poisson’s ratio – 0.22 
Cohesion MPa 5.00 
Friction angle ◦ 15.00 
Surroundings, including over- and under- 

burden  
Undrained Young’s modulus GPa 5.00 
Undrained Poisson’s ratio – 0.40 
Cohesion MPa 7.00 
Friction angle ◦ 13.00  

1 porosity = Vpore / Vbulk. 
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the maximum horizontal stress is the E-W direction. This study assumes 
an isotropic horizontal stress condition as the initial horizontal anisot-
ropy condition but investigates the development of injection-induced 
horizontal stress anisotropy. The depths of the injection point and the 
top reservoir are set to 1488 and 1304 m TVD MSL, respectively. 

A parametric study has been conducted to evaluate the sensitivity of 
soft and stiff material surrounding the reservoir. A Young’s modulus of 
2.0 GPa is considered to represent soft material, typically a weaker or 
very clay-rich formation surrounding the reservoir, whereas Young’s 
modulus of 7.0 GPa, is used to study the effect of a stiffer material sur-
rounding the reservoir (Table 2). The range of the stiffness is based on 
the depth variation of static Young’s modulus as well as the non-linear 
behaviour of representative surrounding shales like the Nordland 
Group, Southern Viking Graben and the Draupne shale from well 16/ 
8–3S during shear mobilization (i.e., Grande et al., 2020). It also reflects 
variation in anisotropy (i.e. E = 2.5–5 GPa normal and parallel to 
layering for Draupne Shale from Ling Depression) (Mondol, 2019). 
Regarding the choice of loading direction, as pressures increase in the 
reservoir, the material experiences elastic unloading. However, the 
caprock and bounding materials, which have negligibly small fluid 
infiltration, may also be stressed/loaded due to a counterforce caused by 
the expansion of the reservoir. Consequently, we have selected ranges 
that can accommodate both loading and unloading stiffness. 

Fault geometry interpreted in the Troll Kystnær report (Gassnova, 
2013) is used as a base for this study. The faults around the reservoir are 
plotted in Fig. 3. The reservoir is bounded by three main fault systems: 
VFZ (west), ØFC (east), and the northern-bounding (north) fault zones. 
The N-S to NNW-SSE orientated VFZ and ØFC make up the western and 
eastern boundaries of the Smeaheia fault block, a roughly E-W trending 
fault system bound to the north, whereas the reservoir is open to the 
south (Figs. 2a and Fig. 3). Faults within the reservoir are mainly NW-SE 
trending, and only a selection of faults are part of the current model. The 
statistical distribution of fault strikes, mean values and standard de-
viations (SDs) for the various fault systems are summarized in Fig. 4. 
Assessment of fault dip depends on the velocity model used for depth 
conversion of the seismic data. Michie et al. (2021) observed shallow 
dipping faults around 35◦ in the upper section of the Vette Fault Zone, 
steepening towards around 70◦ before becoming shallower at the base. 
Based on the fault interpretation published by Michie et al. (2021), we 
consider a fault dip of 60◦ and a fault strike of 169◦ as representative 
values for further consideration of fault stability evaluation. For a 
sensitivity study, a fault dip of 42◦ is also considered based on other 
interpretations (Rahman et al., 2021; Skurtveit et al., 2018). In addition 
to the base strike, another strike of 252◦ is also tested to investigate the 
effect of injection-induced horizontal stress anisotropy. The represen-
tative faults for the stability assessments are assumed to be located near 
the injector, which has a depth of around 1400 m below MSL. Corre-
sponding in-situ vertical and horizontal total stress, conditions are 25.6, 
18.7, and pore pressure is 13.9 MPa. The pore pressure build-up near the 
injector is assumed to be 3.4 MPa. 

The reservoir simulation by Equinor for the 2016 feasibility study 

(Gassnova, 2021) was used to consider the 3D distribution of 
injection-induced pore pressure build-up in the reservoir. The model 
simulated 1.3 million tonnes of yearly injection for 25 years. The 
simulation model assumed a closed boundary for the northern, eastern 
and western bounding faults and opened boundary for the intra-faults. 
The simulation also assumed the side burden juxtaposed with bound-
ing faults as a hydraulically closed boundary condition. The different 
assumptions on the hydraulic boundary condition of the fault can also 
affect the results of specific site evaluations. Since this study aims to 
investigate a more general conclusion about the effect of analytical 
approaches assumption by using field case, we kept the assumption used 
in the reservoir simulation. It should be noted that the results using this 
assumption may not reflect the site-specific operational condition, and 
the detailed field assessment is out of the scope of this study. The pore 
pressure distribution in the reservoir after 25 years of injection (Fig. 5a) 
shows a pore pressure increase of up to 3.4 MPa near the injector. The 
northern part of the reservoir has pressure close to that near injector due 
to the closed boundary condition at the northern bounding fault. The 
pore pressure is gradually decreasing from the injector to the southern 
open boundary. 

4. Results 

4.1. Stress change simulated from 3D geomechanics model 

The generated 3D model has width, length, and height of 30.5, 83.4, 
and 5.0 km, respectively (Fig. 6a), with a total number of elements of the 
reservoir and the entire model of 1.9•105 and 4.3•105, respectively. The 
total number of grids in the vertical direction is 31. The change of ver-
tical effective stress (Fig. 6b) follows the pore pressure change (Fig. 6a) 
in terms of both distribution (i.e., higher change near the injector and 
gradually reducing toward the southern boundary) and the magnitude. 
For the effective vertical stresses (Fig. 6b), the injection-induced pore 
pressure change appears to be the major factor affecting the change of 
vertical effective stresses (Eqs. 2.10 and 2.12), and simplified assump-
tions seem to be acceptable for overall behaviour. However, for the 
horizontal effective stresses, the change in horizontal effective stress 
(Fig. 6c) is much smaller (< ~40 per cent of pore pressure change) 
compared to pore pressure (Fig. 6a). The smaller change in horizontal 
effective stress (Fig. 6c) than in pore pressures indicates that the 
simplified assumption in Eq. (2.11), which assumes that pore pressure is 
the only factor changing effective stresses, may lead to an over-
estimation of the change in effective horizontal stresses. 

4.2. Spatial distribution of effective stress paths 

Effective stress path coefficients, defined as the normalized change of 
effective stress by the change of pore pressure (Eqs. 2.5, 2.6 and 2.7), are 
used to characterize the spatial distribution of stress changes in the 
reservoir and along faults (Fig. 7). The simulated vertical effective stress 
path coefficients γ′

v are close to -1.0 for most regions in the reservoir 
(Fig. 7a). However, the region close to the reservoir’s edge shows 
slightly less negative and higher variation than the reservoir. In general, 
the simulated values seem to follow a normal distribution with a mean of 
-1.0 (Fig. 7b). However, the bounding faults (i.e., VFZ, ØFC, and NB) 
show slightly less negative histogram peaks (~0.90–0.96) than those in 
the reservoirs (i.e., IR). The variation of vertical effective stress path 
coefficients in the bounding faults group (SD of 6–7%) is slightly higher 
than that in the reservoir (SD of 3–4%). The vertical effective stress path 
coefficient is related to the overburden arching effect, indicating how 
much reservoir compaction is affected by over- and side-burden support. 
It is noted that the arching coefficient defined by Hettema et al. (2000) 
uses the ratio of total vertical stresses to pore pressure defined in Eq. 
(2.5), and it can be converted to the effective stress path coefficients 
using Eq. (2.7). If the vertical movement of the reservoir is not confined 

Table 2 
Parametric cases used to investigate the sensitivity of stiffness distribution and 
contrast on the effective stress paths.  

NO. Cases Young’s modulus in 
reservoir, 
E_reservoir [GPa] 

Young’s modulus in reservoir 
surrounding, E_surrounding 
[GPa] 

0 Base Inhomogeneous, 
Mean ¼ 5.56 

5.0 

1 Constant 
E_res 

Homogeneous, 5.56 5.0 

2a High_E_sur Inhomogeneous, Mean 
= 5.56 

7.0 

2b Low_E_sur Inhomogeneous, Mean 
= 5.56 

2.0  
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(e.g., free moving), this effective vertical stress path coefficient is close 
to -1.0. Also, the uniaxial strain condition assumes the vertical move-
ment to be under a free boundary, and the effective vertical stress path 
coefficient should also be -1.0, as described in Eq. (2.12). If the coeffi-
cient is less negative than -1.0, it means that the stress arching in the 
overburden and the sideburden resist the stress to be transferred. Also, 
the observed more negative value than -1.0 means the counter effect of 
the stress arching that tries to make a stress equilibrium. The observed 
normal distribution with a mean of -1.0 for the vertical stress path co-
efficient indicates that Eqs. (2.10) and (2.12) provides a reasonable es-
timate for the pore pressure response on vertical stresses of 
intra-reservoir faults, whereas bounding faults are slightly 
overestimated. 

The spatial distribution plot of horizontal effective stress path co-
efficients γ′

h in Fig. 7c shows that the coefficients near the closed 
bounding faults and the injector are more negative (− γ′

h > 0.3) than 

those in the southern reservoir (− γ′

h < 0.3), which has an open hydraulic 
boundary and experiences less change in pore pressure. This indicates 
that regions with larger pore pressure changes are more influenced by 
the boundaries. The peak of the histogram (Fig. 7d) also supports the 
observation that the boundary condition influences the coefficients. The 
bounding faults (VFZ, ØFC, northern bounding faults) have more 
negative values (-0.33 to -0.41) than the faults inside the reservoir (~ 
-0.32). The influence of the deformational boundary condition becomes 
more evident when comparing the effective horizontal stress paths 
assuming the uniaxial strain condition (calculated using Eq. (2.14) with 
a drained Poisson’s ratio of 0.22, which is the same condition considered 
for the numerical model) to the calculated results. Fig. 7d shows that the 
uniaxial strain assumption (γ′

h,uniaxial = − 0.28) underestimates the ab-
solute value of the coefficients compared to the simulated field condi-
tion, which considered more realistic lateral deformation and associated 
stress changes. These results suggest that relying on the assumptions in 

Fig. 3. a) Fault planes together with depth of the top Sognefjord Formation horizon and b) top view of the fault groups used for this study; VFZ: Vette Fault Zone, 
ØFC: Øygarden Fault Complex, NB: northern bounding faults, IR: intra reservoir faults. 

Fig. 4. Histogram and statistical mean and standard deviation of strikes of the fault used in the model.  
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Eqs. (2.11) and (2.14) can result in errors when estimating the change in 
horizontal effective stresses. Assuming that change in horizontal effec-
tive stress change is equal to the pore pressure change (Eq. 2.11) can 
lead to a substantial overestimation of the effective horizontal stress 
change. Although the assumption with the uniaxial strain condition (Eq. 
2.14) may better predict the field situation, particularly for the reser-
voir, it still does not provide an accurate estimation. The uniaxial strain 
condition tends to underestimate the effective horizontal stress change, 
especially for the bounding faults with significant changes in pore 
pressure, such as the Vette Fault Zone. 

4.3. Stiffness sensitivity of the effective stress paths 

The sensitivity of stiffness, particularly concerning heterogeneities 
and contrasts, on the stress paths and associated induced in-situ stress 
anisotropy and rotations are investigated using a series of 3D numerical 
simulations for the parametric cases outlined in Table 2. Fig. 8 presents a 
comparison of the calculated effective stress paths for the parametric 
cases. The results were statistically visualized in a bar chart with error 
bars and compared to the analytical estimation assuming the uniaxial 
strain condition, which is represented by red dotted lines. For the ver-
tical effective stress path coefficients (Fig. 8a), the stiffness heteroge-
neities and contrasts rarely affect the estimated mean value for the intra- 
reservoir faults (i.e., the bar group IR in Fig. 8a). However, the error bars 
for the homogeneous reservoir domain (i.e. orange bar in Fig. 8a) show 
reduced spatial variation more than the heterogeneous base case (i.e. 
green bar in Fig. 8a). The bounding faults (i.e., the bar groups NB, VFZ, 

ØFZ in Fig. 8a) show more variation in the estimated mean values than 
the intra-reservoir faults. Also, the variation is more affected by the 
stiffness contrast than the reservoir heterogeneity. The stiffness contrast 
results in around a maximum 20% variation of vertical effective stress 
paths for this study. For the horizontal effective stress path coefficients 
(Fig. 8b), we can see more drastic effects of the stiffness contrast on the 
bounding faults. When the surroundings are considered as soft material 
(i.e., case no. 2b in Table 2 and the yellow bars in Fig. 8b), the maximum 
value of +2 SD for the Vette Fault Zone is around γ′

h= 0.64, which is 
127% higher than the uniaxial strain assumption (i.e., − γ′

h,uniaxial strain =

0.282). When the case with the soft surroundings is compared to the 
base case, the means of the bounding faults (i.e., γ′

h = 0.42 – 0.49) are 
around 20 per cent higher than that of the base cases (i.e., γ′

h =

0.35–0.41). The results of this parametric study indicate that the hori-
zontal effective stress path coefficients can be significantly affected by 
stiffness contrast between the reservoir and surroundings, and using the 
uniaxial strain assumption can result in a change of the horizontal 
effective stress by less than half of the actual change from numerical 
simulation for the case where the surroundings are softer than the 
reservoir. 

The simulation results also indicate that stiffness contrast caused by 
direction to the fault boundary (e.g. stiffness contrast caused by 
perpendicular vs. parallel to the faults) seems to result in anisotropy and 
rotation of in-situ stress condition. Fig. 8c presents that the initial 
isotropic effective horizontal stress condition becomes slightly aniso-
tropic by σ′

h /σ′

H = 5–10% on average after the injection. Similar to 

Fig. 5. a) Location of CO2 injector (red dot) and pore pressure build-up after 25 years of injection, and b) pressure build along the main reservoir direction, which is 
approximately N.S. direction, together with statistics for the distribution. 

Fig. 6. Simulated CO2 injection-induced stress change in the reservoir. a) 3D mesh of modelled Smeaheia area and implemented injection-induced pore pressure 
change in the reservoir domain. Figures b) and c) show the corresponding change of reservoir effective stresses after CO2 injection for vertical effective stresses (Δσ

′

v) 

and minimum horizontal effective stresses (Δσ
′

h), respectively. 
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previously observed effects on the horizontal effective stress paths (seen 
in Fig. 8b), the bounding faults juxtaposed with soft sediments seem to 
experience more effective horizontal stress anisotropy σ′

h /σ′

H up to 20% 
compared to the reservoir with stiff surroundings. As consequence of 
stiffness contrast caused by direction to the fault boundary, near the 
bounding faults, the direction of the maximum horizontal stress σH be-
comes parallel to the faults (Fig. 8d). 

4.4. Effect on fault stability assessments 

The consequence of the difference in estimated stress path on fault 
stability assessment is evaluated using the conservative assumption of 
cohesionless faults (C0= 0.0 MPa, μ′

= 0.6) as the fault strength. 
Calculated allowable injection pressure Pc and the mobilized shear 
strength τmob for the cases assuming faults as a cohesionless material 
(Fig. 9) show that the uniaxial strain assumption overestimates the fault 
stability of most cases. Assuming stress paths to follow the uniaxial 
strain condition, the Pc and the τmobwere calculated as 1.74 MPa and 
0.65, respectively. When the mean of numerically calculated stress paths 

is applied to the simulation, the calculated Pc and the τmob are 0.74 – 
1.56 MPa and 0.69 – 0.83, respectively, significantly lower than the 
uniaxial strain assumption. Especially for the bounding faults, when the 
surrounding material is softer than the reservoir, the numerical simu-
lation model results in the instability of critically stressed faults. The 
calculated Pc is less than zero, and the τmob is higher than one. Utilizing 
the uniaxial strain assumption gives too optimistic results and cannot 
capture the more critical scenarios, including a failure for the critically 
orientated faults. These results clearly indicate that using the uniaxial 
strain assumption for the bounding fault is less representative than in the 
reservoir. 

The overestimation of the fault stability when using the uniaxial 
strain condition can also be seen in other parametric studies, including 
those with high-end fault strengths assuming the same as that in intact 
reservoir rock (C0= 5 MPa, μ′

= 0.27), that consider the variation of the 
strength and fault geometries. Comparison of mobilized shear strengths 
and the associated overestimated stability when using the uniaxial 
assumption (τmob,numerical model/τmob,uniaxial) are plotted in Fig. 10. The bar 
chart of calculated mobilized shear strength (Fig. 10a) presents that the 

Fig. 7. Spatial distribution and statistical information for calculated vertical stresses path coefficients γ′

v (a and b) and horizontal effective stresses path coefficients 
γ′

h (c and d). Uniaxial strain conditions for vertical stress path coefficients (γ′

v,uniaxial = − 1.0) and horizontal effective stress path coefficients (γ′

h,uniaxial = − 0.28) are 
added as the red dashed lines in b) and d), respectively. 
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case of high fault strength (i.e. high cohesion D:60◦ S:169◦) results in 
stable fault condition even after the injection with the mobilized shear 
strengths of around 0.3 to 0.4, and the variation of calculated mobilized 
shear strength is smaller than in the cohesionless case. However, when 
the calculated mobilized shear strength is normalized by the results 
using the uniaxial strain condition (τmob,numerical model/τmob,uniaxial), the 
associated overestimated stability (Fig. 10b) is almost the same as that of 
the cohesionless case. When the dip and strike are assumed to be similar 
to the Vette Fault Zone (i.e., D: 60◦ S: 169◦), the overestimated stability 
caused by the uniaxial strain conditions is around 35–60%. For the less 
critically orientated faults (i.e., cohesionless D: 42◦ S: 169◦), the stability 

variation, expressed as the length of the error bars, is less than the 
critically orientated case. 

Fig. 10 also shows the effect of injection-induced stress anisotropy 
and associated consequences on the fault stability in different directions. 
The fault perpendicular to the major bounding faults (i.e. cohesionless 
D: 60◦ S: 252◦) shows slightly more stable fault conditions but higher 
stability variation than the base case. The stress paths of parametric end 
members (Fig. 11) can help us understand why faults perpendicular to 
the major bounding faults become more stable than the bounding faults, 
even though the field initially has isotropic horizontal stress conditions. 
As illustrated in Fig. 8d, injection leads to a slight anisotropy in 

Fig. 8. Comparison of reservoir stiffness heterogeneity and contrast effects on a) vertical effective stress paths, b) vertical effective stress paths, and c) horizontal 
effective stress anisotropy. The error bars indicate the ±2 SD of the calculated stress path coefficients. The directions of maximum horizontal stresses after the 
injection are plotted in figure d). 

Fig. 9. Results of fault stability assessment using conservative strength assumption of a cohesionless material (C0= 0.0 MPa, μ′

= 0.6). The stability values are 
presented as a) allowable injection pressure and b) mobilized shear strengths. 
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horizontal stresses and rotates the maximum stress directions parallel to 
its major bounding faults. The results of the numerical study plotted in 
Fig. 11 also show the injection-induced stress anisotropy by displaying a 
difference between the minimum and maximum horizontal stresses after 
the injection, even though they were the same before the injection. As a 
consequence of this stress anisotropy and stress rotation, faults 
perpendicular to SHmax experience a more decrease in shear stress than 
those parallel to SHmax, and resulting in more stable conditions. This 
explains why faults perpendicular to σH are more stable than those 
parallel to σH. However, the stability of faults perpendicular to σH 

orientation is not only influenced by σh and σv (or minimum and 
maximum principal stresses) but also by the variation of intermediate 
principal stress σH. As a result, faults orientated perpendicularly to σH 

appear to have higher variation in the stability assessment results than 
the base case, due to additional uncertainties caused by injection- 
induced horizontal stress anisotropy. 

5. Discussion 

5.1. Underestimated effective horizontal stress change in simplified 
uniaxial strain assumption 

Our results show that when using the uniaxial strain assumption, 
only the lower bound of the effective stress change in the horizontal 
direction is captured (Fig. 7d). Stress change is larger for the bounding 
faults subjected to a significant change in pore pressure (e.g., VFZ) than 
for the homogeneous pore pressure distribution within the reservoir. 
Observations also highlight that the uniaxial strain condition leads to a 
more discrepancy in the estimated stress change and stability when the 
reservoir surrounding material, including faults, is softer than the 
reservoir (Fig. 9). These observed differences can be explained mainly 
by the assumptions regarding lateral deformation around the faults. The 
uniaxial strain condition assumes no lateral movement, and the total 
horizontal stress will then increase according to poroelastic equations, 

and the resulting change in effective horizontal stress due to pore 
pressure increase will be less (i.e. increasing Δσh will counteract ΔPP in 
the expression of effective stress, Δσ′

h = Δσh − ΔPP). When the material 
is allowed to deform laterally on the fault/reservoir boundary as 
modelled in the 3D model, such build-up of total horizontal stress will be 
less and absorbed in the deforming rock, and the resulting change in 
effective horizontal stress induced by pore pressure will be more sig-
nificant. Moreover, the softer the surrounding boundary material, the 
more of the total stress change will instead be absorbed into strains. 
Intra-reservoir faults within an assumed homogeneous domain with a 
homogeneous pore pressure build-up on each side of the fault (Fig. 12a) 
will experience negligible lateral displacement due to lateral confine-
ment. The conditions are thus suitable for applying the uniaxial strain 
assumptions. However, for the bounding faults (Fig. 12b), in-
homogeneity in both pore pressure and stiffness is expected between the 
reservoir and the side burden. This results in imbalanced confinement 
near the faults and lateral deformation rather than increasing the total 
stress. The observed injection-induced horizontal stress anisotropy 
(Fig. 8c) is explained by the directional difference in stiffness contrast 
along faults that form a boundary in mechanical stiffness. Increased 
injection-induced horizontal stress anisotropy is observed along the N-S 
trending bounding faults compared to the intra-reservoir faults (Fig. 8c). 
The maximum principal stress (SHmax) rotates near the bounding faults 
and becomes parallel to the N-S trending bounding faults. Field- 
measured stress conditions derived from leak-off tests and density logs 
from hydrocarbon production fields like Ekofisk (Hettema et al., 2000) 
and Groningen fields (Teufel et al., 1991) also show that the 
lab-measured uniaxial strain condition underestimates the 
field-measured effective horizontal stresses changes. It also supports 
that the uniaxial strain assumption should be used as a low estimate of 
horizontal effective stress change of bounding faults when the 
injection-induced fault stress changes are estimated using an analytical 
solution. 

Our work highlights mechanical contrasts in the stiffness properties 

Fig. 10. Effect of strength and fault 
geometry – dip (D) and strike (S) – 
variation on a) the mobilized shear 
strengths and b) the associated over-
estimated stability using the uniaxial 
strain assumption. The rectangle boxes 
and error bars represent stability values 
with mean and ±2 SD of the calculated 
stress path coefficients, respectively. 
The strengths used in the Cohesionless 
and High cohesion cases correspond to 
the low-end (C0= 0.0 MPa, μ′

= 0.6) and 
high-end assumption (C0= 5 MPa, μ′

=

0.27) for fault strengths, respectively.   

Fig. 11. Mohr circle representations of 
injection-induced stress anisotropy and associ-
ated consequence on stress paths in different 
fault directions. In the figure left, the black and 
blue solid lines are the injection-induced stress 
conditions calculated using the numerical 
simulation and the uniaxial strain (UAS) 
assumption, respectively. The dotted line is 
initial stress condition, which initially had an 
isotropic horizontal stress conditions. Zoomed 
figure in right shows associated stress paths in 
different fault strikes.   
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on each side of a bounding fault as the controlling parameter for the 
stress path for the fault, suggesting that faults displacing the stratigraphy 
and juxtaposition material of high mechanical contrast need a detailed 
evaluation of the stress path. One of the limitations of our study is that 
faults are not modelled as discrete fault structures, but we assumed the 
same material as the surroundings. This simplification is inspired and 
supported by findings from a detailed fault study for depletion in the 
Statfjord field (Cuisiat et al., 2010), concluding that the stability of faults 
is not sensitive to stiffness distributions of the fault itself, including 
geometrical variations and uncertainties, because the behaviour of a 
relatively thin domain can be mostly governed by surrounding mate-
rials. However, with the current methodology for quantification of 
sensitivity, we see it might be valuable to include variation in the local 
fault stiffness and thickness on the fault stress paths as well as the effect 
of relative fault offset to its horizons in future studies. Recent studies 
investigating the effect of fault offset on stability (Jansen et al., 2019; 
van den Bogert and van Eijs, 2020; van den Hoek and Poessé, 2021; H. 
Wu et al., 2021) show that the stability overestimation is related to 
geometrical effects and suggest including top reservoir surface rugosity 
and gradients as parameters influencing fault stability. In addition, it is 
worth noting that the stress path of faults can also be affected by other 
aspects, including thermo- (e.g., thermal cooling) and hydro- (e.g., un-
drained or partial drainage in a fault) behaviour, the material hetero-
geneities and uncertainties caused by the simplification of non-linear 
material behaviours, geometrical aspects, and other operational condi-
tion (e.g., injection vs depletion, injection rates and associated hetero-
geneity in pressure build-up). A comprehensive sensitivity study under 
generalized geometry and parameter conditions may thus be helpful in 
ranking the relative importance of factors affecting the uncertainties in 
stress paths and associated stability evaluation. While the mobilized 
shear strength criterion used in this study provides an absolute measure 
of fault stability, it does not capture changes in shear risk over time or 
relative changes in fault stability. An indicator that can show stress path 
directions relative to the shear envelope, such as the Coulomb Failure 
Stress change (King et al., 1994), would improve further insights. Then, 
our findings, which highlight quantifying the stability overestimation of 
the uniaxial strain condition, can be more practically used to calibrate 
the preliminary results of fault stability that have to be carried out using 
the analytical stress path assumptions in an early stage of the CO2 
storage field development. 

5.2. Applicability of simplified analytical approaches to norwegian 
continental shelf CO2 storage, including the horda platform 

Uncertainties and limitations in stress path assumptions for faults 
outlined in this paper provide valuable input for the use of simplified 
analytical fault stability calculations in an early screening phase of a 
project. In more mature projects with detailed geological models and 
mechanical data available, the need for detailed geomechanical 
modelling may be justified based on the geological setting and expected 
stiffness contrasts along faults. 

The current findings may provide practical guidelines for how much 
correction is needed on the resulting stability when the uniaxial strain 
condition is assumed in the analytical solution for fault stability evalu-
ation. Our study shows that uniaxial strain conditions tend to over-
estimate the fault stability (i.e., lowering mobilized shear strengths or a 
slip tendency) by 20 – 30% on average compared to the numerical model 
(Fig. 10b). The degree of overestimation appears to be less affected by 
the strength properties, including the variation friction angle. This can 
be relevant to the attribute of the Mohr coulomb criteria, in which the 
shear strength changes proportionally with the effective stress change. 
Further, good knowledge of the stiffness contrast between the reservoir 
and surrounding units is necessary when suggesting how much correc-
tion is needed for a reservoir-bounding fault. When the surrounding 
material is composed of stiffer or softer material compared to the 
reservoir, the overestimated stability can be up to 40 and 60%, respec-
tively. Where the Vette Fault Zone juxtaposes the reservoir with the 
Draupne Formation, a stiffness of 5.56 GPa is used for the reservoir and 
5 GPa is used for the surroundings in the base case and 2 GPa in the low 
stiffness case (Table 2). This is in line with the stiffness measured for 
Draupne Formation in the Ling Depression, ranging from 2.5 to 5.0 GPa 
(Mondol, 2019; Soldal et al., 2021). However, the Øygarden Fault 
Complex juxtaposes the reservoir with the basement composed of Pre-
cambrian granite (L. Wu et al., 2021). The stiffness of the actual base-
ment rock is not known, but it is expected to be stiffer compared to the 
reservoir. Hence, the correction factor needed for the stress path can be 
smaller for the ØFC than for the VFZ (i.e. 40% vs 60%). In general, for 
the North Sea settings in a normal faulting stress regime, we suggest the 
mobilized shear strengths (or slip tendency) can be corrected by 
increasing the change of effective horizontal stress by 30% for the base 
case conditions, and 40 to 60% for the conservative case outlined above. 
This may be less conservative than the assumption without considering 
the poroelastic effect (Eq. (2.11)) but more realistic than the uniaxial 
strain assumption. If the fault geometry is critically orientated and fault 
cohesion is very low, such a correction can be less straightforward, and 

Fig. 12. Illustrative description of the difference in boundary, pore pressure, and stiffness condition between a) uniaxial strain conditions assuming no lateral 
movement and b) field conditions for a deforming bounding fault. 

J.C. Choi et al.                                                                                                                                                                                                                                  



International Journal of Greenhouse Gas Control 125 (2023) 103881

14

uniaxial strain assumption is then not recommended for the screening 
assessment. 

It should be noted that the assumptions used in the model, particu-
larly the assumptions of constant reservoir Poisson’s ratio and the closed 
hydraulic boundary conditions of the bounding faults and surroundings, 
could impact the stability results. Our conclusion depends entirely on 
the assumption that the reservoir’s lateral ends are closed faults. How-
ever, recent publications (Lothe et al., 2019; Mulrooney et al., 2020) 
have addressed that the bounding faults in the Smeaheia area could be 
classified as an open boundary based on observable Troll depletion ef-
fects. If the field condition is closer to open faults with little throw and 
negligible pore pressure differential over them, the results more closely 
align with the uniaxial strain estimations, as observed in the results for 
Reservoir and IR in Fig. 7. This study also assumed a Biot coefficient 
equal to 1. However, if these stiffnesses were larger, which might be 
justified given the full elastic unloading conditions that potentially 
pertain, the Biot coefficient would become significant. A low Biot co-
efficient can potentially underestimate the change in effective hori-
zontal stresses, leading to a further overestimation of the stability value, 
as described in Eq. (2.13). Moreover, it is important to acknowledge that 
the site-specific conditions used in this study may differ from those used 
by the relevant operators, who likely possess more detailed and 
comprehensive information about the area’s characteristics. Thus, it is 
crucial to avoid drawing critical conclusions based solely on the results 
of this study, which rely on critical assumptions such as the ones 
mentioned above. Such conclusions may mislead the site stability and 
should be avoided. 

6. Conclusion 

In this study, we compared the simplified uniaxial strain assumption 
and 3D geomechanics numerical simulations for fault stress paths to 
quantify uncertainties in fault stability assessment for CO2 storage. 
Using the Smeaheia case study in the Horda Platform, we simulated the 
3D distribution of CO2 injection-induced stress change induced by pore 
pressure increase. We found that the uniaxial strain assumption corre-
sponds to the low bound of the effective stress change in the horizontal 
direction, leading to discrepancies in stress estimation and stability 
assessment results (e.g., allowable injection pressure, mobilized shear 
strengths), particularly when the bounding fault is juxtaposed with a 
softer material than the reservoir. 

In terms of the stability assessment, our study shows that using 
uniaxial strain conditions in the analytical solution tends to over-
estimate the stability (i.e., mobilized shear strengths or a slip tendency) 
by 20 – 30% on average and up to 60% for the extreme cases when the 
bounding fault is juxtaposed with a softer material than the reservoir. 
This study confirms that the uniaxial strain assumption in the analytical 
model does not capture critical scenarios for fault stability assessments, 
and we recommend corrections to account for these limitations. 

We also highlight the limitations of applying these corrections in 
practice, emphasizing the need for further research on the site-specific 
conditions, including the effects of realistic hydraulic boundary condi-
tions and material heterogeneity, to better understand the implications 
of these findings in various geological settings and conditions. 
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