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In early 2016, a mature field development program was completed on the South Arne field. This North Sea chalk
field thus increased the existing 20 well stock with a further 11 injectors and producers. Drilling was getting
increasingly challenging up to the start of the campaign. The challenges originate from strong production
induced pressure variations in the 100 Bar range within a well and 200 Bar between wells. In addition, parts of
the field have seen production induced compaction. Mitigation of these issues has required significant variation
from one well to another in how these should be drilled, and a main vehicle for success has been application of
managed pressure drilling (MPD). Examples of pre- and post-drill mud-windows will be given and a well where
compaction effects were significant in the reservoir section is discussed in the abstract. The drilling campaign
was successful by broadly adhering to the plan, delivering the desired reservoir sections, and getting completions
to bottom. The success is due to deployment of MPD, significant focus on geomechanical analysis, and strong
cooperation between drilling, geomechanics, and related disciplines.
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Introduction

In early 2016, a mature field development campaign was completed on the South Arne field, a chalk field
in the North Sea. This campaign added 11 development wells, 2 injectors and 9 producers, to the existing
20 wells in the field. All wells are horizontal with reservoir sections in the order of 2km and up to 3km.
The reservoir depth is around 3km and consists of 2 units; the Upper Cretaceous Tor Formation and
the Lower Paleocene Ekofisk Formation. Virgin reservoir pressure is about 140Bar above hydrostatic,
corresponding to a total pressure of 434Bar at the reference depth of 2900m. The drilling campaign
was successful by broadly adhering to the plan, delivering the desired reservoir sections and achieving
completions to bottom. Only one well did not achieve the planned depth, but was otherwise successful.
The campaign began after a period of increasing drilling problems that originate from strong production-
induced pressure variations. The new wells from the campaign exhibited up to 100Barvariation in the
horizontal section of a single well. Variations observed between wells ranged from 260 to 460Bar
owing to low matrix permeability of typically 1mD or below. In addition, parts of the field experienced
production-induced compaction. The improved drilling performance was due to deployment of managed
pressure drilling, significant focus on geomechanical analysis and strong cooperation between drilling,
geomechanics, and related disciplines.

Theory

Well stability calculations for mud-window estimates usually deploy linear elastic analysis. They seek
to provide an upper limit for the mud weight, often referred to as the fracture gradient, and a lower
limit consisting of the reservoir pressure (to avoid inflow) and/or the onset of shear failure. The upper
limit, defining the onset of mud-losses, is frequently considered coincident with the fracture propagation
pressure:

P =0y +To (D

where oy, is minimum horizontal stress and 7j is the tensional strength of the rock (which may be quite
significant in chalk). This definition of the upper limit may be conservative because hoop stress often
increases the pressure required to initiate a fracture in the well-bore wall. The magnitude of the fracture
initiation pressure (P, ) also depends on the orientation of the well-bore relative to far-field stresses,
which complicate the calculation significantly. However, if the well is oriented perfectly parallel to
maximum horizontal stress, as is ideally intended with the horizontal South Arne development wells,
the equation simplifies to:

Pw,max = 3Gh — Oy _Pfl +To (2)

where o, is the vertical stress and Py, is formation pressure (Fjer et al. 2008). If 20, < o, + Py, for
this simplified case, then Py, > P, 4 so the hoop stress effects no longer increase the well pressure
required for onset of losses. Thus, onset of losses may be defined as two different cases: one limited
by the fracture initiation pressure in the well bore wall and one limited by the propagation pressure.
Onset of losses may also be reduced, if a pre-existing fracture is encountered and tensional strength thus
becomes negligible. These cases would thus broadly give four different definitions of onset of losses. A
further variation occurs in the overburden, where the axial stress, the vertical stress, defines the onset of
losses. Linear elastic analysis is still capable of accounting for these circumstances. However, a further
complication comes from production induced compaction effects. Compaction results in irreversible
strain that, in turn, results in a lasting increase of horizontal stresses beyond poro-elastic response to
pressure changes. These changes therefore affects mud-window estimation impacting both onset of
shear-failure and onset of losses. Although horizontal stresses increase, the effect is typically benign
because the associated stress equalization expands the mud-window.

We deployed single-element elasto-plastic simulation of the pre-drill production induced stress and strain
development to quantify the stress changes originating from plastic deformation in conjunction with
more classic poro-elastic mud-window estimation. Accounting for plastic effects in the calculations
increase the mud-window, but it also increase the danger of overestimating the effect on stresses, which
may lead to over-optimistic mud-windows. However, in addition to carefully calibrating the elasto-
plastic chalk model supported by extensive lab-work, we also compared the predictions to 4-D seismic
observations to gain confidence in the prediction.
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Figure 1 Mud-window in specific gravity for the well shown in Fig. 3 as updated after drilling. The
first section to a depth of ~ 3600mM D was drilled conventionally to 8.5" and completed with a 7" liner.
The remaining section was drilled to 6" using MPD technique. Static (red crosses) and dynamic mud
weights (ECD in green) are also shown. Onset of shear failure is shown as a black wiggly curve (P, in),
and estimated formation pressure is shown as a thick turquoise curve. The caliper in the plot shows
successful avoidance of shear-failure.

Example

Fig. 1 shows a well that, in many respects, epitomizes the challenges in the drilling campaign. The
well entered the reservoir inside the central area, where production induced compaction is significant,
and continued north to an area where compaction is negligible. The plastic deformation incurred before
drilling in the heel increased and equalized the two principal horizontal stresses (represented by thick
dark green and red curves). Accounting for plastic deformation changed the the mud-window estimate
from non-existent (undrillable) to drillable.

The pre-drill stress path is plotted in Fig. 2 for two locations along the well for the time between start of
production in the South Arne Field, and the time when drilling of the well started in January 2016. Both
shown cases are for 30% porosity chalk, and the amount of plastic strain would be different at other
porosity levels as the rock strength correlates with porosity. The stress changes were consequences of
pressure changes as obtained from a reservoir simulator. The stronger plastic strain in the heel of the
well is seen as a fairly constant deviatoric stress while mean effective stress increases significantly.

In the toe end of the well, elastic analysis would thus be broadly valid, and horizontal stresses are
lower with retained horizontal anisotropy. This change along the well is consistent with the independent
compaction observations from time-lapse seismic (Fig. 3). The increase in the horizontal stress level
in the heel reduced the difference between horizontal and vertical stress such that P, ., became larger
than Py, and thus increased protection against losses in the heel.

However, during drilling, losses still started to build after crossing hard streaks at ~ 3450m and ~ 3550m
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Figure 2 Calculated stress paths for a 30% porosity chalk at two locations along the well (~ 3600m
and ~ 5200m. Colors are days since production start in 1999, which is at the lower left corner of the
plot. To begin with, an elastic response is seen as a nearly linear increase in effective stresses increase
as a consequence of pressure-depletion production. The toe end of the well is seen to experience mild
creep dominated plastic strain while the heel (~ 3600m) experience significant plastic strain. This
development incurred prior to drilling.

where the dynamic mud weight (ECD) crosses the minimum horizontal stress curve. This suggests
the hard streaks to be fractured and therefore permeable as expected due to the production induced
deformation in the area. A slight lowering of ECD cured the problem. The section down to ~ 3600m,
where a 7" liner was placed before drilling resumed,- was drilled conventionally with a static mud weight
of 1.4sg and significant dynamic enhancement (ECD) to a total around 1.5sg. In other wells, the 7" shoe
is typically placed at the base of the Ekofisk Formation (thin black vertical line at ~ 3420mMd), but in
this well high porosity was expected to cause a high shear failure level, which was found to be at 1.4sg
(black curve).

The combination of progressively lower reservoir pressure and higher stress anisotropy towards the toe
required a corresponding reduction of the mud weight, which was made possible by casing off the high
porosity heel section before proceeding. The rest of the well was drilled using the MPD technique (e.g.
Hannegan 2006). MPD deploys sulphate reduced sea water for mud where back pressure at the well
head allows fast and precise adjustment of the ECD. In addition, the dynamic enhancement of the mud
weight (ECD) lessens as seen in Fig. 1.

After ~ 4600m, the ECD started to climb above the minimum horizontal stress (thick red curve). This is
not a problem in intact rock, but at ~ 4950m losses increased dramatically after a major fault zone was
crossed (indicated in the caliper log). Continued drilling would have required a much lower ECD, which
would have compromised the shear-failure limit around 4200m, thus compromising the hole stability
(avoiding break-outs) required for landing the lower completion safely. Therefore drilling for this well
stopped a few hundred meters short of the planned depth. This was the only well in the campaign not to
reach the planned depth, but it was otherwise successful by meeting the other requirements.

Conclusions

In the South Arne field, increasing drilling problems from production-induced geomechanical eftects
were successfully addressed by the application of MPD. MPD allowed efficient drilling control in an
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Figure 3 Map showing production induced compaction in meters across the reservoir as observed by
time-lapse seismic (pre-production to 2011). The well from Fig. 1 is in the center with the Ekofisk
reservoir high-lighted in dark blue, and the Tor reservoir in light blue. Red and blue lines are producers
and injectors; black lines are faults. In the gray shaded area; imaging is partly obscured by shallow
gas.

environment with strong pressure variation and associated narrow mud-windows, and allowed wells to
be drilled according to plan. It was particularly successful when used in conjunction with an increased
focus on geomechanical analysis for each individual well and collaboration between disciplines.
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