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In this paper the results of geomechanical analyses of fault behaviour at the Statfjord Field carried out as
part of Statfjord Late Life Project are presented. The objective was to assess the sealing integrity of the
horst structure between the Statfjord and Snorre fields during final depressurisation of the Statfjord
Field. According to field pressure observations the Brent Fault is to date still acting as a pressure seal
between the Brent Field and the Statfjord Field, despite the large present-day depressurisation of the
Brent Field. These observations were used as a calibration and verification of the stress conditions that
can be sustained without modifying the seal integrity of the fault. Based on the calculated stress changes
in the horst structure which are equal to or less critical than the calculated present stress changes on the
Brent Fault, it is concluded that the mechanical effects associated with the planned depressurisation of
the Statfjord Field during its late life phase will not affect significantly the hydraulic resistance of the
horst structure. A parametric study was conducted to investigate the sensitivity of the calculated stress
changes to various input parameters for fault geometry and properties. The largest uncertainty relates to
the peak shear strength of the fault (core) zone.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In this paper the stress response of a major sealing fault to
a planned reduction in reservoir pressure during production is
analysed. The fault and the horst structure it bounds appear as
sealing pressure boundaries between Statfjord and the neigh-
bouring field, Snorre, in the Norwegian North Sea. In response to
the operator’s concern, the main focus of the study is to investigate
the possibility to develop zones with shear or tensile failure during
production, as such zones may be subjected to significant changes
in hydraulic resistance.

As documented in the literature, fluid injection or fluid with-
drawal can both induce active faulting in oil and gas reservoirs
(Grasso, 1992). Re-activation of reservoir bounding faults can cause
a loss of seal integrity (Wiprut and Zoback, 2000), and slip on active
faults can also cause shearing of production wells (Maury et al.,
1992) or wellbore instability during drilling (Willson et al., 1999).

The analyses presented in this paper are carried out within the
context of Statfjord Late Life Project, which was started by the
operator to increase gas recovery by reducing the reservoir
þ47 22 23 04 48.
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pressure (Boge et al., 2005). In order to assess the stress response
caused by this pressure reduction and the sealing integrity of the
horst structure, geomechanical models have been constructed to
predict production-induced stress changes during the final phase of
field production.

A calibration of the numerical approach is performed by calcu-
lating the stress changes in the Brent Fault due to present depres-
surisation of the Brent Field. From field observations, the Brent
Fault, which acts as a hydraulic barrier between the Brent Field and
the Statfjord Field has not experienced any significant change in the
hydraulic communication across it, despite the present pore pres-
sure depletion of nearly 30 MPa at the Brent Field. In our approach,
the maximum shear stress and minimum principal effective stress
due to the present pore pressure reduction at the Brent Field, are
used as an indicator of the stress condition that does not give
significant change in the mechanical sealing integrity of the Brent
Fault. It is then argued that the properties of the Brent Fault and
horst are similar, such that the above stress condition for the Brent
Fault can be extrapolated to the horst structure during the
depressurisation phase planned for the Statfjord Field.

Two dimensional (2D) plane strain, geomechanical analyses are
carried out by looking at characteristic 2D cross sections through
a geological model of the area. It is considered that 2D analyses are
sufficient as a first-order approximation, given the general geometry
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of the problem and uncertainties in some of the input data (see
discussion in Section 2.1). The geomechanical analyses are performed
using the numerical code Plaxis v 8.2 (2004). Plaxis is a finite element
program specially developed for geomechanical applications. In
order to apply Plaxis to reservoir-type problems, a user-defined poro-
elastic constitutive model has been implemented into Plaxis in order
to take into account the compressibility of the grains due to changes
in pore pressure (i.e. the Biot effect), as well as the compressibility of
the pore fluid in shales during undrained deformation.

A critical input in the analyses is the mechanical properties of
faults. Based on results from laboratory experiments on intact and
faulted material, as well as an estimation of clay content within
fault planes, fault properties are suggested for the analyses. A key
feature that controls the stress changes in a fault zone is the degree
of drainage of the fault zone for the timescale considered. It is
shown that for the actual production time histories, the fault core
can be considered to be drained.

In light of the uncertainties related to geometries and
geomechanical properties of fault zones, a parametric study is
performed in order to identify the main parameters controlling
shear and normal stress changes and therefore, the possibility of
Fig. 1. Location of the Statfjord Field (top right). Regional stratigraphy of the Statfjord and B
part of the Brent Field close to the Brent Fault, the horst structure and part of the Snorre field
Brent group (yellow), Dunlin group (light blue) and Statfjord formation (dark blue). Vertica
between the Statfjord Field and the Brent Field and the Horst Structure between the Statfjord
in this figure legend, the reader is referred to the web version of this article.)
developing shear and tensile failure of the faults. Based on the
results of the parametric study, a base case model of the Brent Fault
is defined for geomechanical assessment of the structure.

1.1. Description of the Statfjord Field

The Statfjord Field is located in the Tampen area in the northern
part of the North Sea, between the Brent and Snorre fields (Fig. 1 top
right). The water depth in the area is about 150 m. The Statfjord
Field is located in a large, faulted block, which is tilted towards the
west and comprises a number of smaller, faulted compartments
along its east flank. Towards the south west the field is bounded by
the Brent Fault, and in the north east a horst structure marks the
boundary with the Snorre field (Fig. 1 bottom). Within the Statfjord
Field there are two reservoir units; the Brent Group at around
2500 m below mean sea level and the Statfjord Formation at
a depth of around 2700 m below mean sea level. The two reservoirs
are separated by the Dunlin Group, which consists mainly of shale.

The field can be separated into a relatively undeformed main
field area and an eastern flank which is heavily deformed by rota-
tional slide blocks. The main tectonic event in the area is related to
rent fields (top left). Global section (55 km wide) through the Statfjord Field including
close to the horst structure (bottom). The section shows the seabed, Viking group (red),
l scale exaggerated by a factor of 3 compared to the horizontal scale. The Brent Fault
Field and the Snorre Field are highlighted. (For interpretation of the references to color
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the opening of the Viking Graben which started in the Middle
Jurassic. Subsequent deposition of the Draupne Formation caused
gravitational instabilities along the crest of the field and the
formation of rotationaly slide blocks in the Upper Triassic and
Jurassic sections (Hesthammer et al., 1999).

1.2. Statfjord late life project

The Statfjord Late Life project started in 2005 in order to improve
recovery from the Statfjord Field by converting the field from an oil
field with associated gas, into a gas field with associated oil (Boge
et al., 2005). This is achieved with a very extensive well programme,
and modifications of the platforms and associated Tampen link
pipeline to export gas. Gas export began in 2007. Production from
the Statfjord Field is expected to continue until 2020.

The production strategy for the field was previously based on
injecting gas and water for enhanced oil recovery and reservoir
pressure maintenance. This resulted in over 60% crude oil recovery
from the stock tank oil originally in place (STOOIP). In the late life
phase of the field, the remaining non-recoverable oil is produced
together with large volumes of previously-injected gas by reducing
pressure in the reservoirs. A pressure reduction of about 30 MPa
(300 bar) is planned, thereby reducing the pressure differences
with the Brent Field, and inducing a large planned pressure drop
through the horst connecting it with the Snorre field.

2. Description of numerical models

In this section, the basic elements of the numerical models are
reviewed. The main input data to the geomechanical analyses
consist of:
Fig. 2. Global 2D finite element model (top) with detail of the mesh around the Brent Fault
indicated on the figure.
- Geometry (reservoir layers, fault structures, intra-reservoir
shale layers, overburden and underburden)

- Initial vertical and horizontal stress, and pore pressure
distribution

- Geomechanical properties (strength and stiffness) of intact,
clay-rich materials (i.e. overburden, intra-reservoir shale
layers, fault core)

- Geomechanical properties (stiffness and strength) of intact
sand-rich materials (i.e. reservoir layers)

- Properties of faults (stiffness, strength and permeability)
- Pore pressure depletion histories
- Properties of fluid in place (fluid bulk modulus)
- Boundary conditions
2.1. Model geometry

The geometry of the geomechanical models is based on two-
dimensional cross-sections through a geological model based on
seismic data interpretation. Four different models were established:
one global model and three local models (i.e. Brent Fault, horst struc-
ture and a simplified model of the Brent Fault for parametric studies).
In the following, the geometry of the different models is reviewed.

The global model which is 60 km wide, extends from the Brent
Field to the Snorre field. It is used to check the impact of boundary
conditions in smaller local models around the faults considered
(Fig. 2). The global model includes the Brent Fault separating the
Statfjord Field and the Brent Field to the south-west, and the horst
structure between the Statfjord Field and the Snorre field towards
the northeast. The water depth varies from about 130 m in the
south-west to 330 m in the northeast.
(bottom left) and horst structure (bottom right).The Brent and Statfjord reservoirs are
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Because of the variation in Brent Group thickness due to
erosion and variation in fault dip along the strike of the fault, two
vertical sections, Section 1 and Section 2, orientated roughly
northeast–south-west through the Brent Fault, are considered.
The main geometrical characteristics of the two sections are
summarized in Table 1. The major difference between the two
sections is the thickness of the Brent Group on the footwall side of
the fault. In order to account for stiffness variation over the
heights of the reservoir layers in the geomechanical model, the
Brent Group is divided into two equally thick layers, Brent 1 (top)
and Brent 2 (bottom). Similarly the Statfjord formation is divided
into the Statfjord 1 (top) and Statfjord 2 (bottom), with thick-
nesses equal to 35% and 65% of the total unit thickness respec-
tively. The finite element model used for Section 2 is illustrated in
Fig. 3. A similar model to the Brent Fault model is used for the
sensitivity study.

Three vertical sections orientated roughly north-east – south-
west through the horst structure are used in the numerical
analyses. The main differences between the three sections are the
juxtaposition window of the Statfjord Formation across the fault
zones and the thickness of the top Brent Group within the horst
structure. For brevity, only data and results from Section 1
through the horst structure and illustrated in Fig. 4 are discussed
in the paper. As for the Brent Fault model, the reservoir is divided
into two layers due to variation in material properties with
depth.

As shown in Figs. 3 and 4, simple planar fault geometries are
assumed in this study. Furthermore, only two-dimensional plane
strain models are used. This is considered reasonable given the
general elongated geometry of the fields (NE–SW), which means
that two-dimensional plane strain conditions should occur in the
direction orthogonal to the elongated trend (i.e. roughly NW–SE
and normal to the sections chosen for the analyses). The major
assumptions underlying the models are justified by the following
observations:

a) the fault is interpreted as being fairly planar along-strike at the
scale considered here; in the absence of cross-cutting faults (i.e.
parallel to chosen sections), stress variations in the out-of-
plane are not expected and two-dimensional models can be
used.

b) Three dimensional stress redistribution close to fault ends
(along-strike) are not considered.

c) The behaviour of the faults and the general deformation mode
are largely controlled by the global deformation of the com-
pacting reservoirs (i.e. the driving forces), and the stiffness
contrast between reservoirs and surrounding formations.

In fact, since the focus of the analyses is to study local stress
conditions at the intersection of the faults and the elongated fields,
the models should be regarded as two-dimensional cross-sections
oriented normal to the fault planes. Hence, one can consider that
locally the true fault orientation is transformed to be normal to the
considered section, even though there might be some variation in
fault orientation at a larger scale.
Table 1
Geometrical characteristic of two vertical sections through Brent fault used in two-
dimensional numerical analyses.

Section 1 Section 2

Average fault inclination (deg.) 54 47
Thickness of Brent Group

Footwall – Hanging wall (m)
37–183 204–212

Thickness of Statfjord Formation
Footwall – Hanging wall (m)

283–319 268–314
2.2. Initial stresses and pore pressures

The in situ stress conditions are characterized by a stress regime
consistent with normal faulting, i.e. the vertical stress is the maximum
principal stress. The stress regime is confirmed by the operator’s
drilling experience in the field. The minimum horizontal stress is
obtained from extended leak-off tests (Raaen et al., 2006) and mini-
fracture tests. There is no field evidence indicating large horizontal
stress anisotropy; hence, the two horizontal stresses are assumed
equal. Fig. 5 shows the total vertical stress, the total horizontal stress
and initial pore pressure profiles as used in the geomechanical anal-
yses. The hydrostatic pressure line is included for reference.

2.3. Material properties for overburden and surrounding shale

The overburden and surrounding shale formations are modelled
as poro-elastic undrained material characterized by the following
parameters:

- Shear modulus – G
- Drained Poisson’s ratio – n

- Bulk modulus of solid grains – Ks

- Porosity – n
- Fluid bulk modulus – Kf

The drained Poisson’s ratio (n) is taken equal to 0.2, i.e. repre-
sentative of low porosity shales. In fact, the value has a limited
effect in the analyses since, for shales, the excess pore pressure
induced by volumetric deformation in undrained conditions is
controlled by Skempton’s coefficient B. The variation of B is small
when n varies between 0.1 and 0.3.

The bulk modulus of pore fluid (Kf) and solid (Ks) is taken to be
2.2 GPa (i.e. brine) and 45 GPa respectively. For simplicity, the shear
modulus G is assumed to vary linearly from zero at seabed to
a given value at the top of the reservoir; this is determined from the
results of two undrained triaxial tests performed in NGI’s soil and
rock mechanics laboratory on Viking Group and Burton Formation
shale core samples:

G ¼ 0:8ðD� 0:145Þ (1)

where G is the shear modulus in GPa, and D is the true vertical
depth below mean sea level (TVD msl) in kilometres. Note that Eq.
(1) is field specific and not general for shales.

Eq. (1) gives a higher stiffness than the empirical model
proposed by Horsrud (2001), which relates the Young’s modulus E
to the measured P-wave interval transit time Dtp according to:

E ¼ 0:076
�
304:8=Dtp

�3:23 (2)

The discrepancy may be explained by the dataset used to
establish Eq. (2), which is mostly based on younger, mechanically
weaker Tertiary age shales from the North Sea.

2.4. Material properties for reservoir layers

The reservoir layers are modelled as drained, poro-elastic
formations characterized by the shear modulus G, Poisson’s ratio n,
and bulk modulus of the grains Ks. The drained bulk modulus of the
rock (K) is expressed as:

K ¼ 2G
ð1þ nÞ

3ð1� 2nÞ (3)

and Biot’s coefficient a as:

a ¼ 1� K=Ks (4)



Fig. 3. Finite Element model of Brent Fault Section 2, with detailed view of reservoir section and fault.
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The values of K, a, G and n are inferred from triaxial tests per-
formed in the laboratory on reservoir core samples. A nearly
continuous core of some 720 m through the Brent and Dunlin
Groups, and the Statfjord Formation was taken for rock mechanic
studies. Special care was taken to minimise the damage caused by
the coring process (Hettema et al., 2002). The interpreted values of
the elastic properties are summarized in Table 2.

2.5. Properties of faults

In this section, the main geological characteristics of the faults
are briefly presented, together with the approach used for model-
ling faults in the numerical analyses.
Fig. 4. Details of Finite Element model for horst structure Section 1. Note the faults ‘‘Z0’’ (
applied in the model.
2.5.1. Fault geometry
The fault is defined by its throw, the fault core thickness, and the

thickness of the damage zones on footwall and hanging wall sides
(Sperrevik et al., 2002). Fault throw, inferred from seismic data,
together with empirical correlations between damage zone thick-
nesses, fault core thickness and fault throw developed from outcrop
studies (Beach et al., 1997, 1999), were used to estimate geometrical
properties for the Brent Fault and the faults bounding the horst
structure. These data are tabulated in Table 3 for two vertical sections
through the Brent Fault and in Table 4 for one vertical section through
the horst structure. In addition, the Shale Gouge Ratio (SGR) proposed
by Yielding et al. (1997), which is a measure of the percentage of shale
or clay in the slipped interval, is given in the tables.
Snorre side) and ‘‘Z5’’ (Statfjord side) defining the horst. Dp is the pressure reduction
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Table 3
Characteristics of two sections of Brent fault through Brent Group, Dunlin and
Statfjord Formations. Data for Section 1 is written in plain, data for Section 2 in bold
letters (data from Statoil).

Formation/Group Throw (m) Fault zone Damage zone SGR
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Variation in the fault thickness is expected throughout the
sandstone – shale sequence, with thicker damage zones observed
in competent shale units than in sandstone units (Sperrevik et al.,
2002). Significant ‘‘drag’’ of the adjacent layers to the fault due to
shear deformation may also occur. However, in the absence of data
related to the drag, in particular of the relationship between drag
and fault throw, the drag component of deformation is not included
in the ‘‘base case’’ numerical model. As shown later in a simplified
parametric study, fault shear mobilisation is less when ‘drag’ effects
are included, such that the base case is more conservative.

2.5.2. Fault mechanical properties
Shale Gouge Ratio (SGR) is used as an indication of the volume of

clay within the fault plane. This is a simplification of fault zone
complexity as SGR does not represent the detailed internal struc-
ture of a fault where clay smear, cataclasites, etc, might be present
together (Wibberley et al., 2008). Table 3 indicates that for the
Brent Group, the sand–sand juxtaposition window is sealed by
a high clay concentration. Petrophysical and thin section analyses
on fault rock material from the Brent Group reservoir show most
fault rock may be classified as disaggregation zones/proto-cata-
clasites, indicating deformation at a relatively early stage in the
reservoir’s burial history (Sverdrup and Bjørlykke, 1997; Fisher and
Knipe, 1998). In the Statfjord Formation, in view of the low SGR
values in the sand–sand juxtaposition window (Table 3), it is
assumed that the Brent Fault zone, which is acting as a seal, consists
of a cataclastic fault rock, possibly with quartz cementation and
higher shear strength. In the horst structure, due to high SGR values
in the Statfjord Formation, low shear strength cannot be excluded
(Table 4).
Table 2
Elastic properties of the reservoir layers inferred from over 100 triaxial tests on core
samples from well 33/9-A-37b.

Formation/group Porosity (%) G (GPa) n (–) K (GPa) a

Upper Brent 27 3.7 0.21 5.1 0.86
Lower Brent 26 4.5 0.19 5.8 0.84
Upper Statfjord 25 4.4 0.21 6.1 0.83
Lower Statfjord 22 5.8 0.18 7.1 0.81
The shear strength of the clay-rich fault core zone is defined
from the results of undrained triaxial tests carried out on core
samples from Viking Group and Burton Formation shale. Due to
limited data, a simple Mohr–Coulomb failure criterion is used. The
drained peak shear strength is found to vary between lower and
upper bounds as defined by the values of effective cohesion c0 and
friction angle 40 given by (c0 ¼ 3 MPa, 40 ¼ 24�) and (c0 ¼ 8 MPa,
40 ¼ 23�), respectively. The lower bound is obtained from speci-
mens oriented at or close to the most critical orientation with
respect to loading. From these tests, an average shear modulus G50

of 2.0 GPa is also found, which is used for the fault core zone (base
case).

2.5.3. Modelling of faults in finite element models
Except for the global model, the fault is modelled with

continuum elements having a finite thickness. In the global model
the faults are represented with interface elements. The results from
the parametric study show that stress changes on the fault are not
very sensitive to fault core thickness. Hence a constant thickness of
the fault core is used in the analyses despite the variation indicated
in Tables 3 and 4. Similarly, the damage zones and geometrical drag
effects are not taken into account as the parametric analyses show
a relatively small and positive effect with respect to shear mobi-
lisation of the fault.
thickness (m) thickness (m)

Brent 1 Eroded
140–160

Eroded
0.20–0.25

Eroded
36

Eroded
30–40

Brent 2 155–165
160–190

0.20–0.30
0.25–0.35

40
50

40–50
30–50

Dunlin 155–165
150–230

0.20–0.30
0.20–0.40

40
32–60

>50
>50

Statfjord 1 155–165
190–245

0.20–0.30
0.35–0.40

40
40–55

<15
<15

Statfjord 2 135–165
245–260

0.15–0.3
0.40–0.45

38–40
37–40

15–30
<15



Table 4
Characteristics of Section 1 of horst structure through Brent Group, Dunlin and
Statfjord Formation. Data for Fault Z0 is written in plain, data for Fault Z5 in bold
letters. Data from Statoil.

Formation/group Throw (m) Fault zone
thickness (m)

Damage zone
thickness (m)

SGR

Brent 1 65–78
56–65

0.05–0.15
0.05–0.10

28
24

<35
10–25

Brent 2 65–72
56–62

0.05–0.15
0.05–0.10

28
24

>35
25–50

Dunlin 65–94
60–70

0.05–0.15
0.10–0.15

32
30

>50
>50

Statfjord 1 91–94
60–78

0.05–0.15
0.10–0.15

32
30

>50
>40

Statfjord 2 26–94
78–102

0.05–0.15
0.10–0.20

18–32
32

>50
>40
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2.5.4. Are faults drained or undrained during reservoir production?
A key feature that controls stress changes within the fault in

response to pressure depletion in the reservoir sandstones is the
consolidation behaviour of the fault, i.e. the ability for fluids within
the fault to flow during the timescale investigated. This can lead to
changes in pore fluid pressure within the fault. If the timescale is
too short to allow fluid to flow, the stress changes in the fault zone
are those associated with the undrained response of the medium.
For a fluid-saturated, poro-elastic material, the relationship
between stress and strain is equivalent to an ordinary elastic
material with undrained mechanical parameters (Rice and Cleary,
1976). Such conditions can be, for instance, encountered in the
evaluation of coseismic stress and strain changes within faults
(Cocco and Rice, 2002). However, for reservoir depletion-induced
stress changes, the timescale is usually in the order of decades. For
instance, the pore pressure histories for the Brent Group and
Statfjord Formation in this study show a pressure change over circa
25 years. For these long timescales, it is shown that the fault core is
in a drained condition, given its permeability (albeit small) and
thickness.

Let us consider the case where the fault is bounded by reservoir
formations on hanging wall and footwall sides (i.e. sand–sand
juxtaposition). Furthermore it is considered that from an initial
condition, the reservoir pressure is reduced on one side only
(Fig. 6). The permeability of the reservoir formations is much
greater than that of the fault core material so that the reservoir
formations can be considered fully-drained. In response to the
pressure reduction, fluid flow takes place across the fault, and the
fluid pressure within the fault evolves towards steady state flow
Fig. 6. Consolidation in a fault. The pressure in the reservoir on the left-hand side of the faul
the diffusivity coefficient of the fault, t is time since depletion started, po the initial pressure
conditions at a rate depending on fault thickness and fluid diffu-
sivity (Fig. 6). Under steady state flow conditions, the pore pressure
varies linearly across the fault (assuming uniform permeability
within the fault).

The time before reaching almost 100% consolidation (i.e. steady
state flow conditions) is given by:

t100zL2=c ðsÞ (5)

where L is the length of the drainage path, estimated to be about
the thickness of the fault core zone, and c is the diffusivity (or
consolidation coefficient; Rice and Cleary, 1976) given by:

c ¼ kðKu � KÞðK þ 4=3GÞ
mf $a2ðKu þ 4=3GÞ

�
m2=s

�
(6)

where: k Intrinsic fault core permeability (m2) Ku Undrained bulk
modulus (MPa) K Drained bulk modulus (MPa) G Shear modulus
(MPa) mf Dynamic viscosity (MPa s) a Biot coefficient.

The Biot coefficient is given by Eq. (4). The undrained bulk
modulus can be inferred from the Biot–Gassmann relationship
(Mavko et al., 1998; Hettema and de Pater, 1998) written as:

Ku ¼ K þ
a2KsKf

nKs þ ða� nÞKf
(7)

where Ks is the bulk modulus of the solid grains constituting the
fault core, Kf is the fluid bulk modulus and n the fault core porosity.

Fault core specimens are rarely available for specific offshore
fields. In the absence of fault core material from the Statfjord Field,
the results from laboratory measurements of permeability and
diffusion coefficient on intact samples of Burton Formation shale
(Dunlin Group) were used to estimate the consolidation time in the
fault core. For a first-order estimate, an average of the four tests
made parallel and normal to the lamination is used, disregarding
the effect of anisotropy. This gives a permeability (k) and diffusivity
coefficient (c) equal to 3.8� 10�21 m2 and 4.75�10�8 m2/s (1.5 m2/
yr), respectively.

Assuming a fault core zone thickness between 0.2 m and 0.45 m,
Eq. (5) gives t100 between 10 and 50 days. Hence, in view of the
reservoir production timescale, segments of the fault core zone
which juxtapose sand-rich reservoirs can be considered fully
drained, with a pore pressure distribution through the fault (core)
zone varying approximately linearly between the fluid pressures in
the adjoining formations.
t is depleted by Dp, while the pressure in the right hand side reservoir is unchanged. c is
and pss the steady state pressure distribution in the fault (i.e. at end of consolidation).



Table 5
Pore pressure reduction applied during modelling of the Brent fault (pressure
histories for 2005).

Pressure reduction Dp (MPa) Brent Field Statfjord Field

Brent Group 30 8
Statfjord Formation 26 7

Table 6
Pore pressure reduction applied during modelling of the horst structure (pressure
histories for year 2020).

Pressure reduction Dp (MPa) Statfjord Field Snorre Field

Brent Group 20 0
Statfjord Formation. 20 10
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Note that t100 is inversely proportional to the permeability (k) of
the fault core. The permeability of the fault core zone is highly
uncertain, but a value much smaller than that of the intact shale is
thought to be unrealistic. Even if the fault core permeability is ten
times smaller than the value assumed above, the time to reach full
consolidation (100–500 days) is still smaller than production time
of several decades.

For sand–clay juxtaposition, i.e. for segments of the fault where
the reservoir is juxtaposed to (undrained) shale-rich formations, it
is assumed that the fault is fully drained, with pressure in the fault
equal to the reservoir pressure.
2.6. Pore pressure history used for modelling

The pore pressure histories used in the study are obtained from
history matched reservoir simulations using the black-oil reservoir
simulation tool Eclipse�.

For modelling of the Brent Fault, pore pressure histories from
2005 (‘‘present day situation’’) are used. The resulting pore pres-
sure reductions on both sides of the Brent Fault in the Brent Group
and Statfjord Formation are given in Table 5. For modelling of the
horst structure, pore pressure prognoses for the year 2020 (‘‘Late
life’’) are considered. The resulting pore pressure reductions at both
sides of the horst structure in the Brent Group and Statfjord
Formation are given in Table 6.

The shale formation is assumed undrained during the depletion,
i.e. no pore fluid flow takes place. The pore pressure distribution
through the fault (core) zone is assumed to vary linearly between
the pressures in the reservoir layer at both sides of the fault. The
pore pressure in the damage zone is assumed to be equal to the
pore pressure in the reservoir layer on the same side of the fault
zone. The pore pressure within the horst structure is assumed to be
constant during reservoir depletion.
2.7. Boundary conditions

Boundary conditions for all models are such that displacements
along the bottom boundary are fully-fixed, the top boundary is free
to move, while displacements along the side boundaries are fixed in
the horizontal direction and free in the vertical direction.
Fig. 7. Calculated contours of horizontal displacements (in centimetres) around the Brent Fa
(‘‘Close BC’’). Note that color contours on the left and right figures have a slightly different
3. Results from global analysis and parametric study

3.1. Global model

The global 2D model is used to assess the effects of boundary
conditions in local models on the stress changes in the fault zone
during depletion.

A comparison between a local and a global model shows that the
displacement field is influenced by the close boundary conditions
in a local model (Fig. 7). However, the shear and normal stresses
along the fault are unaffected by the boundary conditions in the
local model (Fig. 8). Hence, our local models may be used to study
the stress changes in the fault during reservoir depletion, without
significant effect of the close boundary conditions.
3.2. Parametric study of stress changes in fault core zone

The objective of the parametric study is to investigate the
sensitivity of the stress response in a fault core zone to variations in
fault geometry and material stiffness parameters. The two-
dimensional finite element model used for the parametric analysis
resembles the Brent Fault model (Section 2) at the Statfjord
Formation depth.

From a base case scenario, variation of several parameters has
been performed which can be grouped into:

- reservoir stiffness properties;
- overburden and intra-reservoir shale stiffness properties;
- fault geometry (inclination, thickness, drag and juxtaposition);
- pressure distribution and drainage of fault core zone.

The results presented in Table 7 are analysed in terms of
maximum shear stress smax ¼ ðs1 � s3Þ=2 and effective octahedral
stress s0oct ¼ ðs01 þ s02 þ s03Þ=3 in the critical location of the fault
core zone. The results are averaged from the ten most critical
integration points representing approximately 10 m of the fault
length.

The closeness of the stress state to a Mohr–Coulomb failure line
may be defined as the degree of shear mobilisation or CF (e.g.
Templeton and Rice, 2008) given as:
ult at Year 2005 (‘‘Present day conditions’’). Global 2D model (‘‘Far BC’’) and local model
scale.
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CF ¼ smax

sin f0$ðaþ s0mÞ
(8)

where s0m ¼ ðs01 þ s03Þ=2 is the in-plane mean effective stress, a the
attraction and f0 the effective friction angle of the fault core
material. The attraction is related to the friction angle and the
cohesion c0 by a ¼ c0=tan f0. By using the values of cohesion and
friction angle for clay/shale material presented in Section 2.5
(c0 ¼ 3 MPa, 40 ¼ 24�), CF can be used to assess the positive or
negative effect of varying one parameter with respect to shear
Table 7
Stress conditions at critical point in fault during reservoir depletion – results from
parametric study. Figures in bold indicate an increase in shear stress mobilisation
after variation of one input parameter from base case. Eres: Young’s modulus of
reservoir layers, nres: Poisson’s ratio of reservoir layers, Eshale: Young’s modulus of
shale material, Efault: Young’s modulus of fault, FZT: fault zone thickness, Ljuxt: Sand–
sand juxtaposition length, b: fault inclination.

Case ID Description smax (MPa) s0oct (MPa) CF

Initial conditions before depletion 6.7 16.6 0.64

1 Base case
Eres ¼ 10 GPa, nres ¼ 0.2,
Eshale ¼ 4 GPa,
Efault ¼ 4 GPa, FZT ¼ 10 m,
Ljuxt ¼ 50 m, b ¼ 45�

13.1 13.6 1.30

Rock properties
3 Eres ¼ 5 GPa 13.7 15.6 1.25
5 nres ¼ 0.4 10.6 23.6 0.77
5b nres ¼ 0.1 13.1 12.8 1.35
4 Eshale ¼ 8 GPa 12.7 16.3 1.14

Fault geometry and properties
6 FZT ¼ 20 m 12.6 14.0 1.24
7 FZT ¼ 5 m 12.7 13.2 1.29
9 Efault ¼ 8 GPa 14.1 11.9 1.49
10 b ¼ 90� (vertical) 12.3 13.5 1.24
11 b ¼ 60� 12.5 13.2 1.27
12 b ¼ �45� (reverse fault) 11.1 19.7 0.91
18 Presence of damage

zones (thick ¼ 20 m,
Edamage ¼ 20 GPa)

12.5 13.5 1.26

13 Reservoir juxtaposition
Ljuxt ¼ 100 m

13.2 13.9 1.30

14 ‘‘Drag’’ of reservoir formations 11.9 16.7 1.07

Pressure distribution
2 Undrained fault 13.6 15.9 1.23
16 Fully depleted fault 15.5 23.9 1.06
17 Effect of differential pressure

across the fault
18.0 15.9 1.55
mobilisation of the fault core. Note that the Mohr–Coulomb shear
failure line corresponds to CF ¼ 1. Since elastic analyses are per-
formed (due to uncertainties in the strength parameters), values for
CF in excess of 1 are possible.

Before depletion, smax and s0oct are related to the in situ effective
vertical stress s0v and horizontal stress s0h by:(

smax ¼ 1
2ðs
0
V � s0hÞ

s0oct ¼ 1
3ðs
0
V þ 2s0hÞ

(9)

After reservoir depletion, the maximum shear stress in the fault
core zone is concentrated in the area with sand–sand juxtaposition
(Fig. 9); the most critical point being at the bottom of the depleted
reservoir layer, except for a reverse fault (Case 12 in Table 7) where
the most critical point is located at the top of the depleted reservoir.
The degree of mobilisation (CF) increases from circa 0.6 to 1.3 (Base
case) after depletion, indicating that shear failure may occur in the
fault core zone. Note that the value of CF and the occurrence of
shear failure depend on the actual shear strength. In fact, for the
higher strength estimate, CF increases from circa 0.5 initially to 0.9
after depletion; this indicates no shear failure at all.
Fig. 9. Parametric study of maximum shear stress distribution in fault core zone. Base
case result. Contours of maximum shear stress inside the fault core zone due to
a 20 MPa pore pressure reduction in the footwall side of the fault. Maximum shear
stress concentration occurs at the bottom of the 50 m sand–sand juxtaposition
window.



Fig. 10. Effective principal stresses (crosses) calculated at the year 2005 (‘‘today’s situation’’) around the Brent Fault for Section 1 (left) and Section 2 (right). Pore pressure reduction
of 26 MPa (Statfjord formation) and 30 MPa (Brent group) in the Brent Field, of 7 MPa (Statfjord formation) and 8 MPa (Brent group) in the Statfjord Field. Note that the purpose of
the figure is to illustrate principal stress re-orientation rather than stress magnitudes for which contour plots should be used. Hence no scale is linked to the crosses.
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The maximum shear stress and effective octahedral stress
changes in the fault core zone as calculated from the 2D analyses
are relatively insensitive to variations in geometry and stiffness
parameters. From the initial stress values of smax,0 ¼ 6.7 MPa and
s0oct,0 ¼ 16.6 MPa, the maximum shear stress and effective octa-
hedral stress fall within a range smax ¼ 12–14 MPa and s0oct ¼ 12–
17 MPa after 20 MPa depletion for the majority of cases (Table 7).
Furthermore, the parametric study shows that:

- The undrained behaviour of the fault core zone is less critical
than a drained one (Case 2 versus Base case). Furthermore, as
noted earlier, fully-drained behaviour is more relevant in view
of production timescales and fault core permeability.

- The degree of shear mobilisation in the fault core zone is
relatively insensitive to lower values of Poisson’s ratio in the
reservoir rocks (Case 5b), whereas higher values of Poisson’s
ratio lead to a reduction in shear mobilisation.

- The variation of fault core zone thickness (Cases 6 and 7)
results in only minor stress changes, mostly due to slight
difference in finite element discretization between the
numerical models. This can be expected as long as the fault
zone is very thin compared to the thickness of the reservoir
layers and the fault stiffness is not significantly lower than the
stiffness of the reservoir layers. The displacement field is then
governed by the stiffness of the surrounding material rather
than the fault properties. Hence, there is no significant conse-
quence of using an unrealistic (e.g. too large) fault core zone
thickness. Furthermore, the exact thickness of the fault core
zone does not need to be known, and variations of the fault
core zone width along the fault plane do not need to be
modelled in detail.
Fig. 11. Contours of maximum shear stress (4–16 MPa with increments of 1 MPa). Section 1
4 MPa have no contours.
- The potential for shear failure increases for a stiffer fault (Case 9).
- Fault dip (Cases 10–12) has a small effect on the fault stress

response.
- Sand juxtaposition has little effect on the fault stress response

and degree of shear mobilisation (Case 13).
- The effect of drag of reservoir formations along the fault plane

(Case 14) is significant, but contributes to a decrease in the
potential for shear stress mobilisation on the fault plane; hence
it can be neglected for a first-order approach.

- When pore pressure changes in the fault core zone are consid-
ered (Case 16, with equal pore pressure in the depleted reservoir
and the fault core zone), the degree of shear mobilisation mostly
decreases due to an increase in the effective octahedral stress.

- The degree of shear mobilisation depends on the actual pore
pressure history on both sides of the fault and not only on the
pressure difference across the fault. This is illustrated by Case 17
where a differential pore pressure of 20 MPa is imposed, with
a depletion of 30 MPa on the footwall side and a depletion of
10 MPa on the hanging wall side and in the fault core zone. This
case, which is more critical than a depletion on only one side of
20 MPa, is also more realistic for the present day situation for the
Brent Fault when compared to the Base case model.

- The presence of a stiffer damage zone (Case 18) represented
with a constant thickness of 20 m and a Young’s modulus twice
as that of the reservoir sandstone, has a small positive impact
on the degree of shear mobilisation. However, the consequence
of damage zone and fault zone complexity for fluid behaviour,
and the coupling between stress changes and hydraulic
changes, is well-documented in the literature (e.g. Odling et al.,
2004; Fisher and Knipe, 2001; Zhang and Sanderson, 1998).
Assessing this is, however, beyond the scope of this study.
(left) and Section 2 (right) through the Brent Fault. Zones with shear stresses less than
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3.3. Shear- or tension-induced softening behaviour

The results of the parametric study show, during depletion of the
reservoir, that the maximum shear stress in the fault core zone may
reach the peak shear strength of the material constituting the fault
core zone. Redistribution of maximum shear stress on the fault plane
due to brittle softening may lead to propagation of failure zones
along the fault. Similarly, propagation of tensile failure zones may
occur due to effective minor principal stress softening (tension cut-
off). These effects are analysed in two dedicated cases where; a)
residual shear strength parameters (4res ¼ 15�, cres ¼ 3 MPa) are
introduced in a predefined area of the fault core zone and b) a Mohr–
Coulomb model with tension cut-off T¼ 0 MPa is utilised. The details
of the modelling are not presented here due to space limitation. The
main conclusions from these two cases are: 1) if shear failure is
initiated, the failure zone propagates along the fault dip direction
rather than in the cross-fault direction and 2) if tension failure occurs
it initiates on the non-depleted side of the fault core zone. Propa-
gation of tension failure through the fault is not feasible because the
fault is drained and the effective mean stress increases on the
depleted side of the fault core zone. Furthermore, it is found that
there is no significant tendency for a tension zone to propagate along
the fault dip direction on the non-depleted side.

4. Stress conditions of the Brent Fault and horst structure

4.1. Present stress conditions of the Brent Fault

Fig. 10 shows the calculated effective principal stresses at the
year 2005 around the Brent Fault in Section 1 (left) and Section 2
(right). There is little rotation of the principal stresses along the
Fig. 13. Calculated effective principal stress crosses at the top of the horst structure (left) an
that the purpose of the figure is to illustrate principal stress re-orientation rather than stre
crosses.
fault. The maximum shear stress after pressure reduction is equal
to circa 16 MPa at the most critical points located in Section 2 at
the bottom of the Statfjord Formation or Brent Group (Fig. 11
right, juxtaposition zones of Brent_2 to Brent_1 and Statfjord_2
to Statfjord_1). The corresponding maximum shear stress is
about 10 MPa (Brent Group) and 14 MPa (Statfjord Formation) in
Section 1.

The stress paths for two critical points in the fault core zone for
both Section 1 and Section 2 are shown in Fig. 12, together with the
upper and lower bounds for the peak shear strength of the shale.
During pressure reduction in the reservoir, the critical point within
the Brent Fault moves towards shear failure. Shear failure may be
expected in the Brent Group as the shear failure criterion is
exceeded, especially for the low shear strength estimate. Shear
failure is less probable in the Statfjord Formation, although the
modelling indicates stress levels in excess of the shear failure
criterion. This is because the actual strength for the Statfjord
Formation is probably significantly higher than the estimate
plotted on the figure due to its low clay content and presumably
cataclastic fault rock material. Tensile failure may also occur as
indicated by the negative minimum principal stress (i.e. tensile
stress) at the critical points in Section 2.
4.2. Stress conditions within the horst structure during the late life
of the Statfjord Field

The results for the horst structure are shown for Section 1. This is
found to be the most critical section investigated. Only the stress
state at the end of production from the Statfjord Field (end of year
2020) is considered.
d at Fault Z5 in the juxtaposition of the Statfjord Formation (right) for Section 1. Note
ss magnitudes for which contour plots should be used. Hence no scale is linked to the



Fig. 14. Calculated zones with tensile stresses in Section 1 through the horst structure. Pore pressure depletion of 20 MPa (left) and 30 MPa (right) in the Statfjord Field side of the
horst structure.
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Fig. 13 (left) shows the calculated principal effective stress
redistribution after pressure reduction at the top of the section
through the horst structure. Fig. 13 (right) shows the same for Fault
Z5 (Statfjord side of the horst), around the juxtaposition window of
the Statfjord Formation (i.e. area where Statfjord_1 juxtaposes to
Statfjord_2). Vertical tensile cracks may develop at the top sand-
stone within the horst structure, as the minimum effective prin-
cipal stress is close to zero and its orientation is nearly horizontal.
The extent of the zone with tensile stresses increases with the pore
pressure depletion in the Statfjord Field (Fig. 14). The development
of tensile stresses along the fault only occurs inside the horst
structure. Tensile stresses are prevented from developing inside the
fault towards the Statfjord Field due to the drained behaviour of the
fault and effective stress increase during depletion. However,
a zone with tensile stresses also develops from a singular point
above the horst structure. In this area, a continuous drainage path
would not be expected since tensile stresses are prevented from
developing to the west of the horst structure (i.e. the depleted
Statfjord Field side).

Stress paths for two critical points in Fault Z5 show that shear
failure may occur in the Brent Group and the Statfjord Formation, as
the low strength failure criterion is exceeded (Fig. 15). Tensile
failure may also occur in the Brent Group as indicated by the
negative minimum principal stress (i.e. tensile stress) at the critical
points. The maximum shear stress is less than 10 MPa and
concentrated in the juxtaposition windows (Fig. 16).
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5. Discussion

5.1. Present stress conditions associated with the Brent Fault

Numerical analyses of the present (Year 2005) stress condition
in the Brent Fault with significantly larger pore pressure depletion
in the Brent Field compared to the Statfjord Field shows that shear
failure may have occurred in the fault at the juxtaposition window
for the Brent Group (i.e. Brent_2 against Brent_1 in Fig. 11). The
peak shear strength in this zone is assumed to be similar to that of
the Burton Formation shale, which is between 10 MPa and 18 MPa
for an effective octahedral stress between 14 MPa and 20 MPa. This
strength depends first of all on the orientation of the lamination
compared to the orientation of the critical shear stress. The lowest
strength is obtained when the critical stress is oriented parallel to
the lamination. The actual orientation of the lamination within the
fault core zones is, however, unknown.

As shown by the modelling, if shear failure occurs, it is initiated
on the Statfjord Field side of the Brent Fault, i.e. the side with the
lowest pore pressure depletion and thus also the lowest effective
octahedral stress and corresponding strength. When the strength is
reduced to the residual strength (strain softening), the failure zone
may propagate along the fault but not across the fault. Tensile
failure may occur on one side of the fault in areas of low effective
horizontal stress (i.e. with the highest pore pressure). However, it
cannot propagate across the fault zone due to the increased
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Fig. 16. Contours of maximum shear stress in MPa (from 6 to 12 MPa with increments
of 1 MPa) for Section 1 through the horst structure at Year 2020 (Base Case). Areas with
maximum values are indicated with figures and arrows.
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effective horizontal stress on the other side (i.e. depleted side with
the lowest pore pressure). Hence, a continuous zone with shear or
tensile failure cannot develop across the fault core zone. As a result,
only minor changes in hydraulic properties of the fault zone are
expected as a result of present stress changes caused by pore
pressure depletion on the Brent Field side. This conclusion agrees
well with field observations, indicating no significant changes in
the seal integrity of the Brent Fault, which currently acts as
a hydraulic barrier between the Brent and Statfjord Fields.
5.2. Late life stress conditions on the horst structure

Analyses of the horst structure show similar stress changes in
the fault zone between the Statfjord Field and the horst structure
(‘‘Fault Z5’’) as identified for the Brent Fault. However, the corre-
sponding maximum shear stress in Fault Z5 is generally smaller
than in the Brent Fault, such that the predicted late life stress
situation is considered to be less critical than that already expe-
rienced by the Brent Fault. Hence, if mechanical and sealing
properties for the two faults are similar, it can be concluded that
the sealing integrity of the horst structure should not be altered
significantly after full depletion of the Statfjord Field. Further-
more, the results of the modelling show that if failure takes place
in the horst structure, then the failure zones (either shear or
tensile failure) would propagate along and not across the fault (at
the side with lowest or no depletion). The development of
microcracks (and/or opening of pre-existing microcracks) is also
inhibited on the depleted side of the horst structure (towards
Statfjord) due to effective octahedral stress increase which occurs
during depletion.

It should be pointed out that only mechanical effects due to
effective stress changes were considered in this study. Other
mechanisms (e.g. capillary effects) might contribute to change the
hydraulic resistance of faults during pressure depletion.
6. Conclusions

We have presented the results of geomechanical analyses of
fault behaviour at the Statfjord Field as part of Statfjord Late Life
project. The objective was to assess the potential for developing
hydraulic communication between the Statfjord and Snorre fields
through a horst structure, during final depressurisation of the
Statfjord Field. Two-dimensional plane strain geomechanical
analyses were carried out to calculate the deformation and
maximum shear stresses along the faults bounding the horst
structure, resulting from compaction and horizontal deformation of
the Statfjord Field due to pore pressure reduction.

The stress conditions at the Brent Fault separating the Brent and
Statfjord Fields were first considered. According to pressure data,
the fault is acting as a pressure seal between the two fields. The
results of the modelling show that the calculated stress changes in
the horst structure are equal to or less critical than the calculated
present stress changes in the Brent Fault. It is therefore concluded
that the mechanical effects (i.e. stress changes) associated with the
planned depressurisation of the Statfjord Field during late life will
not affect significantly the hydraulic resistance of the horst
structure.

Only two-dimensional plane strain models and simple fault
geometries were considered in this study, as the focus of the
analyses was to identify failure modes and mechanisms rather than
to predict absolute values of stress changes. The error by using
a two-dimensional approach instead of three-dimensional model-
ling is less critical as the results are used quantitatively to compare
two faults under similar conditions. This approach would not have
been valid if the geometry of one fault had been very different to
that of the other.

In light of the complexity and uncertainty associated with fault
parameters, a parametric study was conducted to investigate the
sensitivity of the modelled stress changes. This modelling can help
to test several geological scenarios (e.g. presence of drag, thickness
of fault) and assess the relative importance of particular mecha-
nisms (e.g. drainage conditions). It is found that the maximum
stress changes are not very sensitive to geometrical variations and
uncertainties in stiffness distributions. The largest uncertainty
relates to the peak shear strength of the fault (core) zone.

It should be pointed out that only the mechanical effects due to
effective stress changes were considered in this study. Other
mechanisms (e.g. capillary effects) might contribute to variations in
the hydraulic resistance of faults during pressure depletion.
Furthermore, the faults were modelled as single plane of weak-
nesses, which is clearly an over-simplification. Although the impact
of damage zone was not properly modelled in this study, it was
shown that its impact might not be so important for maximum
shear stress distribution in the fault.

The integrity of the horst structure, as presented in this paper,
was assessed relatively to the situation at the Brent Fault. Absolute
predictions in terms of changes in hydraulic resistance were
beyond the scope of this study. Further work would be required to
develop petrophysical models which could relate the hydraulic
properties of faults (e.g. permeability, capillary entry pressure) to
mechanical changes (e.g. fault dilation, grain and pore volume,
fracturing, tortuosity).

Instead, the approach chosen in this study assumed that the
sealing conditions of the Brent Fault could be used to calibrate the
methodology applied to the horst structure. This assumption is
supported by geological understanding of the structures. However,
the biggest uncertainty pertained to the strength of fault zones.
Without specific fault data, but from expected clay content and
deformation products in the fault zone, this study suggests that it is
acceptable to use the residual shear strength of shales as repre-
sentative of the strength of the fault (core) zone. Further work is
required to improve the determination of the strength of faults. For
instance, a systematic database could be developed by testing the
strength, stiffness and hydraulic properties of fault core samples in
the laboratory, for various fault deformation products sampled
from core from offshore fields. In that way, reliable data for future
analyses could be gathered.
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