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Abstract

This case study involves the unique application of density correction software applied to density data, prior to the estimation
of geopressure gradients. The K-R gas field was discovered in 1983 about 50 km west, off the F-A gas field offshore South
Africa. During exploration; gas discoveries were made in well KR-1 and KR-8, potentially commercial gas and encouraging
oil flow rates in well KR-2, KR-4 and KR-6, a dry well for KR-5 and a dry well with encouraging oil shows in KR-3. The aim
of this study is to create a model that evaluates the geomechanical behaviour of the upper shallow marine reservoir (USM) of
the Bredasdorp Basin, South Africa and provide a safe drilling mud window for future work in the area. The K-R field has a
strong NW-SE fault trend, resulting in a maximum horizontal stress orientation of 125°, determined from structural depth
maps. All geopressure gradients were modelled using the drillworks® software at the top (TUSM) and bottom (BUSM) of
the reservoir. The Eaton method, that can predict pore pressure from either velocity or resistivity, was used to calculate both
pore pressure and fracture gradient and then calibrated using “real” data from well completion and driller’s reports. The pore
pressure and fracture gradient are what set the upper and lower mud weight limits. These values range between 8.46 and
9.60 ppg and 10.12-15.33 ppg, respectively. The rock mechanical properties (Friction angle, cohesive strength and uniaxial
compressive strength) were empirically derived and show a similar trend for all wells. The drilling mud window becomes
more constricted at depths below 2600 m, to the TD of the well.

Keywords Bredasdorp Basin - Geo-pressure or Geopressure - Pore pressure - Overburden - Fracture gradient - KR-field -
Mud windows - Tectonic

Introduction

Geomechanics is a tool that has proven to be effective
throughout the whole life circle of a well. Identifying and
understanding the parameters controlling the geomechan-
ics of a rock mechanics and engineering (e.g., displace-
ment back analysis method) are essential for solving rock
mechanics and engineering problems (e.g., Kirsten 1976;
Jurina and Gioda 1981; Sakurai and Takeuchi 1986; Zhao
2009). Geomechanical work offshore in South Africa is in
its infancy stage. This study is poised towards calculating the
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magnitude and providing the direction of principal stresses,
calculating rock strength parameters and calculating pore
pressure and fracture gradient to evaluate the safe drilling
mud window(s). The model will assess the principal stresses
at reservoir depth, wellbore stability and the mud window
for safe drilling.

Reservoir geomechanics is an integrated study which
combines geology, petrophysics, geophysics, geochemistry,
engineering, fracture and fault mechanics, and rock mechan-
ics. A geomechanical model is a mathematical representa-
tion of the state of stress and rock mechanical properties for
a field. These models are largely constructed from in situ
stress magnitudes and stress directions, pore pressure, static
elastic parameters and rock strength properties (Plumbet al.
2000). Geomechanics can be used throughout the techni-
cal life cycle of a field. Areas in which this tool is utilized
in the petroleum industry include wellbore stability issues,
sand production, pore pressure prediction, bit selection and
casing design, mud weight window prediction, subsidence,
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compaction and fully coupled simulation (Chardacet al.
2005).

The K-R field has had three producing wells, KR-1, KR-2,
KR-3 which flowed and all the wells have faced poor well-
bore conditions with regard to washouts (borehole instabili-
ties), which led to a loss of time that had a direct impact on
costs. This study amongst others is aimed at providing a
post-mortem geomechanical study of the drilled K-R field
wells, and thus, provides a safe operational mud window for
any future wells in the field and gives a better perspective of
the challenges in the field and also provides solution to avoid
such problems in the future.

The K-R field is compartmentalised by faults and geome-
chanics is used primarily to understand how stress magni-
tudes, stress orientations and rock properties contribute to
wellbore stability, thus outlining a safe mud window. The
K-R gas field was discovered in 1983 about 50 km west,
off the F-A gas field. During exploration; gas discoveries
were made in well KR-1 and KR-8, potentially commercial
gas and encouraging oil flow rates in well KR-2, KR-4 and
KR-6, a dry well for KR-5 and a dry well with encouraging
oil shows in KR-3. Broad, (2004) asserts that the Bredas-
dorp Basin is the most explored basin with proven reserves
in South Africa. The extent of the basin is approximately
18,000 km? with a water depth of less than 200 m. Seven
wells of the K-R field were selected for the geomechanical
model and they can be seen in Fig. 1. The type of faults
present at K-R can be classified by order of magnitude of
in situ stresses. The Andersonian fault model proposed in
1951 still holds valid for today; it shows that the order of the
three far-field stress magnitudes, o,, 6, and oy will indicate
which faulting will occur in the reservoir (Anderson 1951).

The K-R Field has had 3 producing wells, KR-1, KR-2,
KR-3 which flowed and all the wells have faced poor well-
bore conditions with regard to washouts (borehole instabili-
ties), which led to a loss of time that had a direct impact
on costs. This objectives of this paper is to determine rock
strength and elastic parameters from logs, understand if fault
is the cause of how stress regime; indicate safe operational
drilling provide wellbore stability analysis and recommend
safe drilling mud weights for the area.

Geological background

The Northern Outeniqua Basin is composed of a number
of echelon sub-basins; the Bredasdorp, Pletmos, Gamtoos
and Algoa Basins which, together with the smaller Infanta
Embayment, converge to the south to form the deeper South-
ern Outeniqua Basin (Broad et al. 1996). The sub-basins
are grabens separated by basement arches of Ordovician
to Devonian meta-sediments of the Cape Supergroup with
its arcuate trend inherited from the structural grain of the
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orogenic Cape Fold Belt (Broad et al. 1996). Numerous
structural characteristics of the Outeniqua sub-basins can
be elucidated in terms of strike-slip faulting, and more so
in the basins closest to the Agulhas—Falkland Fracture Zone
(AFFZ; Broad et al. 1996). In addition, it has also been sug-
gested that inversion tectonics due to periodic movement
on the AFFZ contributed significantly to the structure of
the basins (Broad et al. 1996). The Basin is a sub-basin
of the Outeniqua Basin that covers an area of 18,000 km?
beneath the Indian Ocean on the southern South African
Coast, southeast of Cape Town and west—southwest of Port
Elizabeth (Turner J.R. et al. 2000). The geology comprises
Upper Jurassic, Lower Cretaceous (Synrift continental and
marine strata) and Cretaceous and Cenozoic (post-rift diver-
gent margin strata).

The Bredasdorp Basin is a south-easterly trending basin
which formed along with other sub-basins of the larger
Outeniqua Basin, during the break-up of Gondwana along
the Agulhas—Falkland Fracture Zone. Van der Merweet al.
(1992), points toward evidence for high tectonic inversion
within the basin. The basin contains two syndrift phases of
sedimentation. The first phase (syndrift 1) of sedimentation
is an unconformity which formed during tilted and can be
dated to the early Jurassic period. The blocks are faulted
with deep marine sediments underlying shallow marine sedi-
ments. The second phase (syndrift 2) contains deep water
marine sediments found over tilted fault blocks; and indica-
tor of rapid subsidence and wide spread flooding.

Deposition of highstand shelf deposits (biogenic clays,
glauconitic clay and sands) occurred during the Tertiary
period. These sediments were derived from erosion of the
Agulhas Arch flanks due to uplift in the Late Cretaceous
period, which concluded in the Early Miocene period
(McMillan et al. 1997). Unconformities in the Holocene
and Late Pleistocene overlay the Miocene strata which mark
several type-1 sequence boundaries that can be seen in the
chronostratigraphic log in Fig. 2 (McMillan et al. 1997).
Two synrift phases are displayed, the first from the Early
Jurassic period (157.1 Ma) to the Lower Cretaceous period
(121 Ma) the second being a much shorter synrift phase
within the Hauterivian, which was separated by the first
Type-1 Unconformity (1Atl).

McMillian et al. 1997 stated that break-up in the east
caused dexteral trans-tensional stresses which gave rise to
normal faulting in the northern Agulhas—Falkland Fracture
Zone. Faults between the Agulhas Arch and the Infanta
Arch trend northwest to southeast. This normal faulting
resulted in graben and half-graben basins (Brown et al.
1995; McMillan et al. 1997). During the rift phase, the
Bredasdorp Basin was sourced from provenances in the
north and northeast comprising slates and orthoquartz-
ites eroded from the Cape Super group as well as sand-
stones and shales from the Karoo Super group (McMillan
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Fig. 1 Map showing the location of KR field, Bredasdorp Basin (modified after Petroleum South Africa brochure)
et al. 1997). A drop in sea level between the period of  “stacked and amalgamated channels and lobes” (Turner

103-112 Ma, resulted in material being eroded from et al. 2000), which include fan lobes of a coarsening-
highstand shelf sandstones, which were transported into ~ upward nature with reservoirs consisting of channel depos-
the Centre of the basin by turbidity currents from west to its characterized by fining-upwards (Turner et al. 2000).
southwest (Turner et al. 2000). These sediments formed  The Channels dominate the western to southwestern area
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Fig.2 Chronostratigraphy of Bredasdorp Basin (Petroleum Agency South Africa, 2005)

whereas the fan lobes are dominant in the eastern parts of
the basin (Turner et al. 2000).

The present thermal gradient of the Bredasdorp Basin lies
between 35-49 °C km™! (Davies 1997). Temperature reduc-
tion during the Late Cretaceous period was due to reduced
heat flow and subsidence after rifting. Africa migrated over
a mantle plume during the late Cretaceous to early Tertiary
periods, causing regional uplift which increased heat flow
into the Bredasdorp Basin. Prior to ~80 Ma, temperatures
within the basin increased at a rate of greater than3°C/Ma.
Sedimentation rates decreased at about~ 80 to ~55 Ma,
resulting in an average temperature rate drop of <0.3 °C/
Ma (Early Tertiary) which increased again during the Mio-
cene to Pliocene periods (Davies 1997). Oil bearing source
rocks of the Turonian saw a temperature increase of ~ 10 °C
between ~ 80 to ~55 Ma (Davies 1997). Migration of forma-
tion waters from the southern Outeniqua Basin into the Bre-
dasdorp Basin increased the temperatures by ~20 °C. Early
burial, hotspot transit and a hydrothermal event affected the
maturation of Aptian and older formations. (Davies 1997).

Regional pressure studies on the basin were based mainly
on data from Cretaceous reservoirs which indicate three
pressure regimes (Winter 1981; Brink and Winters 1989;
McAloon et al. 1990; Larsen 1995). A normally pressured
zone down to ~3000 m (Davies 1988); a second zone associ-
ated with thick source rocks (mainly 13A Aptian), in which
equivalent mud weights (MW,,;,) are as high as 1.15 psi/
ft; and a third zone where high overpressures are developed
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(>3000psi above hydrostatic). These pressures as recorded
from RFT and DST readings are also estimated from petro-
physical calculations (Verfaille 1993).

Compression in the Mid-Jurassic period, which is prob-
ably synonymous with early separation of the Falkland Plate,
affected all offshore basins (Van der Merwe and Fouché
1992). As a result, uplift and erosion of Palaeozoic meta-
sediments and Karoo sedimentary rocks occurred (Rowsell
and De Swardt 1976). The second phase of compression
happened during the Hauterivian period and could be related
to the impact of the Falklands plate on the south coast of
Africa. This resulted in an angular unconformity at hori-
zon 5Atl, which is the product of major uplift and erosion
(Davies 1997). Shortly after the deposition of Albian 14A, a
third phase of compression occurred. This formed the central
basin structural highs. Davies, 1997 stated that this phase of
compression is probably related to the passage of the eastern
end of the Falkland Plate past the Agulhas Arch.

The K-R reservoir comprises the synrift, Berriasian—Val-
anginian (Lower Cretaceous) Upper Shallow Marine (USM)
Sandstone, which is defined seismically by the Top Upper
Shallow Marine (TUSM). The Base Upper Shallow Marine
(BUSM) horizon is poorly defined and no intra reservoir hori-
zons are seismically mappable. Several other seismic horizons
have been mapped in the reservoir overburden: 1Atl, 6Atl,
8Atl, 13Atl, which can be seen in Fig. 2. The 1Atl and 6Atl
are known to be unconformable indicating local erosion down-
wards into the USM, especially along the southern flank of the
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field and possibly on the western and eastern flanks in the sad-
dle separating KR-5 from the K-R structure. The K-R structure
is known to be only partly dip-closed and is highly compart-
mentalised by faulting. Normal faults and some reverse faults
occur but some strike-slip movements may also have occurred,
although they are difficult to identify. Most of the faults in
the field trends are either north—northwest to south—southeast
(NNW-=SSE) or northwest—southeast (NW-SE) as shown in
Fig. 3. The USM reservoir thickens markedly into a major
east—west trending regional boundary fault to the north of the
K-R Field.

Materials and methods

To construct a geomechanical model of seven wells in the K-R
field, it is essential to use accurate values of elastic param-
eters and in situ rock strength. These include the Uniaxial (or
unconfined) Compressive Strength (UCS), Friction angle (¢b),
Young’s modulus (E) and Poisson’s ratio (PR). The vertical
stress (in situ) is the result of the weight of rock per unit area
above each point in the earth. Therefore, the magnitude of ver-
tical stress can be derived by integrating the bulk density log
(RHOB) for each well. The integration is expressed in Eq. 1
(Zoback et al 2003).

o, =

EE

pgdz (1)

where o, is vertical stress, p is rock density, g is gravitational
acceleration and z is the depth.

The original obtained from density logs were first corrected
by the use of an equation that relates the density and veloc-
ity obtained from sonic log since the latter is not affected by
geometry effects (Santana 2010), and then integrated into
Eq. 1.1. This is a highly important step as the accuracy of o, is
dependent on the density log. The pore pressure for each well
was calculated using the Eaton method. Eaton (1975) defined
pore pressure as a function of overburden pressure, hydro-
static pressure and an observed parameter/normal parameter
ratio. The observed parameter could be the sonic travel time,
resistivity or d' exponent (a drilling parameter). Originally
established in the Gulf coast, the Eaton equations have been
used worldwide as the exponents may be adjusted based on the
environment as expressed below (Eaton 1975):

P=S—(S—hyd) [ R, observed
B Y | Ry, normal )
P=S—(S—hyd) [ A, observed
B Y | A, normal )
[dc — observed
P=S§S—-(S-hyd) | ———|,
( Y ). dc — normal @
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Fig.3 A structural depth map showing the fault system of the KR-Anticline at TUSM
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where P is pore pressure, S is the overburden, hyd is the
hydrostatic pressure (0.44 psi/ft), R, is the shale resistivity,
A, refers to the sonic slowness anddc denotes the d' expo-
nent. The difference between the equations is that Eq. 2 used
the resistivity of shale as an input parameter, while Eq. 3
used the sonic travel time. Equation 4 was used to calculate
pore pressure because the input parameter used is from RFT
which is more reliable.

No reservoir overpressure exists in the K-R field, wher-
ever overpressure is mentioned in the driller’s report. It
is due to buoyancy effects which occur when hydrocar-
bons migrate into a tilted reservoir. As the hydrocarbon
column height grows, the top of the reservoir begins to
experience elevated pressure. Tests performed on cores
provide more accurate static properties for modelling than
dynamic properties calculated from log data. However,
no laboratory strength tests were performed on the cores
for the K-R field and thus empirical calculation had to be
done using well log data. Once all geomechanical calcula-
tions were undertaken using Microsoft Excel, they were
then imported onto the Drillworks® software for model-
ling. The following is a succinct description of the soft-
ware used to complete the modelling. The data available
for calibration are minimal and the mud weight used to
drill the well was the main source. All calibrations were
adjusted on Microsoft Excel and then imported onto the
Drillworks® software. The resulting geopressure gradi-
ent’s post-calibrations are shown in Fig. 6.

Fracture gradient is “the pressure gradient that will cause
fracture of the formation” (Rocha et al. 2004). Hence, if the
fracture gradient is exceeded, the formation will fracture
resulting in a mud loss. Along with pore pressure gradient,
the fracture gradient is one of the most important aspects to
be considered during the planning and drilling phase. Meth-
ods of fracture gradient estimation are generally derived
from rock mechanics theories or simplified methods which
may lack accuracy in representing underground rock condi-
tions (Rocha et al. 2004). Numerous published methods for
fractured gradient are available and can be categorized as
either “direct” or “indirect” methods (Rocha et al. 2004).
Direct methods give a measurement of pressure required to
fracture the rock as well as propagating the resulting frac-
ture. These direct methods are generally based on leak off
tests or extended leak-off tests which are common calibra-
tion test in the petroleum industry. The indirect methods are
based on analytical or numerical models used to provide
fracture pressure gradient along entire length of the well.
These methods are generally applied for a specific field or
area and the input data are often difficult to obtain. How-
ever, in this study we used the indirect and direct methods to
estimate the fracture gradient, vertical stress and pore pres-
sure gradients. The Eaton (1969) method for fracture gradi-
ent determination was used in this work because it utilizes
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more input parameters and the results are more reliable. The
expression is given below (Eaton 1969):

FG = [v/1-v] X [S,—- P,| + P, o)

where F'G =fracture gradient (psi/ft), V=Poisson’s ratio, S,
= vertical stress (psi/ft), P,=pore pressure gradient (psi/ft).

The estimation of pore pressure gradient is imperative as
uncertainties and inaccurate results may lead to formation
damage, wellbore stability issues, kicks and the worst case
scenario of a blowout. Knowledge of pore pressure through-
out the well is paramount to drilling safely and efficiently as
well as assessing potential risk factors, migration of forma-
tion fluids and seal integrity (Tang et al. 2011). Where the
pore pressure of the formation is assumed to be almost equal
to the theoretical hydrostatic head for the vertical well depth,
the formation is considered to be normally pressurized
(Bourgoyne Jr. et al. 1986). Thus, the normal pore pressure
can be estimated using the hydrostatic gradient of that area.

Drillworks ®—predict software provides reliable forecasts
of pore pressure gradient and fracture gradient with sev-
eral models and correlations available which are the basis
for analysing the mud window. A major perk of the predict
simulation is its capability to offer pre-drill, real-time as well
as post-drill analysis to enhance drilling performances and to
avoid difficulties throughout the entire drilling process. The
pre-drill analysis assists in choosing the optimal mud weight
setting and casing design depths for a successful well. If the
pre-drill analysis turns out to be erroneous, the real time
analysis allows the user to implement modifications to the
pre-planned model to maintain an optimal drilling process.
The post-drill analysis tools allow for an improved knowl-
edge for the planning and drilling of future wells (Keaney
2005).

This software is a geomechanical analysis tool which
allows the user to assess wellbore stability issues before
and during drilling. Geostress may be used to plan the most
suitable well path as well as to fine-tune and create the best
mud weight design possible (Keaney 2005). In this study, the
geostress tool has been used to investigate the safe wellbore
trajectory and the safe mud window.

Results and discussion

Figure 4 presents an example of comparison of the original
density log and result of the environmental corrected den-
sity log which shows a less erratic and more even distribu-
tion of density data. The vertical stress was calculated using
both the original density and corrected density and plotted
against depth to show variation (Fig. 5). The figure shows a
vertical stress gradient using the original density of 0.9949
psi/ft, which represents 8159.29 psi, against a vertical
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Fig.4 Original and corrected density chart

stress gradient obtained from the corrected density log of
0.9887 psi/ft or 8108.44 psi; yielding a difference of 50 psi.
Although this value may seem trivial, it may have a great
impact on the limits of the mud window prediction since the
vertical stress is incorporated in the empirical calculations
of pore pressure gradient and fracture gradient. This could
in turn have a domino effect on wellbore stability and the
cost associated with it.

Well KR-1

The resulting geopressure gradient’s post-calibrations are
shown in Fig. 6. The friction angle (FA), cohesive strength
(CS), and un-compressive strength (UCS) show a general
increase with depth, mainly towards the well’s total depth
(TD). Graphs showing the safe drilling mud window at
TUSM and BUSM are shown in Fig. 8. A wider mud win-
dow is observed at BUSM, which implies that at the bottom
of the reservoir, wellbore trajectory is central to wellbore
stability issues.

Well KR-2

Well KR-2 has the most calibration sources; two leak-off
tests were performed at depth intervals of 301-314 and
1425-1428, respectively. Well KR-2 was drilled predomi-
nantly with a mud weight of 9 ppg. The geopressure curves

after calibration are shown in Fig. 6. The estimated rock
mechanical properties obtained through correlations are
shown in Fig. 6. A similar trend to well KR-1 is observed
for FA, CS and UCS, that indicates an increase with depth,
especially close to the TD. Graphs showing the safe drilling
mud window at depths of 2593 and 2859.5 m, respectively,
are shown in Fig. 8. For this well, a more constricted mud
window is observed at the top of the reservoir. Wellbore
trajectory is central to wellbore stability issues.

Well KR-3

Well KR-3 has the most calibration sources and was drilled
predominantly with a mud weight of 9 ppg. At depths of
approximately 2451-2563 m, an elevation of pore pressure
exists and the mud weight used to drill this section is lower
than the pore pressure gradient. A resulting increase in frac-
ture gradient is observed, which is shown in Fig. 6. This pore
pressure increase is observed in the over pressured shale just
above the sandstone unit. The mechanical properties of the
rock for well KR-3 are presented in Fig. 7. The friction angle
has an erratic trend and the trends for CS and UCS show a
more pronounced increase towards the TD when compared
to wells KR-1 and KR-2. The safe drilling mud window for
well KR-3 at TUSM and BUSM, together with the equiva-
lent circulating density (ECD) is shown in Fig. 8. A larger
mud window is shown towards the top of the reservoir. The
hemisphere plots in Fig. 9 vary slightly to that of the previ-
ous wells. This is mainly due to well KR-3 having the high-
est overburden gradient at TUSM (19.23 ppg) for the K-R
field as well as higher friction angles than well KR-1 and
KR-2, resulting in greater mud weight variation.

Well KR-4

The geopressure gradient curve following calibration is
shown in Fig. 6. The main calibration source for this well
is the actual mud weights recorded whilst drilling. Elevated
compartments of pore pressure are observed at various
depth intervals, resulting in high fracture gradients. The
mechanical properties of the rock that are shown in Fig. 7
show similar trends to previous wells. The cohesive strength
and unconfined compressive strength show a pronounced
increase at depths of approximately 2495 m up to the TD of
the well. The safe mud window plots for the top and bottom
of the reservoir are shown in Fig. 8. The top of the reservoir
for well KR-4 shows a slightly more constricted mud win-
dow than observed at BUSM. The lower hemisphere plots
shown in Fig. 9 are almost identical to that of well KR-1.
This is due the values of overburden gradients and horizontal
stresses being similar.
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Fig.5 Example of graph
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Well KR-5

The geopressure gradient curve after calibration is shown
in Fig. 6. The main calibration sources for this well are the
actual mud weights recorded whilst drilling. Elevated com-
partments of pore pressure are observed at various depth
intervals, resulting in high fracture gradients. The mechani-
cal properties of the rock shown in Fig. 7 displayed similar
trends to previous wells. The cohesive strength and uncon-
fined compressive strength shows a marked increase at
depths of approximately 2504 m up to the TD of the well.
The safe mud window plots for the top and bottom of the
reservoir are shown in Fig. 8. The top of the reservoir for
well KR-5 shows the narrowest safe drilling mud window
for the K-R Field. The lower hemisphere plots are shown in
Fig. 9. This well shows a contrast to well KR-3 as it has the
lowest overburden gradient value for the entire field.

Well KR-6

The geopressure gradient curve after calibration of well
KR-6 is similar to previous wells, with few calibration
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sources being available. A high pore pressure compartment
can be observed at approximate depths of 2412-2572 m,
resulting in an elevated fracture gradient at that depth
(Fig. 6). The rock mechanical properties displayed two
erratic sections of high cohesive and unconfined com-
pressive strengths observed at depths of approximately
19822124 and 2541 m to the TD of the well (Fig. 7). The
safe mud window plots for the top and bottom of the reser-
voir are shown in Fig. 8 showed the bottom of the reservoir
for well KR-6 a much larger safe drilling mud window.

The lower hemisphere plots at TUSM and BUSM are
shown in Fig. 9.

Well KR-7

This is the most distinct well within the K-R field. The geo-
pressure gradient curve’s post-calibration presented in Fig. 3
shows a complete profile of drilling mud weights along the
well trajectory and a greater degree of separation between
the pore pressure and fracture gradient curves. The rock
mechanical properties shown in Fig. 7 presented a similar
trend of increased cohesive and unconfined compressive
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Fig.6 (continued)
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strength towards the TD of KR-7, as noted in previous wells.
This increase starts at approximately 2520 m. The safe mud
window plots for the top and bottom of the reservoir in Fig. 8
have the largest mud window for the K-R field at both TUSM
and BUSM. The lower hemisphere plots shown in Fig. 9
differ from all previous wells. This well shows the highest
minimum and maximum horizontal stress for the K-R Field.

Discussion

The study was based predominantly on well log data and
well reports for all seven wells. In areas where there is
no well data, correlations have to be made to predict how
the stress gradients will behave in the K-R field. For these
correlations, petrophysics was used extensively to derive
geomechanical parameters which were modelled on the
Drillworks® software package. The drilling data available
from each report are used as calibration sources for geo-
pressure. Knowledge of formation pressures is imperative to
drilling; however, in areas where no drilling has occurred,
well planners are essentially drilling “blind”. Seismic data
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that are available may not be ideal as it may inherently imply
that geopressure gradients are based on correlations. None-
theless, in areas of scarce data sources, correlations that best
fit the data set have to be used. The geomechanical model
that was built is a prediction of how geopressure will behave
in the K-R field, and is to be used when planning future wells
in the area.

When calibrating the modelled pore pressure gradient
and fracture gradient, the normal compaction trend line was
shifted for all wells for the calibration points and geopres-
sure gradients to coincide. This indicated that the values
used to create the normal compaction trend lines were too
low at the end point. Thus, the formation is less compacted
than initially assumed.

The shifting of the normal compaction trend lines to
higher values resulted in a decreased margin between the
trend lines and the measured sonic logs. Inevitably, the
values derived from Eaton’s sonic method for predicting
pore pressure yielded lower values, as deduced from Equa-
tions 1.4. The reduction in pore pressure values influenced
a resulting decrease in fracture gradients values which are
linked by the Eaton fracture gradient method—Eq. 1.6.
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Fig.7 (continued)
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KR-1 at TUSM

KR-1 at BUSM

KR-2 at TUSM KR-2 at BUSM

KR-3 at BUSM

KR-4 at TUSM KR-4 at BUSM

KR-5 at TUSM

KR-7 at BUSM

Fig.9 Lower hemisphere plot for wells at TUSM and BUSM

Well KR-3 shows a larger drop in pressure gradient than
the other wells from the top to the bottom of the reservoir;
the pore pressure has been reduced from 9.6ppg to 8.5ppg.
The operational drilling windows post-calibration shows a
similar trend. For depths to 2600 m the drilling window is
fairly wide and at depths deeper than 2600 m the drilling
window becomes more constricted. This is the case for all
wells except well KR-7 where the drilling window remains
wide up until the true depth of the well. It is important to
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note that all KR-wells have close to zero inclination; in an
inclined well, the drilling mud window will be narrower.
The mechanical properties of the rock for the seven wells
show roughly the same trend. The friction angle shows an
average range between 35°-40° for all wells. Although
high, these values are still indicative of sandstone (Horsrud
2001). The cohesive strength and unconfined compressive
strength values vary, depending on the sandstone. The val-
ues produced within the reservoir are between ranges of
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9000-14,000 psi for unconfined compressive strength and
800-1200 psi for cohesive strength.

The safe wellbore trajectory analysis displays the same
trend for all KR-wells. The hemisphere plots (Fig. 9) show a
greater variation on the mud weight in the direction of maxi-
mum horizontal stress, thus showing the need for lower mud
weight when drilling in the minimum horizontal stress direc-
tion, NE-SW. This is due to an assumed value of 1.02 for the
horizontal stress ratio. The higher the ratio, the greater the
difference will be regarding mud weight variation to hori-
zontal stress direction.

The hemisphere plots (Fig. 9) show the maximum hori-
zontal stress azimuth to be 125°. To depict a realistic value,
the strike direction of drilling induced fracture can be used
to provide an estimation of maximum horizontal stress direc-
tion. For this model, the maximum horizontal stress direc-
tion was assumed from the regional strike direction of faults
on the structural depth map shown in Fig. 2.

When modelling on the Drillworks® software, the model
must be compressed to reflect the current formation depth
intervals, which allows the well planner to sufficiently deter-
mine the mud window. The software allows for flow rate
simulation and hydraulics to be run, which results in the
equivalent circulating densities and downhole pressures. For
this model, the actual mud weight values recorded whilst
drilling each well are displayed alongside the simulated geo-
pressure gradients.

The shear failure gradient has not been calculated for this
model. This parameter is generally used to ascertain when
a rock experiences shear failure. Different models to calcu-
late rock mechanical properties generally have a pronounced
effect on the shear failure gradient, and thus, create a lot
of uncertainty in the model. The empirical shear gradient
values can be validated by observing wellbore cutting where
instability issues occurred. The shape and size of the cut-
tings provides us with tangible information as to whether or
not the mud weight used exceeded the shear failure gradient.
Any geomechanical model must be history matched and cali-
brated to minimise the uncertainty. Also, a high number of
off-set wells used to build a model will yield a more accurate
prediction. However, there are inherent uncertainties dur-
ing the process of drilling a well; operational observations
and drilling incidents that need to be acted on, resulting in
changes to pre-drilled safe mud window estimates.

In the geomechanical model, pre-calibration is based only
on log data and information from well and driller’s reports.
The geopressure gradients are dependent on each other, and
thus, discrepancies in the log data may result in inaccurate
values. Quality checking the log data is imperative to ensure
that all values are in alignment with historically validated
measurements. A typical example of this is the density of the
formations. If these values have been estimated incorrectly,
the overburden gradient will be erroneous, which will have

a knock-on erroneous effect for pore pressure gradient and
fracture gradient estimations. This scenario occurs with the
sonic log as well, due to the fact that this particular log is
used as the porosity log. When normal compaction trend
lines are generated on erroneous sonic datasets, the result is
inevitably an incorrect pore pressure estimation. It is quite
clear that geopressure gradients in this case, are incredibly
sensitive to well log data inaccuracies.

Having a fundamental knowledge of the whole cycle of
data acquisition is pivotal in understanding the geomechani-
cal model in its entirety. This means understanding geologi-
cal data, seismic data, well log data as well as well comple-
tion and drilling reports. Confusion may arise when these
sources of data are collected by different service companies,
wherein they may be either represented differently, or the
technical terminology may be different. It is also essential
to have an understanding of the actual drilling process and
what caused certain drilling incidents or stability issues to
arise. Through merging the physical phenomena and opera-
tional observations with the theoretical model, a more cor-
rect canvas is painted allowing us to drill as safely and effi-
ciently as possible.

Conclusions

The Bredasdorp Basin consists of several oil and gas fields,
amongst which is the K-R Field. Using offset well data along
with various calibration sources, a 2D geomechanical model
was built, allowing for an estimation of the overburden gra-
dient, pore pressure gradient and fracture gradient for future
wells drilled in the field. A significant part of this model
involves calibration which incorporates operational observa-
tions to fit the geopressure curves to actual drilling incidents.
The current model that was built is quite a reliable estimate,
and as previously mentioned, the inclusion of more offset
wells will yield a more accurate prediction of the safe drill-
ing mud window for the K-R field.

The 2D geomechanical model for the K-R field shows
how the overburden gradient, pore pressure gradient and
fracture gradient vary with depth. The pore pressure and
fracture gradient values are of most relevance as they set
the minimum and maximum limits for drilling a well safely.
These geopressure gradients were calculated using the Eaton
Method; for the upper shallow marine reservoir, these val-
ues range between 8.46 and 9.60 ppg and 10.12-15.33 ppg,
respectively. The modelled geopressure gradients shows a
wider drilling mud window up to about 2600 m, becom-
ing slightly narrower as the depth approaches the TD of the
wells. This is true for all wells except well KR-7, which
subsequently is the most recent and best drilled well, in
regard to washouts and wellbore failures. The mechanical
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properties of the rock show roughly the same trend, with
increasing values towards the wells TD.

The importance of applying a density correction prior
to any stress calculations has been demonstrated. Accu-
rate density data have a direct effect on the vertical stress
gradient which is ultimately linked to the pore pressure
and fracture gradient. This model has been created in the
hope that reliable drilling mud windows can be estimated
for future wells in the K-R field area, thereby reducing
drilling-related and wellbore stability issues, ultimately
allowing for wells to be drilled safely and cost effectively.

To further validate the findings of this paper, we thus
recommend that more wells and new wells should be
added to either validate or invalidate the model. A 2D
model is a good representation of geopressure gradients
with depth of wells. However, stability issues are often
in the form of 3D principal stress problems. If more data
become available, a full-scale 3D geomechanical model
may cover certain issues not addressed in this paper.
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