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ABSTRACT: Multi-scale numerical geomechanical models for reservoir and overburden deformation in the Tyra chalk field
(Denmark) were made, and calibrated by laboratory deformation tests and field data. The mechanical interaction between the
compacting and deforming formation, cement and casing was 1) modeled as a function of well orientation, cement distribution, and
mechanical properties, 2) followed by probabilistic analysis of the model results in well-failure risking models to gain insight in the
effects of rock deformation on well failure, both in space and time, and then 3) used as input in fluid-flow models to forecast the
impact of well-failure on production. The risk analysis revealed that, whilst further Tyra compaction will probably lead to more
well failure, its impact on production is probably low. Our geomechanical modeling helped to reduce uncertainty in the high-cost
multi-year Tyra Future field upgrade planned for the next years to support Tyra production over the next decades.

1. INTRODUCTION
1.1 Problem definition

About five meters of maximum subsidence has occurred
so far in the Tyra chalk field (Denmark), significantly
reducing the gap between wave crest and platform base
(see Figures la, b). In addition, well deformations in
reservoir and overburden have been measured and
inferred by caliper data and hold-up-depth incidents
(HUD) during logging and work-overs (Figures 1c, d).
In the overburden, these have been interpreted mainly
from the Upper Lark to Sele-Lista formation, 120 m to
400 m above the top reservoir at about 1950 m TVDss.

With the remaining 35% of the total depletion planned
for the next decades, some 8 meters of total subsidence
may occur by the end of Tyra field life (about 2042).
Also, in view of the increasing reservoir compaction
strains, there is concern that wells could catastrophically
fail (and thus stop producing, i.e. terminally fail) as a
result of the accumulated deformation and/or a possible
acceleration of reservoir/overburden deformation. In the
framework of the multi-year “Tyra Future” project (in
which the Tyra production facilities are adapted to the
subsiding sea-bed) field-wide and well-scale finite-

element geomechanical models were built to 1) describe
the compaction and subsidence, 2) study the mechanical
effects of the compacting reservoir and its deforming
overburden on cement and casing as function of well
inclination, cement distribution, and mechanical

properties of formation, cement and casing, and 3)
provide input to reservoir fluid-flow simulations to
assess the impact of Tyra well failure on production.

Fig. 1. Platform and breaking waves at Tyra West (1a, 1b).
Casing damage in overburden observed with downhole camera
(1c, 1d). Note the large reduction of the wellbore diameter,
limiting production. Clearly, wireline logging and work-overs
are no longer possible below the casing constriction.



1.2 Well deformation

In Tyra, there have been more than 200 HUDs and
casing deformation observations that were recorded in
48 wells out of 71 wells that were logged and/or studied.
80% of these events were recorded in the high-porosity
(25% to 45% bv) Lower Danian and Upper
Maastrichtian chalks at the top of the reservoir.
Analyzing HUD over time reveals that some restrictions
of casing inner diameter occur gradually over a period of
years, while others occur over a period of just a few
months. Some HUDs occur in the same well, at
progressively shallower depths as a function of time.

Casing and tubing deformation of wells and subsidence
are caused by depletion-induced compaction, which can
be several percent in high-porosity reservoirs of poorly-
consolidated rock like the chalks in Tyra, Ekofisk and
Valhall, and many mechanism-based/general and case-
study papers are available (see Vudovich et al., 1989, De
Silva et al., 1990, Teufel et al., 1991, Kristiansen et al.,
2000, Nagel, 2001 and Zoback and Zincke, 2002,
Dudley et al., 2005, Peng et al., 2007, and Khalmanova
et al.,, 2008). In the literature, casing deformation
simulations reveal that vertical strain less than 1% is
relatively mild, in that it will probably not affect the
casing integrity or well productivity (Bruno, 2002).
Strains between 1% and 3% are considered transitional
in terms of failure risk, while strains of 3% to 5% carry a
medium-to-high risk of catastrophic (production-
stopping) well deformation (Bruno, 1992; Chernocky
and Scholibo 1995; Abou-Sayed et al., 2003; Li et al.,
2003, Furui et al., 2009). This 3% to 5% range covers a
wide spectrum of mechanical properties of the formation
and cement, cement distribution, steel grade, and
orientation of the well with respect to structural geology.

A further learning from the literature is that buckling and
wrinkling risk is much higher for a vertical well than for
an inclined well. High-angle wells (> 60 degrees) can
often sustain more pressure drawdown (and thus more
compaction) because they “carry” less axial strain (i.e.
less shortening along the cylindrical axis of the well) and
can better accommodate formation strains by bending.
Next to buckling and bending, the most common and
critical casing-damage mechanism identified in almost
all high-compaction fields involves casing shear. This is
reported to occur in the reservoir as well as in the deep
overburden. The driving forces for this casing shear
mechanism are the reservoir-compaction-induced strain
and stress changes, but the location of shear is also
controlled by the geology, e.qg. lithology boundaries, and
faults and fractures (Dusseault, 2001, Yuan et al., 2018).
These “planes of weakness” have a high slip tendency in
formations with a high shear strain. In the reservoir, the
slip tendency is exacerbated in case of high pore
pressure and total stress reduction, which may result in
lower values of effective normal stress on potential slip

surfaces. The shear-slip tendency can increase or
decrease with depletion, and typically increases during a
fluid-injection-induced increase in pore pressure.

Depletion-induced reservoir compaction deforms the
overburden as well. Whilst overburden extensional
strains are typically very small (micro-strains), shear slip
can be substantial, and slip of several centimeters can
damage wells. This may pose a risk to production rates
and ultimate recovery. Whilst reservoir-compaction-
induced well deformation in the reservoir is well-
studied, its effect on well deformation in the overburden
is less clear. In the deep overburden of Tyra, at the level
of the Lark formation, 12 casing deformations have been
inferred from HUD and caliper data. The actual amount
is probably higher, as not all wells were logged. Despite
the fact that no well failure had led to loss of production,
because of the wvery high accumulated reservoir
compaction (inferred from the subsidence bowl), there is
concern if overburden well deformation could increase
over time, both in magnitude and extent. This would be
quite serious. Hence, while deformation of casing in the
reservoir often allows for some production from above
the deformed zone, catastrophic well failure in the
overburden would completely shut-off the access to the
reservoir, and thus stop the production from that well.

1.3 Structure

This paper describes the geomechanical model set-up
(section 2) and some model results on reservoir
compaction and overburden deformation (3.1 and 3.2),
focusing on its effect on well integrity in reservoir and in
overburden (3.3 and 3.4). We then show how the
geomechanical model results were used to determine the
risk of well failure in Tyra in reservoir (4.1) and
overburden (4.2), and how this risk analysis was
implemented in models forecasting production (4.3). The
conclusions are listed in section 5.

2. MODEL CONSTRUCTION

2.1.  Mechanisms and constitutive model for
reservoir compaction and overburden deformation
There are no reliable in-situ strain measurements in
Tyra, but laboratory deformation experiments on core
samples from the Tyra chalk and similar chalks from
other North Sea fields indicate a highly non-linear
deformation in response to pore pressure depletion.
High-porosity (> 35% bv) chalks typically show a
marked increase in uniaxial-strain  bulk-volume
compressibility (C,) after just a few MPa of depletion
(“pore collapse”). The onset of pore collapse mainly
depends on 1) the depletion-induced effective stress
increase, 2) the in-situ pre-production porosity, 3) the
rock microstructure (inter-granular vs vuggy porosity)
and 4) pore fluid composition (Rhett et al. 1998, Omdal



et al. 2010, Keszthelyi et al. 2016). The increase in C,
due to pore collapse can be two orders of magnitude, and
in some experiments a factor of 200 increase in C, has
been observed during pore collapse (Figure 2a).
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Fig. 2(a,b). Compilation of uniaxial-strain bulk-volume
compressibility (C,) as a function of porosity (Figure 2a) and
pore fluid pressure (Fig. 2b, depletion increases to the right).
Figure 2b is based on experimental data from Tyra. S, is water
saturation. Note the strong increase in C,, during the pore
collapse stage (up to one order of magnitude), followed by the
gradual non-linear decrease in C,, as depletion continues

Typically, the higher the porosity of the chalk, the
smaller the depletion before pore collapse starts, and the
stronger the pore collapse effect in terms of strain
magnitude, porosity reduction and stress path effect.
Regarding the latter, the pore collapse mechanism
essentially turns a friable rock, with grains cemented in

place over geologic times (albeit often weak), into a
largely unconsolidated rock where most grains start to
move relative to one another. In doing so, the static
Poisson’s ratio can increase drastically. In a uniaxial-
strain deformation test, this is manifested by a stronger
increase in effective radial stress per unit increase in
effective axial stress than before pore collapse.

Micro-mechanically, the strong C-increase during pore
collapse coincides with an abrupt and pervasive (sample-
wide) reduction in the load-bearing grain-to-grain
contact area per unit volume, which triggers the time-
independent inelastic strain (plasticity) and often time-
dependent inelastic strain as well. Because of the zero-
radial-strain boundary condition that is often applied in
laboratory deformation tests, samples that undergo pore
collapse do not fail via sample-size shear failure, but
undergo pervasive (i.e. sample-wide) ductile cataclasis
via grain rotation and grain sliding, enabled by grain
breakage or grain-contact/cement breakage. As the
sample undergoes the large porosity reduction by this
grain-scale brittle shear deformation, with ongoing
depletion, the grain-to-grain contact area per unit volume
increases again, and the sample gradually stiffens and
the C,, decreases. This mechanism is called “compaction
hardening”, see Fig. 2. Note that, in high-porosity rock,
this hardening-part of the overall compaction can span
most (70% to 80%) of the total depletion, compared to
the shorter depletion-range (20% to 30%) for pore
collapse.

In the finite-element geomechanical model for Tyra (see
below), the constitutive model for the chalk reservoir
rock was a Cam Clay model, based on core deformation
experiments which included compaction weakening due
to grain breakage and grain rotation/sliding, followed by
compaction hardening (data as in Figure 2). The
laboratory measurements were also used to define
porosity-stiffness correlations, so that the porosity
distribution from the Tyra static reservoir model could
be used to define laterally (and vertically) variation in
elastic stiffness and pore collapse parameters for the
reservoir layers in the model.

Core deformation experiments on core samples produced
a wealth of information on chalk compaction behavior in
the reservoir However, other input parameters in the
Tyra geomechanical model are not known or can only be
poorly constrained, notably the pre-production in-situ
stress state (so two scenarios were used, see Table 1), the
mechanical rock properties in the overburden (see Table
2), and the frictional properties of the faults.

The non-depleting formations in the GEOMEC model
were included as homogeneous and linear-elastic layers
(other than the faults crossing them, see below). The
poro-elastic parameters were interpreted from laboratory
data and sonic log data, applying proprietary dynamic-
to-static moduli conversions. The rock properties from



the Upper and Lower Lark formations in Tyra, where
several of the recent overburden well deformations
occurred, were reviewed using log data and results from
laboratory experiments on plugs from a nearby
exploration well. Their statistical distributions were
determined in terms of arithmetic means and standard
deviations. For the Young’s modulus, the analysis
resulted in relatively low mean values of 1 GPa to 1.5
GPa in seven of the 10 overburden formations, see Table
2. The other log-based rock properties were calculated in
the same way. The upper-bound Poisson’s ratio was
limited to 0.40, and undrained conditions were assumed
for the overburden rocks.

The faults in the model have a residual cohesion of 1
MPa and friction angle of 20° in the base case. This is
seen as a conservative estimate of a non-cemented fault
with some fault gouge or clay smear to reduce the
friction angle compared to the host rock (in the range
25°-35°).

Table 1: Two models for Tyra pre-production in-situ stress

Stress Pore Sy SH 5
model pressure

(kPa/m) (kPa/m) (kPa/m) (kPa/m)
1 14.5 22.5 21.1 20.5
2 14.5 22.5 18.2 17.3

Table 2: Static rock mechanical parameters Tyra overburden

Static rock mechanical parameters in overburden
Static Static
Formation Static Young's Static Poisson's
modulus ratio
(GPa) (-)
1 Nordland shales 1.1 0.35
2 Overpressured shale 1.5 0.35
3 Upper Lark 1.2 0.36
4 Intra Lark 1.3 0.33
5 Lower Lark 1.0 0.33
6 Horda 1.5 0.33
7 Reef 15 0.35
8 Sele/Lista C-marker 1.5 0.35
9 Ekofisk 7.7 0.24
10 Tor 8.2 0.24

2.2. Finite-element models

A 3D full-field geomechanical finite-element model was
built with Shell-tool GEOMEC with dimensions of 20 x
15 x 3 km, as well as sector models to study the detailed
interaction  between  reservoir and  overburden
deformation and the Tyra wells (Figure 3).

For the full-field model, formation tops were taken from
the static reservoir model, and the overburden formation
tops from the latest seismic interpretation. In the
overburden, a mechanically-stiff reef structure was
included (see Table 2, formation 7) as it was considered
as a potential catalyst for well deformation. 20 geologic
faults were included as explicit slip surfaces, most of
these in the overburden®. Stresses and strains calculated
in the GEOMEC field-scale model were used as
boundary stress/strain-conditions in the sector models
for well-scale deformation, see Figures 3b and 3e.
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Fig. 3. Geomechanical analysis of Tyra at three scales: Field-
scale of tens of kilometers (Figure 2a), with 500000
tetrahedral elements (cells), and well scale with detail of 10s
to of meters. Figs 3b,c,d: casing deformation model in
reservoir. Figs 3e,f: casing deformation model for overburden.

The well-scale model for the reservoir comprises 3D
along-strike half-symmetry domains of casing, cement
and chalk formation materials. The assessment was
undertaken within a one (1) meter long (axial) central
zone of interest with consistent size and mesh
discretization, irrespective of well inclination. A Tyra-
typical 9 5/8” (24.5 cm) outer-diameter casing size was

! The meso-scale intensive polygonal faulting in the deep
overburden of Tyra was investigated by Yuan et al., 2018.



modelled. Representative well inclinations of 10°, 45°
and 80° from vertical were investigated.

The constitutive model describing chalk deformation
behaviour in the reservoir well scale models was
Rockfield’s SR3R, rate-dependent elasto-plastic with
water weakening model (Crook et al., 2008), calibrated
to the mechanical properties in the Tyra legacy
geomechanical model and the Shell GEOMEC model.
The cement was modeled with Rockfield’s SR3, rate-
independent elasto-plastic constitutive model, calibrated
based on Shell tri-axial results on cement plugs.

Three types of casing cementation were applied in the
reservoir well-scale models:

1) Good-quality cement completely surrounding the
casing; 6.7 cm thick, as described above;

2) Partial-cement case: good-quality cement but with
(reservoir-chalk-filled) voids on the downward side
of the wellbore, i.e. patchy, see Figure 3c,d

3) Poor-quality “weak” cement, which has the same
mechanical properties as the high porosity chalk.

The casing steel (thickness 2 cm) was modelled with
average values for L80-grade steel, assuming that the
chrome version of casing has a negligible effect on the
casing deformation. (The number 80 stands for the
plastic limit of the steel at 80 kpsi (about 550 MPa)).
Note that the actual in-situ steel behavior can be
different, since L80 is only a minimum standard, and
dependent on manufacturer. The reservoir well-scale
models included a casing collar, with double the
stiffness and yield strength as the casing itself.

Prior to running the well-scale simulations, casing-only
modeling was undertaken to verify four potential failure
modes; collapse, pinch loading, bending and wrinkling,
see Figure 4 for the example of wrinkling. Four elements
through thickness was found to be a suitable resolution
to adequately capture these deformation mechanisms.

Fig. 4b

Volumetric plastic strain

Fl.l

EO.G
0.1

Fig. 4. Axi-symmetric wrinkling for L80 casing (Figure 4a)
and model result for similar material properties and loading
configuration (Figure 4b). Our well-scale model was fine-
tuned with such test simulations.

Uniaxial vertical strain on the casing was imposed via
displacement applied to the top surface of the domain. A
vertical compaction strain of 0.15 (15% shortening) was
applied, corresponding to the expected maximum
depletion-induced reservoir compaction at the end of
field life, based on the Tyra field-wide geomechanical
model.

The overburden well-scale models comprised a 3D, full
symmetry domain of casing, cement and overburden
(Lark) formation materials; the ~200 m*® formation block
was bisected by a discrete, dipping fault plane to form a
footwall and hanging wall (see Fig. 3e). The mesh
comprised ~3 million tetrahedral elements, with fine
elements concentrated on the casing in the area of
interest, grading away towards outer domain boundaries.

Representative well inclinations of 10°, 30° and 70°
were investigated, dipping West or East, and crossing
the fault whose normal to the fault plane made an angle
of 30° and 50° with the vertical, see Figure 3f. The
intersection angle between fault and well ranged from
10° to 170°, in steps of 20°. The constitutive model
describing chalk deformation behaviour in the
overburden well scale models was again Rockfield’s
SR3 elasto-plastic model, calibrated to the mechanical
properties in the Shell GEOMEC models for the Lark
formation, where most of the HUDs and caliper
deviation-from-circular observations were made. Cement
and casing properties were the same as in the well-scale
reservoir model.

Two types of casing cementation were applied in the
overburden well-scale models:

1) Good-quality cement completely surrounding the
casing; as described above;

3) Poor-quality “weak” cement, which has the same
mechanical properties as high-porosity Tyra chalk.

Fault slip is imposed on all outer boundary surfaces of
the hanging wall via an applied displacement. The foot
wall outer boundary surfaces remain fully fixed. The
entire interior of the model is free to deform. Interfaces
between the casing-cement and cement-rock are
assumed to be fully bonded (i.e. no actual frictional slip).

3. MODEL RESULTS: DEPLETION-INDUCED
COMPACTION AND OVERBURDEN
DEFORMATION

3.1. Field scale: reservoir

The Tyra platform subsidence as a function of time
(measured by GPS) was accurately described by the
model, and the calculated subsidence bowl corresponded
to the measured subsidence bowl (with bathymetric



survey) to within 20%. The model indicates that the
compressive strain in the Tyra reservoir is 5% to 10% in
2016, and may increase to 10% to 12%, and locally even
15% at end of field life.

3.2. Field scale: overburden

Two time-steps were analyzed: from start of production
in 1984 to Jan. 2016 (Step 1) and from Jan. 2016 to end
of field life, around the year 2042 (Step 2). In contrast to
the very high compaction strains and the large
deformation in the Tyra reservoir, the deformation in the
overburden is small for Step 1 and very small for Step 2:
micro-strains to tenths of micro-strain, mm’s to cm’s of
slip, and negligible to a few MPa of total stress change.
The Tyra deformation and stress change in Step 1 was
much larger (10s of percent up to several factors) than in
Step 2. For example, the Shear Capacity Utilization
(SCU) factor, which is a measure of tendency for shear
failure (see Fig. 5) increased in the Lark overburden
formation by up to 13% during Step 1 as a result of the
production-induced stress changes. In contrast, the SCU
increased there by only up to 3% during Step 2.

The Shear Capacity Utilization (SCU = 1/1,,,,,) represents
position of 7-6,, point (indicating max. T and corresponding
o, acting on a fault) relative to the MC shear failure line.
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Fig. 5. Shear Capacity Utilization (SCU) parameter to quantify
risk of shear failure. SCU is between 0 (no risk) and 1 (rock is
at shear failure). For fault planes, a point (yellow rhomb)
characterizing average stress state on fault plane is used. For
the rock between the faults, the position of a Mohr circle is
compared to the Mohr Coulomb shear failure line.

The GEOMEC model results confirm the observations
by Calvert et al., 2018 and Bourgeois et al., 2018, that
the Von Mises shear strain in the deep overburden of
Tyra (at Lower Lark level) forms a large donut-shaped
feature over the edges of the Tyra Main field (Figure 6a),
coinciding with zones where there is a maximum lateral
gradient in the seismic time-shifts (Calvert et al., 2018).
This points to gradients in vertical extensional strain or
in shear strain in the overburden. In our model, this

“Von-Mises donut” grows outwards as depletion
continues. A similar donut-shape is visible for the Von
Mises strain in the Lark at the Tyra South West field
(Figure 6b).
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Maing

0.0005 Von Mises strain

Fig. 6. Von Mises shear strain in the Lower Lark formation,
from start of production till Jan. 2016 (Figure 6a) and from
Jan. 2016 till the end of field life, around the year 2045
(Figure 6b). Purple colors indicate relatively high shear strain
development.

The donut-feature was also seen in the stress space; - the
Shear Capacity Utilization (SCU) is also donut-shaped
when mapped at Lark level (Figure 7), and in a similar
position as the Von Mises donut (data for Step 1).

GEOMEC shows no large changes in shear stress or
effective normal stress developed in the overburden, and
the 20 geologic faults in the model remain largely stable,
nor did the model reveal that new shear faults formed.
By the same token, no correlation was found between



GEOMEC-calculated Von Mises shear strain or SCU
and the position of wells where casing constriction and
HUDs were inferred.

A “Donut at higher risk of shear failurg

Shear-capacity
utilization factor

Fig. 7. SCU-change map at Lower Lark level. Note roughly
circular shape (“donut”) in NW part of the model. This SCU-
change is between start of production and end 2016 (Step 1);
warm colors mean an increase in SCU, indicating that
depletion increased risk of shear failure there.

What the GEOMEC model did show was that most of
the damaged wells in the Tyra overburden are located
close to the inner side of the Von Mises and SCU donut.
This was already observed by Calvert et al. (2018) based
on 4D seismic data and the shear strain distribution in
the Tyra legacy geomechanical model.

In some parts of the center of the Tyra overburden,
virtually no deformation occurred in Steps 1 and 2 (i.e. a
“passive overburden”) In contrast, a local increase in
shear stress and shear strain is observed in the deep
overburden near the edge of the reservoir, near the stiff
reef, and close to the faults. For some combinations of
pre-production stress state and fault-slip properties,
several cm’s of fault slip was observed in the model
along shear faults, in particular in the Lark formation
(see Yuan et al. 2018, for similar observations on the
Tyra polygonal faults).

3.3. Wellbore scale: Reservoir

Formation, cement and casing strains can be very
different and inhomogeneous in one and the same
model. Casing strain and casing-deformation mode are
controlled by cement distribution and well inclination.

Detailed observations are from the models are:

o Near vertical wells (10° inclination) are particularly
susceptible to wrinkling, irrespective of cementing
guality — this results from the approximately axial
loading of the casing (see Figs. 8, 9)

o Near-horizontal ~ wells  (80°-inclination)  are
susceptible to ovalization, irrespective of cementation

— approximately transverse loading of casing (Figs.
10, 11)
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Fig. 9. Wrinkling in the 10°-inclination partial-cement case.
This is the most severe wrinkling observed in the models.

o Wells inclined at 45° experience wrinkling where
cementing is good / partial, and ovalization where
cementing is poor

e Poor-cement cases are subject to significant shearing
(Fig. 12). The absorbed load resulted in less severe
casing wrinkling in the 10°-inclination poor-cement
case (Fig. 8)

¢ Significant ovalization occurs in poor-cement 80° and
45°-cases, and is attributed to reduced lateral support
offered by the shear-softened cement (Fig. 10, 12)

e The casing collar acts as an initiation point for
wrinkling (Fig. 9). Poor-cement patch can act as a
second initiator of wrinkling in the 10° and 45°
partial cement cases, causing the most severe
wrinkling (i.e. repetition of wrinkles along axis and
greater lateral expansion) — Fig. 9.

e Tyra wells can undergo vertical compaction strains of
15% under any well inclination, provided the strain



field is continuous (no fault intersecting) and
cementation is reasonable to good

o Wells with poor or no cementation may collapse at
strains around 8% to 11%

e The model results suggest that there is no single
“unique” strain that massively fails many Tyra wells.
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Fig. 10. Ovalization — worst case maximum and minimum
diameter measured along well axis through time; deviations in
diameter (above / below 0.22 m) indicative of ovalization (as
seen most significantly for the 45° and 80° poor cement
cases). Abbreviations are explained in Figure 8.
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Fig. 11. Ovalization in the 80°-inclination poor-cement case.
This is the most severe ovalization observed in the models.
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Fig. 12 Plastic strain contour shown on 2D slice through
cement at center of well axis for good (left) and poor (right)
cement cases; note significant shear damage within the poor
cement, thereby facilitating ovalization due to reduced lateral
support provided to the casing

The Appendix 1 contains observations on the calculated
deformation for the chalk, cement and casing.

3.4. Wellbore scale: Overburden
Key results from the overburden well scale models are:

o Several centimeters of fault slip can indeed deform a
Tyra-like casing, even if properly cemented

e For a given magnitude of fault slip, both good and
poor cement results follow a bi-modal relationship
between maximum casing inner-diameter (ID) change
and well-fault intersection angle, and between
maximum axial strain (in compression or tension) and
well-fault intersection angle, see Fig. 13. Maximum
values occur at well-fault intersection angles of 100°
to 130°, with a smaller peak at 30° to 50°.
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Fig. 13. Bi-modal relationship between maximum casing ID
(inner-diameter) change and axial strain (on both Y-axes) and
well-fault intersection angle, at increasing of fault slip. These
are the model results for good cement. The results of the poor-
cement simulations are similar to the good-cement ones, and
to a geometry- based analytical model for casing strain (dots).

o For a given fault slip, a good-cement case records up
to 40% higher maximum Von Mises plastic strain
(see Appendix 2) and about 15% higher maximum
casing ID reduction than its poor-cement equivalent;
the greatest difference is at well-fault intersection
angles of 110° to 150° (see Fig. 14).
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Fig. 14 Maximum Von Mises plastic strain in casing as a
function of well-fault intersection angle — good vs. poor
cement; dip and strike results have been combined.



Apparently, good cement results in transfer of greater
load to the casing (compared to poor cement), and
hence wells with good cement jobs are probably more
vulnerable to shear-failure-induced damage than
equivalent wells with poor cement jobs (if cut by a
fault)

o For well-fault intersection angles > 90°, a casing ID
increase was recorded in the strike direction,
accompanied by an ID reduction in the dip direction.
For intersection angles < 90°, a casing ID increase
was calculated in the dip direction, accompanied by
an ID reduction in the strike direction, see Fig. 15b,c

e For well-fault intersection angles > 90°, the largest
increase in Von Mises plastic strain (equivalent to the
worst damage to the casing) is recorded in the dip
direction, while for intersection angles < 90° it is
recorded in the strike direction

e Maximum casing ID reduction occurs at about 10 cm
of fault slip ranges between negligible and ~5.6 cm

e Exceedance of the critical strain threshold —

indicative of the initiation of casing rupture — is
recorded at fault slip magnitudes of between ~ 4.5 cm
inchand ~9.1 cm

15b

Fig. 15. Modeled shear-slip induced casing failure, with view
orthogonal (Fig. 15a) and parallel (15b) to the well dip
direction, and viewed along the wellbore axis (15c). This
simulation has a fault dip of 50° dipping East and a well
inclination of 30° dipping East, so the well-fault intersection
angle is 10°.

4. FROM GEOMECHANICAL MODEL
RESULT TO WELL FAILURE RISK ANALYSIS

4.1. Wells in the reservoir

Critical vertical compaction strains at which catastrophic
failure of the Tyra wells occurred in the reservoir
(stopping production, i.e. terminal failure) were
determined from well-scale model results of nine Tyra-
specific combinations of well inclination and cement
distribution: inclination of 10°, 45° and 80°, and good,
patchy and poor cement. Typical model results for
casing deformation observed in these nine scenarios are
shown in Figure 16, and are further described in the
Appendix 1. The critical-strain estimate included a
comparison of the Tyra-calculated compaction strains
with a Shell-database for reservoir-compaction-induced
casing failure in reservoirs world-wide.
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Fig. 16. Modeled plastic strain in the steel casing at the end of
field life, year 2042. All results are for the year 2042 (end of
Tyra field life), except the poor-cement 45°-inclination and
poor-cement 80°-inclination well. The results from these two
simulations do not go beyond the years 2035 and 2029,
respectively, when the models became numerical unstable due
to local casing collapse by strong ovalization.

With the prediction of critical strain at which wells of a
given inclination and degree of cementation would fail
in the compacting reservoir (see Figure 17), the time-at-
catastrophic failure of the Tyra resource wells (selected
to be the producer wells after the platform refurbishment
in the Tyra Future project) could be calculated from the
vertical strain in the full-field geomechanical model. To
this end, the Tyra wells were grouped in nine batches
according to their inclination and degree of cementation.
Since the latter was not known for most wells, we
assumed (after discussion with the Tyra project team)
that the vertical wells have good cementation, that
inclined wells are all partially cemented, and that the
horizontal wells have poor cementation. Forward models
of time-of-failure from the start of production were then
compared with actual Tyra well failures to calibrate the
well-failure risking model (Fig. 17b). In addition, a
calibration factor was included by assuming a stiffer



casing for a set of Tyra wells. The calibration was fairly
successful, yet a large uncertainty remained depending
on how the calibration factors were combined.

Critical vertical
strain (%) matrix
after calibration

Critical vertical
strain (%) matrix
before calibration

Good Poor Partial Good Poor Partial
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Fig.17. Matrix indicating critical vertical strain in the reservoir
chalk (number in box is strain in %, so 16 means a strain of
0.16) where nine sets of Tyra wells will fail as a function of
well inclination and cement quality (good meaning strong hard
cement surrounding most of the casing). Figure 17a is before
calibration to actual Tyra well failure data; Figure 17D is after
calibration. The encircled numbers were optimized as a result
of the calibration.

Our risk analysis predicted that, from the 42 resource
wells in Tyra, 4 to 16 wells would fail in the reservoir as
a result of compaction from 2017 till the end of field life
around 2042. The large range (4 to 16) reflects the strong
impact of the calibration factors and risk criteria set by
the Tyra partners. Importantly, we know where these 4 to
16 wells are, and what their planned (forecasted)
production is supposed to be. Via integration of
geomechanics and reservoir engineering, we can now
investigate the effect of well failure on production. This
distinguishes our mechanism-based work from a purely
statistical analysis, with e.g. wells picked randomly.

The 4-to-16-well-failure result was used as input in the
Tyra fluid-flow model, “switching off” these wells in the
fluid-flow simulation in the computer-year when the
geomechanical model indicated that they would
catastrophically fail. Surprisingly, the fluid-flow model
results show that the impact of well failure on Tyra gas
production is small: only up to 5% of the production in
case all Tyra wells stay “healthy” (i.e. do not fail).
Further analysis revealed that this is because 1) most
wells would fail late in field life, 2) wells more likely to
fail are older so there are less reserves are attached to
them, 3) neighboring wells “take over” a large part of the
production that the failed wells would have delivered
(well interference, or “shouldering” effect). Regarding
the first point, this late-in-life failure is because most
reservoir rock is probably in the “compaction hardening”
phase now, so the strain per unit depletion is already
reducing, and so is the incremental strain on the casing
per unit of time or depletion.

4.2. Wells in the overburden

The Tyra field-scale geomechanical model reveals that,
even in the model with relatively high total stress
anisotropy (stress model 2, see Table 1), the Tyra faults
identified on seismic and the rock between the faults are
not critically loaded; the risk of shear failure was low
before and during production, and will increase but
remain low during future production. In addition, the
compaction-induced changes in total stress are very
small (typically < 5% of the absolute value of the stress),
and certainly not sufficient to get to Shear Capacity
Utilization (SCU) values of 1. In most of the Tyra field,
the overburden does not “react” to the compacting
reservoir, but rather sinks along with it. So how can we
explain the 12 well-deformation observations in the Tyra
overburden? Quantification of shear failure risk based on
a well-by-well mechanism-based analysis is of no use,
since with such low SCU-values, we would predict that
no well in Tyra would ever fail in the overburden.

In order to still extract maximum value from the
geomechanical model results, a well-failure risking
model was made indicating which Tyra wells are
relatively vulnerable to shear-slip-induced casing
damage compared to other Tyra wells. The assessment
from high-risk to low-risk used the following parameters
from the well-scale and the field-scale model results
from Step 1 (pre-production till Jan. 2016): well-scale
model results of peak rock deformation (Von Mises
strain along the well-path), proximity to plasticity and
shear failure (SCU), observed casing deformation
(known weakened but not-yet-collapsed wells),
proximity to one of the 20 large geologic faults in the 3D
geomechanical model, and inclination and azimuth of
the well with respect to the pre-dominant direction of
polygonal faulting. These parameters were weighed
(admittedly, quite a subjective process) and used in an
algorithm to calculate “Risk of well failure”, which is a
proxy for the chance that the well will fail during the
remaining Tyra field life up to 2042 (see Fig. 18a).
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Fig.18. Risk of well failure over remaining Tyra field life
composed by blending risk factors from the geomechanical
models and Tyra field data (Fig. 18a), and calibration to the
actual observations to date on reservoir-compaction-induced
damage to Tyra wells in the overburden (Fig. 18b).



The risk rating was then compared to the actual risk
status of the 73 Tyra wells, based on well observations
during e.g. work-overs and production data. Although
this calibration dataset is far from complete, and
knowing that we have front-loaded the risking model
with observations of caliper data and HUD data (and we
can thus expect that this deformation will continue), the
well-failure risking model is robust in the sense that 7
out of the 10 wells predicted to be most susceptible to
well failure actually show caliper strains and HUDs in
the field (see Figure 18b). This calibration gives some
confidence that the model will be of use to predict what
will happen to these and other wells in the remaining 25
years of the Tyra field life, from 2017 to 2042 (Step 2).

4.3 Impact of well failure on production

In order for the geomechanical “Risk of well failure”
tool to be of use, it had to predict the timing of well
failure too. Therefore risk factors shown in Figure 18
were scaled with remaining reservoir-life time, and used
as input in Monte Carlo simulations to predict timing of
well failure. This captures the uncertainty in overburden
well failure on the Tyra gas production on ultimate
recovery, see Figure 19a, showing one realization of
timing of well failure for the 73 Tyra wells. Note that the
wells in the left part of the graph (which are the ones
with the highest risk of shear failure, see Figure 18)
generally fail earlier than the low-risk wells to the right
of the Figure. However, some of these high-risk wells
survive, while some of the low-risk wells fail. By
repeating this well-failure-risking many times, a
cumulative distribution function is obtained from which
the impact of well failure on production can be estimated
(Figure 19Db).

Depending on the way production and terminal well
failure were coupled, the probability of well-failure-
induced reduction in production from Tyra Main was
calculated. Our first analyses indicate, roughly, a 10%
chance of a 5% loss in production due to overburden
well failure. At unlikely (1% chance) worst-case
conditions of pre-production stress state, stress path and
rock and fault properties, there may be a 10% loss of
production due to overburden well failure. This
production-loss due to geomechanical well failure was
smaller than was assumed before the present study was
done. It was included in the overall assessment of risk
for the Tyra Future project, aimed at adapting the
facilities to the subsiding sea-bed to safe-guard the Tyra
production for the coming decades.

One of the key learning’s from the GEOMEC modeling
work is that prediction of shear failure due to reservoir
compaction is difficult-if-not-impossible if 1) the pre-
production stress state is not known, 2) there is a large
uncertainty in mechanical rock properties of faults and
country rock (the rock between the faults) and 3) there is

insufficient well failure data to calibrate the
geomechanical model. Yet, based on our geomechanical
modeling work, we consider the risk of any further
compaction-induced well failure in the Tyra overburden
as low, because:

@ Even in the in-situ stress model with relatively high
total stress anisotropy (stress model 2 in Table 1),
the faults identified on seismic and the rock between
the faults was not at shear failure, and in most cases
quite far-away from shear failure (low SCU-values
in the Mohr Coulomb stress plot, see Figure 5)
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Fig.19. Fig 19a is an example of a Monte Carlo simulation.
The green vertical bars show the prediction of timing of
terminal well failure for this specific run. Fig. 19b is
cumulative distribution function for risk of loss of Tyra
production due to well failure. The three curves in Fig. 19b
indicate ways in which the well production rates were
modeled: red = constant well production rate, blue = well-
production decline assumption, green = failure in 2021 for all
wells that are predicted to fail from 2016 to 2042 (worst-case).
The blue dot is an examples of an assessment of a 10% risk
('Y-axis) of a given production loss (X-axis, data not shown for
confidentiality reasons).

(i) The compaction-induced changes in total stress are
very small (typically < 5% of the absolute value of
the total stress),



@iy Most of the depletion-induced compaction has
already taken place, i.e. the high-porosity Tyra
carbonate reservoir probably has already undergone
very high compaction strains (5% to 12% strain),
and porosity reductions of several porosity units.
From a rock physics viewpoint, and as shown by the
high seabed subsidence values, it is unlikely that the
Tyra reservoir rock will continue to show an
increasing compressibility per unit increase in
vertical effective stress e.g. due to some kind of a
second pore collapse. On the contrary, based on
observations in other fields and in laboratory
deformation experiments on core, it is likely that the
Tyra reservoir rock is already showing a decreasing
compressibility with increasing vertical effective
stress (compaction hardening, see Figure 2). Since
vertical reservoir ~ compaction,  overburden
deformation and risk of well failure are related
mechanically, a reducing reservoir compaction (per
unit additional depletion) implies a reducing
incremental risk of well failure (per unit depletion)
with ongoing depletion.

@v) The incremental pore pressure depletion in Step 2 is
small (about 35% of total compared to pore pressure
depletion due to historical production (65% of total
in Step 1).

5. CONCLUSIONS

The geomechanical problem/question of reservoir-
compaction-induced well failure was investigated and
applied to support a business decision in a virtual team
of some 15 staff in three companies over 5 locations. It
is concluded that:

e the multi-scale geomechanical models indicates that
the Tyra reservoir-compaction-induced deformation,
displacements and total stress changes in the
reservoir are large, and in overburden these are
probably small

o well-scale simulations show that cm-size fault slip
can strongly deform the casing, even if the well is
properly cemented. Our geomechanical simulations
visually resemble the in-well observations of the
geometry of such damage (compare Figure 15 with
Figs 1c,d), confirming the localized high-shear-
strain (10s of percent) in the casing. So, the 12
observed casing deformations in the Tyra
overburden almost certainly have a geomechanical
cause

e mechanical-property contrast and/or steep faults
could lead to local increases in shear stress and shear
stress, notably at the edge of the reservoir. These
could produce several cm’s of fault slip, which can
deform casing even if the well is properly cemented.

e Wells intersecting faults at angles of 110° to 150°
and (to a lesser extent) 30° to 70° are the most
vulnerable in terms of shear-failure-induced well
damage

o reservoir well-failure-risking models indicate that 4
to 16 Tyra wells may fail (i.e. seriously hampering
or even preventing production) but that the impact
on production is probably limited to few percent,

e The risk of compaction-induced terminal well failure
from present-day till end of field life in the Tyra
reservoir and its overburden is low,

e Overburden well-failure risking models based on
full-field and well-scale geomechanics simulations
were used to determine which Tyra wells are more
vulnerable to shear-slip-induced casing damage than
other Tyra wells. Our first analyses indicate,
roughly, a 10% chance of a 5% loss in production
due to overburden well failure. At unlikely (1%
chance) worst-case conditions, there may be a 10%
loss of production.

Taking the model and field observations together, our
integrated study confirms that the damage to 12 Tyra
wells in the overburden has a geomechanical cause.
However, based on our geomechanical modeling work
and Tyra well-failure measurements collected so far, we
consider the risk of further compaction-induced well
failure in the Tyra reservoir overburden as low, because
the geomechanical model indicates that the high-porosity
Tyra carbonate reservoir has already undergone very
high compaction strains (5% to 12% strain) and porosity
reductions of several porosity units. Based on core
deformation experiments, it is likely that compaction-
hardening has already started in many parts of the
reservoir, that is, a decreasing compressibility with
increasing vertical effective stress. This will limit
vertical compaction and thus reduce the overburden
deformation occurring over the next decades of Tyra.

In summary, Tyra wells will continue to be loaded and
will deform and fail by the remaining depletion, and well
failure risk will increase with further depletion. But the
rate at which this risk will increase as a function of
depletion will most likely go down with increasing
depletion.
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APPENDIX 1: MODEL OBSERVATIONS
WELL-SCALE DEFORMATION
CHALK, CEMENT AND CASING

Regarding the chalk deformation around the wells (see
Figure 20) in all simulations except the two showing
divergence, the reservoir developed vertical strains of
about 15% (green colors). However, the local
deformation of the chalk is affected by the presence of
the well. In the near-vertical well (inclination of 10°),
the good-cement and partial-cement cases show
relatively small vertical strains at the position of the
casing collar (red colors) and relatively high vertical
strains just below the collar, at the downside of the well.
Clearly, the presence of the relatively stiff collar exerts
control on the vertical strain around the top of the
modeled section of the well. This casing-collar effect is
even stronger in the good-cement and partial-cement



wells inclined at 45°, and even two high strain locations
can be detected in the partial-cement case. Interestingly,
in the good-cement and partial-cement wells inclined at
80° (near-horizontal wells), the casing-collar effect on
the vertical strains has disappeared. Furthermore, in the
direction orthogonal to the wellbore cylindrical axis, a
strong increase in vertical strain (compared to the
“background strain” of 0.15) is shown of up to 0.31
(blue colors), but with a narrow zone, oriented parallel to
the well axis extending horizontally away from it, of
very low vertical strain of about 0.02 (red colors). This
narrow low-strain zone is probably “protected” from
undergoing the high compaction strain by the presence
of the relatively stiff casing, while the two zones just
above and below it deform more as a result of load
transfer around the near-horizontal casing. In the near-
horizontal well with patchy cement, another relatively-
low-strain zone appears at the bottom of the well, at the
location of the poor-cement section. In the poor-cement
well that is oriented near-vertically, the casing-collar
effect is much smaller than in the near-vertical wells
with good and patchy cement. In contrast, the two poor-
cement wells with inclinations of 45° and 80° show
zones of low strain of about 0.02 above and below the
casing, while in the zone parallel to the casing axis and
extending horizontally away from it, the background
vertical strain is about 15%. Note that these two
simulations are for the years 2035 and 2029, where the
divergence occurred.
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Fig. 20. Modeled vertical strain in the reservoir chalk at the
end of field life (year 2042) showing the effects of depletion-
induced reservoir compaction as a function of well inclination
and cementation quality. Simulations with poor-cement at well
inclinations of 45° and 80° fail in year 2035 and 2029,
respectively, due to divergence to main distortion (i.e. high
local deformation).

Regarding the cement deformation, Figure 21 shows
the plastic strains in the cement. (Note that the reservoir
strains are grayed-out, to enable better comparison
between the model results of these nine simulations.)
Starting with the near-vertical well (inclination 10°), the

two cases with good cement and partial-cement indicate
that the presence of the mechanically stiff casing collar
(compared to the “normal-strength” casing above and
below it) also has an effect on the strain in the cement:
At the location of the casing collar, the plastic strain is
relatively low and in the cement just below the casing
collar, the plastic strain is relatively high, reaching
values of 0.5. In both simulations, the cement in the rest
of the casing undergoes similar plastic strains as the
chalk. The situation is very different in the 10°-
inclination poor-cement well, where very high plastic
strains develop in the cement along its entire length. This
is not surprising perhaps, given its relatively low
strength compared to the cement quality used in the
good-cement and partial-cement simulations. Yet, of key
importance here is that, although the poor-quality
cement shows a high degree of deformation, the
simulation is able to run till the full far-field vertical
uniaxial strain of 0.15 is applied. That is, even though
the cement shows very high plastic strain, and can thus
be considered as “failed” in a mechanical sense, the well
still has strength and has not “failed” in the sense of
causing an ultra-high strain or stress-change that causes
the computer model to diverge (“crash”). Inclining the
wells from 10° to 45° shows significantly lower plastic
strains in the cement in the 45°-inclination wells than in
the 10°-inclination wells.
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Fig. 21. Modeled plastic strain (Von Mises strain) in the
cement at end of field life, year 2042. All results are for year
2042, except for the poor-cement 45°-inclination and for the
poor-cement 80°-inclination well. The results from these two
simulations are from years 2035 and 2029, respectively, when
the model became numerical unstable due to local casing
collapse by strong ovalization.

The effect of the casing collar on the cement strain is
still visible in these two wells, but it is much less
pronounced than in the 10°-inclination wells. There are
large variations in cement strain along the well, notably
in the 45°-inclination partial-cement simulation.
Interestingly, although similar high plastic strains
develop in the poor-cement 45°-inclination wells as in
the poor-cement 10°-inclination well, the poor-cement



45°-inclination wells “fails” in the computer-year 2035
(as indicated by the divergence) while the poor-cement
10°-inclination well appears to maintain its mechanical
integrity throughout its field life. The simulation of the
deformation in the near-horizontal (80°-inclination)
wells with good cement and partial cement again show
the alternation of low and high plastic strains that are
also visible in the chalk. Starting from values of near-
zero plastic strain at the top and bottom part of the
cement surrounding the casing, the plastic strains
increase to very high values of 1 in the top part and 2 in
the lower part of the cement. At the sides of the well, i.e.
alongside the cylindrical axis of the well, a low-strain
zone is visible. In the near-horizontal (80°-inclination)
well with poor cement, strains in 2029 are in the range
0.5 to 1.0, but with a zone of very-high plastic strain of
15 to 2 in the lower part of the well. This is the
ovalization development (that also led to the divergence
of the computer model calculations) that is thus clearly
related to the poor-cement unable to “protect” the near-
horizontal well from collapsing as the far-field strain of
0.15 is applied. Key points on cement deformation are:

e at all three inclinations, the poor cement fails
extensively.

e the good and partial cement show localized plastic
strain where

e wrinkling is occurring on downside of well,
immediately beneath collar (10° and 45°);

e in vicinity of partial/poor-cement pocket (10° and
45°);

e along inner cement — casing interface (80°).

Regarding the casing deformation (Figure 22), the key
results can be summarized as follows:

e at inclinations of 10° and 45°, the good and partial
cases exhibit localized high plastic strain
immediately below the casing collar (wrinkling)
while the poor cement cases do not (load not
transferred onto casing due to extensive shearing of
cement),

e secondary localisations are located in the vicinity of
the partial poor cement pocket inclinations of 10°
and 45°,

e the 80°-cases exhibit a band of high plastic strain
along the inner diameter, at the axis of minimum
diameter increase due to ovalization. This band is
more extensive and also affects the collar in the poor
cement case.

o the results for the poor-cement 45°-inclination and
poor-cement 80°-inclination well are for the years

2035 and 2029, respectively, when the model
became numerical unstable due to local casing
collapse by strong ovalization.

e Figure 23 shows plastic strain in the steel casing at
year 2029, which is the year when the 80°-
inclination well failed.
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Fig. 22. Modeled plastic strain in steel casing. All results are
for 2042, except poor-cement 45°-inclination and poor-cement
80°-inclination well for the years 2035 and 2029, respectively,
when the model became numerical unstable due to local
casing collapse by strong ovalization.

Eff. plastic strain Good Cement Poor Cement Partial Cement
E 0.26
o —
= E o013
io
/ p
B 0.086
e k
2 £ 0.043
io
B 0.047
2 E
3 E 0.023 \I\ \
g [ — (T———
i 0 / / !

Fig. 23. Modeled plastic strain in the steel casing at year 2029,
which is the year when the 80°-inclination well failed.

APPENDIX 2 DEFINITION OF PLASTIC STRAIN

Incremental effective plastic strain (called Von Mises strain in
this paper) is defined as

_ 2 1
s = Jé [(dsf —de)? + (def — dsi)z + (dsf —dsb)? + 3 (dyﬁvz + dy;zz + dyﬁzz)]
or, in tensor form

— 2
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where



