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Abstract

This thesis applies standard techniques, and develops new techniques for in situ stress

determination from data acquired in petroleum exploration. The techniques are

applied in four case studies and the impact of the resultant in situ stress data on

exploration and development plans is assessed.

Flexible software (SWIFT) was developed to faciliøte both the application of existing

stress determination techniques and the development of new techniques. The SWIFT

software is used to constrain the in situ stress tensor based on the occurrence of
horizontal fractures open under the near wellbore stresses, and by forward modelling

the variation of leak-off pressures in deviated wells. The occurrence of horizontal

drilling-induced fractures, in the Swan Lake Field, Cooper Basin, South Australia,

places tight constraints on both the minimum and maximum horizontal stress

magnitudes, indicating a stress regime on the boundary of strike-slip and thrust

faulting (S" = Sr,.¡n < Su.*). Forward modelling of leak-offpressures in deviated

wells, in the Pattani Basin, Gulf of Thailand, restricts the range of feasible maximum

horizontal stress magnitudes, and indicates a stress regime on the boundary of normal

and strike-slip faulting (Sn.¡n 4 Sn = SH.*). Standard techniques are used to

determine the stress regime of the Mereenie Field, Amadeus Basin, central Australia

(Sn,oin ( Sn ( SH,ou*) and the Penola Trough, Otway Basin, South Australia (Snln¡n < Su

( Snr*).

The in situ stress tensor in the Swan Lake Field suggests that under-balanced drilling

is feasible in order to minimise formation damage, especially in favourable

trajectories, and that the problems encountered with fracture stimulation are the result

of stimulation in a non-optimal in situ stress environment. In the Mereenie Field,

although fracture density is low, certain sets are suitably oriented to be open and

hydraulically conductive and these present atarget for improved production and

exploitation of the gas cap. Further depletion prior to fracture stimulation in the

Mereenie Field may help alleviate problems associated with stimulating the high

stress areas. The in situ stress tensor in the Pattani Basin, Gulf of Thailand, suggests

v



that reactivation of pre-existing faults within the in situ stress field may provide

conduits for hydrocarbon migration. The in sitr¡ stress tensor in the Penola Trough,

combined with fault strength data, for fault rocks, suggests that fault reactivation is

probably not the cause ofobserved seal breach in the area. Pervasive fracturing ofthe

intact cap rock may be the cause of seal breach.
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1. Introduction

L.1. Project Bacþround

The last decade has seen a dramatic increase in the application of in situ stress data to

problems in petroleum exploration and production. Borehole breakouts were only so-

named, and recognised as being due to unequal horizontal stresses acting on the

wellbore, in the late 1970s (Bell and Gough, 1979). Now breakouts are routinely used

to determine in situ horizontal stress directions (Bell and Gough, 1979;Zoback and

Zoback,1980; Plumb and Cox, 1987).

lnitially, breakouts gained prominence as a cause of wellbore instability and related

drilling problems (Bradley, 1979; Aadnoy and Chenevert, 1987). However, utilising

the breakouts themselves to help ascertain the in situ stress field has led to drilling

strategies that minimise such wellbore stability problems (Peska and Zoback, 1995).

More recently, there has been growing recognition that the in situ stress field also

controls both natural and induced fluid flow in the subsurface, impacting on:

o reservoir flooding and drainage pafferns (Heffer and Dowokpor, 1990);

. hydraulic fracture stimulation (Shlyapobersky and Chudnovsky, 1994);

o fluid flow in naturally fractured reservoirs (Sibson, 1996), and;

o seal integrity of fault-bound prospects (Hillis, 1998).

Furthermore, the in situ state-of-stress can be used to constrain the fault condition, and

therefore provide evidence, independent from seismic interpretations, on the style of

recent tectonic activity/fault reactivation.

One key driver for the increased application of in situ stress data to problems in

petroleum exploration and production has been the increasing quality and use of
borehole imaging tools, and the geomechanical information yielded by these tools.

Furthermore, the increased incidence of deviated drilling has provided both new

techniques for constraining the in situ stress tensor, as discussed in this thesis

(Chapter 4), and increased demand for solutions to problems related to the state-of-

stress in inclined wellbores, such as wellbore stability and fracture stimulation.

I



Inl¡odacllon

1.2. Project Aims and Philosophy

The aim of this project is to apply existing, and develop new techniques for in situ

stress determination from oil field data, and to utilise these techniques within several

case studies examining the wide range of implications of in situ stress data to

petroleum exploration and production. In situ stress determination in any oil field or

sedimentary basin involves some aspects that are essentially routine, such as

determination of the vertical stress and the horizontal stress orientation, and other

aspects that are non-routine, often related to constraining the magnitude of the

maximum horizontal stress. The approach to the non-routine aspects of stress

determination is dependent upon the dataset that is available, and the philosophy of
this project was to modiff techniques as required for specific problems and by

specific datasets in the case studies (Chapters 5-8). The importance of image logs and

deviated wellbores to in situ stress determination has been recognised, and a

significant part of this project has involved developing software (SWIFT) that

faciliøtes the determination of the in situ stress tensor from image logs run in

deviated wellbores. The STWIFT software also facilitates application of knowledge of
the in situ stress tensor to problems related to the state-of-stress in inclined wellbores,

such as wellbore stability and fracture stimulation.

This project was undertaken as part of a goup working on in situ stress and related

issues at the NCPGG (National Centre for Petroleum Geology and Geophysics) ó the

ðtress groupí. Many of the case studies discussed in Chapters 5-8 were analysed at

least in part by the etress groupí as a whole. Where necessary, for example to fully

describe all components of the stress tensor in the individual case studies, the results

of the goup are incorporated in this thesis. Horvever, any results that are not solely

the authorís are clearly noted as such in the text.

1.3. Review

There has been extensive research on the determination of in situ stresses, particularly

in the oil industry. Consequently a review of existing techniques is presented here to

provide a contextual framework for the more detailed discussion of new and existing

techniques in subsequent chapters

2



Intoducllon

In sedimentary basins, where most petroleum activity occuÍs, the stress tensor can be

reduced to four components. These components are the vertical stress magnitude (Su),

the orientation of the maximum horizontal stress, the minimum horizontal stress

magnitude (Sr,.in) and the maximum horizontal stress magnitude (Sn.*; see Chapter 2

for further discussion). The vertical stress magnitude is the weight of the overburden

(McGan and Gay, 1978), which can be calculated using density logs and checkshot

velocity surveys. Density logs are routinely run during petroleum exploration and

conventionally provide a density measurement every 15 cm. However, density logs

are rarely run to the surface resulting in a lack of shallow data. Density can be

estimated in the shallow section by transforming sonic velocity from a checkshot

velocity survey to density using the Nafe-Drake velocity transform (Ludwig et al.,

1970; see Section 3.2 for further discussion).

The orientation of the maximum horizontal stress can be determined from

observations of stress-induced wellbore elongations (breakouts). Breakouts were first

described by Bell and Gough (1979) as stress-induced compressive failure of the

wellbore, and have subsequently been used to determine maximum horizontal stress

orientations throughout the world (Zoback and Zoback, 1980; Mount and Suppe,

1987; Plumb and Cox, 1987; Sections 3,4, 5.2.2,6.2.2, and7.2.2). The advent of

borehole imaging tools has confirmed the nature of breakouts and has led to the

recognition of stress-induced tensile wellbore failure known as drilling induced tensile

fractures (DITFs). DITFs are oriented orthogonal to breakouts and can also be used to

determine the orientation of the maximum horizontal shess (Aadnoy, 1990b; Brudy

and Zoback, 1993, Section 3.4).

An early and reliable method for determining in situ horizontal stress magnitudes and

directions is the hydraulic fracture test (Haimson and Fairhurst, 1967). Hydraulic

fracture tests involve isolating a section of the wellbore and increasing the pressure in

the isolated interval by pumping fluid into it, and thereby creating a fracture in the

wellbore wall. This fracture forms parallel to the wellbore axis (for a vertical

wellbore) and orthogonal to the minimum horizontal stress. ln general the fracture

propagates away from the wellbore in this orientation as fluid continues to be pumped

into the interval. In a thrust faulting stress regime the fracture may rotate to

horizontal, as it propagates away from the wellbore, complicating the analysis.

3



Int¡oducllon

However, in general it is the minimum horizontal stress that acts to close the fracture

(i.e. the minimum principal stress; Hubbert and Willis, 1957), and consequently the

pressure at which the fracture closes is a measure of the minimum horizontal stress

and can be determined from the pressure versus time record (Haimson and Fairhurst,

1967). Hydraulic fracture tests are not generally undertaken in petroleum drilling, but

the leak-off test (LOT) is somewhat similar in procedure to the initial stages of a

hydraulic fracture test and is routinely conducted during petroleum drilling. Leak-off

tests are conducted to determine the maximum fluid density that can be used in the

next drilling section (i.e. fracture gradient) and not for stress determination per se.

During a LOT the pressure is increased until a decrease in the rate of pressurisation

(leak-off) is observed (Section 3.5). Consequently the induced fracture is

comparatively small compared to that induced during a hydraulic fracture test,

resulting in fracture closure not generally being observed. However, Breckels and

van Eeklen (1982) showed that leak-offtest pressures provide an estimate of the S¡.¡n,

but not as accurate an estimate as that lelded by hydraulic fracture tests (for further

discussion see Section 3.5).

Kunze and Steiger (1991), recognising the similarity between LOTs and hydraulic

fracture tests, proposed the Extended Iæak-Off Test (XLOT). This test uses the same

equipment as a LOT, but a procedure more similar to the hydraulic fracture test, with

multiple cycles of pressurization and de-pressurization, resulting in a pressure versus

time record that can be used to determine the S¡.¡¡ with increased confidence (Section

3.5). The orientation of the maximum horizontal stress may be determined by

observing the orientation of the induced fracture using an impression packer or a

borehole imaging tool (Engelder, 1993; Haimson, 1993). The magnitude of the

maximum horizontal stress can be determined from XLOTs and hydraulic fracture

tests in some circumstances where a re-opening pressure can be interpreted (Haimson

and Fairhurst, 1967; Enever et al., 1996; for further discussion see Section 3.5).

With the introduction of wellbore imaging tools, breakouts can be more accurately

interpreted and their geometry observed. This increased knowledge of breakout

geometry led Zoback et al. (1985) to propose a method for determining the magnitude

of the maximum horizontal stress using the angular width of breakouts around the

wellbore. This technique was used to obtain SH'* in New Mexico (Barton et al.,

4



Inl¡odacllon

1988). However, this technique is controversial because attempts to relate size and

shape of breakouts to stress magnitudes requiring consideration of the geometrical

effects of breakout development and the failure mechanisms of the material

(Detournay and Roegiers, 1986). Nonetheless if breakouts are observed and

compressive rock strength measurements available, a lower bound for S¡¡ra. can be

determined (Moos and Zoback, 1990; Section 3.6.2).

Like breakout occurrence, DITF occuffence can be used to constrain SH.*, in this

instance given knowledge of tensile rock strength (Moos and Zoback, 1990). Tensile

rock strength is typically low compared to compressive rock strength and rocks

typically contain planes of weakness on which the tensile rock strength is negligible.

Consequently the tensile rock strength can be assumed to be negligible (Brudy and

Zoback,1999). The tighter constraint on tensile than compressive rock strength

makes the use of DITFs to constrain Su.n* less susceptible to errors than the use of
breakouts (Section 3.6.3).

Widespread application of deviated drilling led to new techniques being utilised for

stress determination. Aadnoy (1990a) proposed a method for inverting three or more

LOTs from wellbores of different trajectories to determine the complete stress tensor

(Section 7.3.1). GjDrnes et al. (1998) suggested the original method was inaccurate,

because it ignored shear stress stresses, and proposed an improved method. However,

Gj Drnes et al. (1998) found the improved inversion also contained large uncertainties,

in part due to the inaccuracy of LOTs and suggested the use of multiple techniques to

determine the in situ stresses.

Image logging in deviated wells led to the observation that breakout orientations

rotate as deviation increases, depending on the stress regime and hole azimuth

(Mastin, 1988). Qian and Pedersen (1991) developed a technique for inverting the

variation in breakout orientations with hole deviation and azimuth to determine the

complete stress tensor. Peska andZoback(l995) developed a similar technique for

using rotation of breakout azimuths with deviation to constrain the stress tensor.

However, Peska andZoback(I995) also considered rotation of DITF azimuths and

variations in the occurrence of both breakouts and DITFs to constrain the stress

tensor. Using observations of both DITF and breakout occurrence and change in

5



Inl¡oducllon

orientation, the stress tensor can be determined from a single deviated borehole (Peska

and,Zoback, 1995).

Finally, frictional failure provides a theoretical limit to the ratio of the maximum to

minimum effective stress beyond which failure of optimally-oriented pre-existing

faults occurs (Sibson, 1974). This is known as the frictional limit to stress. A large

number of in situ stress measurements in seismically active regions have shown

stresses to be at frictional limit (Brace and Kohlstedt, 1980; McGarr, 1980; Zoback

and Healy, 1984). Where one or more of the stress magnitudes are known, frictional

limits can be used to constrain stress magnitudes in seismically inactive regions and

estimate stress magnitudes in seismically active regions (Section 2.5). Most

commonly Su and Shm¡n âr€ known and the frictional limit is used to provide an upper

limit to SH.*.

1.4. Thesis Plan

Chapter 2 of this thesis presents an introduction to the stress tensor and rock failure.

This is necessary background for the discussion of stress determination techniques

used in the petroleum industry in Chapter 3, which covers methods for determining

Su, horizontal stress direction, Shrin, SH.u*, and pore pressure.

A key part of this thesis was the development of software (SWIFT) to apply the

techniques described in Chapter 3. Furthermore, SWIFT was developed to apply

stress determination techniques in deviated wellbores, and to investigate the

consequences of the in situ stress field for petroleum exploration and production

(Chapter 4).

The stress determination techniques and software outlined in Chapters l-4 are used to

determine the stress tensor and its implications for fault reactivation/structural

permeability, wellbore stability and fracture stimulation in four case studies. The

impetus for investigating the stress tensor differs in each case study.

Reservoir permeability is low (< I mD) in the Swan Lake Field, Cooper Basin, South

Aushalia. Fracture stimulation, natural fracture plays and under-balanced drilling

have been proposed to improve production. Under-balanced drilling has been

proposed because drilling-related formation damage is considered to negatively

6



Introduclion

influence already low permeabilities. The feasibility of fracture stimulation and

under-balanced drilling are affected by the in situ stress tensor. Consequently in

Chapter 5 the stress tensor in the Swan Lake Field is determined and its implications

for under balanced drilling and fracture stimulation are investigated.

The Mereenie Field, Amadeus Basin, central Australia, contains an unexploited gas

cap that the operators plan to develop. This gas cap is characterised by permeabilities

of typically 5-10 mD, which are further lowered during production by fines migration.

Targeting hydraulically conductive natural fractures and fracture stimulation have

both been proposed to overcome this problem. Both these approaches are affected by

the in situ stress tensor. Consequently in Chapter 6 the stress tensor in the Mereenie

Field is determined and its implications for targeting open natural fractures and

fracture stimulation are investigated.

The Gulf of Thailand is a region of active exploration and production in which

contemporary tectonics and fluid flow pathways (migration and seal breach) are not

fully understood. The in situ stress tensor exerts a major control on contemporary

tectonics and fluid flow. Consequently a key tool for improving understanding of
these issues is to determine the in situ stress tensor. In Chapter 7 the in situ stress

tensor in the Gulf of Thailand is determined and its implications for contemporary

tectonics and fluid flow are investigated.

The Otway Basin, South Australia, contains many fault-bound prospects of which

some are breached, containing only residual hydrocarbon columns (Jones et al., 2000).

Fault deformation processes, across-fault reservoir-seal juxtaposition and fault

reactivation all control the sealing potential of faults (Jones et al., 2000). However, in

the Otway Basin faults reactivation appears to be the critical control. Fault

reactivation is in turn controlled by the stress tensor. Consequently in Chapter 8 the

stress tensor in the Otway Basin is determined and fault geometries most prone to

reactivation are determined.

7



2. The Stress Tensor and Rock Failure

2.1. Introduction

The stresses within the lithosphere have been of interest for many years at scales

ranging from continental to microscopic. Lithospheric stresses are responsible for

processes ranging from the formation of mountain belts (-1000 km) to wellbore

failure (- cm). In situ stress data are critical to a number of areas such as

understanding the driving forces of plate tectonics (Coblentz et al., 1995), seismic

hazard assessment (Horner et a1.,1994) and mine stability (Hoek and Brown, 1980),

in addition to the petroleum-related applications discussed in this thesis. The in situ

stress field is the current day stress field and is responsible for contemporary failure.

It is the result of a variety of forces acting at differing scales. These forces can be

separated into first and second order forces (Zoback,1992). First order forces are the

result of plate boundary interactions and are responsible for the continental-scale

stress field. Second order forces are the result of topography, lithospheric flexure,

lateral density and strength variations and geologic structure. These forces result in

variations in the stress field at the scales of several hundred kilometres to less than a

kilometre (Zoback, 1992).

Figure 2.1. The shear (r) and norm¡l (oo) stress acting on a plane (P) at an angle 0 to the applled

P

S

stress.

8



The St¡ess Tenso¡ and Rock Fallu¡e

The quantitative investigation of the phenomena discussed above requires a

mathematical representation of the in situ stress within the lithosphere. The state of

stress can be mathematically described using the stress tensor as discussed in the

following section.

on

Figure 2.2. The components of stress actlng on a plane. These ¡re the norm¡l stress (oo)' the
shear stress component in the x-direction (tJ ¡nd the shear stress component in the y-dlrection
(t ) or the maximum shear stress (t*) and its orientation in the plane.

2.2. The Stress Tensor

Stress (S) is defined as force per unit area and can be divided into two components,

shear and normal stress. The shear stress (t) is the stress component acting parallel to

a plane (P), inducing sliding along that plane (Figure2.l). The normal stress (on) is

the stress component acting normal to the plane (Figurc2.l). The stresses acting on a

plane can be completely described by the normal stress acting on the plane, the

maximum shear stress (t *) acting on the plane and the orientation of that shear

stress (Figure 2.2). Altematively, the stresses can be completely described by the

normal stress (on) acting on the plane and the shear stress acting in two perpendicular

directions (t* and rr) on the plane (Figure 2.2). The stress field in three-dimensions

can be described by the normal stress acting on each of three orthogonal planes and

the two orthogonal components of shear stress acting on those planes (Figure 2.3).

These nine values of the three-dimensional stress tensor can be written:

z

X

oß
ao
ozr

ao
6o
a,

on
an
o",

$= Eq.2.l,

9
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where S is the stress tensor, o¡¡ is the normal stress in the i directioo, o¡ is the shear

stress acting in the j direction in the plane containing the j and k directions and

oij : oji. The stress tensor can be simplified by choosing a coordinate system such that

the planes have no shear stress acting upon them. The normals to these planes are

principal stress directions. In this case the complete stress tensor can be completely

defined by the magnitudes of the three principal stresses and the orientations of two of

the principal stresses. The stress tensor becomes:

oxr 0

$= o,
0

ls, o ol
s=l o s2 ol

[o o s,J

E,q.2.2.0

0

Alternatively, the stress tensor can be written:

F,q.2.3,

where Sr is the maximum principal stress, Sz is the intermediate principal stress and

S¡ is the minimum principal stress.

o2

Figure 2.3. Components ofstress acting on the faces of¡ cube. These nine values form the
complete stress tensor.

This study considers the stresses within the earthís crust. The earthís surface is a free

surface on which no shear stress acts and is consequently a principal plane. The

earthís surface is normal to the vertical direction to a first order approximation,

z

oty

o*. I

or"

l0
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particularly in sedimentary basins where little topographic relief exists. Therefore the

vertical direction can be assumed to be a principal stress direction. Consequently the

two remaining principal stress directions are in the horizontal plane. In this case the

stress tensor can be written:

$=
0

hmin

0

0l

il
ru
0

0

SH

S 8q.2.4,

where Su is the vertical principal stress, Snn'in is the minimum horizontal principal

stress and Ss.* is the maximum horizontal principal stress (note that the positions of

SHru*, S¡¡¡¡¡ and Sn on the diagonal are interchangeable depending on which is larger).

Hence, if the vertical stress is assumed to be a principal stress, the stress tensor can be

completely constrained by the orientation of one of the horizontal stresses and the

magnitudes of the vertical and two principal stresses. In this thesis compressive

stresses are defined to be positive and tensile stresses are negative.

Anderson (1951) developed a classification of three difïerent stress regimes, thrust

faulting, strike-slip faulting and normal faulting:

' SHrr* ) Stt¡n ) Sn thrust;

o SHr* ) Sn ) Sn,n¡n strike-sliP, and;

t Sn ) Sgtu*) Sh.io normal'

These three states of stress correspond to the three commonly seen modes of faulting

in the earthís crust and are used throughout this thesis to describe relative stress

magnitudes in the earthís crust.

2.3. Stresses and Rock Failure

The rock properties and the stress tensor control rock failure. Failure occurs on

planes as a function of the shear and normal stress acting on a plane, its frictional

properties and any strength it may possess.

The normal and shear stress acting on a plane in a two-dimensional stress field can be

calculated using:

ll
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Eq.2.5 and,

I (s, -s,)sinzo F,q.2.6,t -- 2

where on is the normal stress, t is the shear stress, S¡ is the maximum principal stress,

Sz is the minimum principal stress and 0 is the angle between Sl and the normal to the

plane (Jaeger and Cook, 1979). The shear and normal stress calculated from

equations 2.5 and2.6 canbe simply displayed on a Mohr diagram (Figure 2.4;Mohr,

1900). Plotting the shear and normal stresses on a Mohr diagram for 0 varying

between 0o and 90o and a given Sr and Sz, forms a circle the centre of which is at a

normal stress of (S1 + Sù/2 and shear stress of zero, and the radius of which is (Sl -

S2)/2 (Figure 2.4). Alltwo-dimensional states-oÊstress lie on the perimeter of this

circle.

300

20

10.0

0.0
.0 50.00.0 200

Normal SÍess

Figure 2.4. Two-dimensional Mohr circle with Sr = 40 MPa and S¡ = 10 MPa.

Mohr diagrams can also be used to represent three-dimensional stress fields. In this

case the diagram contains three Mohr circles with centres at {(Sr + 52)/2,0},

{(Sr + Sr)/2,0} and {(Sz + 33)/2,0}, and radii of (S¡ - Sz)/2, (Sr Sù12 and (Sz 'Sù12

respectively (Figure 2.5). All three-dimensional states of stress lie within the shaded

area defined by the three Mohr circles (Figure 2.5).

o. =|{t, +s,)+}(s, -s,)cos2o

l2
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Flgure 2.5. Three-dlmen¡lon¡l Mohr clrcle wlth Sr = 4ll MP¡¡ S¡ - 23 MP¡ ¡nd S3 -10 MP¡"

.0
NormalSFess

Flgure 2.6. ThreeÐlmenslon¡l Mohr clrcle wtth ü - 40 MPar S = 25 MP¡r S¡ =10 MPû ¡nd r
fallure envelope for ¡ coefllclent of ftlctlon (p) of 0.8 rnd zero coheslon.

F.llur¡
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The rock properties can also be displayed on a Mohr diagram, in the form of a failure

envelope (Figure 2.6). A failure envelope separates two shear/normal stress regions.

Normal stress/shear stress combinations within the region below the failure envelope

do not result in failure while those above the failure envelope do result in failure. In

Figure 2.6 there are no points (planes) within the three-dimensional stress field that

are at failure.

Failure envelopes can either be theoretically or empirically determined. An empirical

failure envelope is based on laboratory rock tests, in which the maximum stress

applied to a rock is increased until failure occurs. This results in a shear and normal

stress value for failure, which can be plotted as a point on a Mohr diagram (Figure

2.1). Aseries of points, which form a failure envelope, can be determined by failing

the rock under many different stress states (Figure 2.7). A widely used failure

envelope is the Mohr-Coulomb failure criteria that can be written in its simplest form

as:

î_- lt
on

F,q.2.7,

where p is the coefficient of friction (Figure 2.6; Jaeger and Cook, 1979). Laboratory

rock tests indicate the coefficient of friction generally lies between 0.5 and 1.0

(Byerlee, 1978). This failure envelope represents frictional sliding on a pre-existing

failure plain with no cohesive strength i.e. for a normal stress of zero, any shear stress

greater than zero causes sliding. Where the cohesive strength is non-zero, Equation

2.7 can be written:

tr=f o +Pon Eq.2.8,

where te is the cohesive shength (Byerlee, 1978). However, commonly the uniaxial

rock strength rather than cohesion is determined in laboratory testing. Consequently

Equation 2.8 can be written:

C
!-

(rrr' *r)å * r,
+ lton F,q.2.9,
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where Cs is the uniaxial compressive strength (Jaeger and Cook, 1979).

Another commonly used failure envelope is the Griffrth failure criterion, which can be

written:

,=(4r' + +ro" t', Eq.2.10,

where T is the tensile strength (Griffith, 1924). The Griffith criterion incorporates the

role of flaws, which may propagate under applied stresses and can account for the

weakness of rocks under tension.

30,0

20,0

100

00
0.0

Normal Stress

Figure 2.7. Mohr dlagram with a Grlilith f¡llure envelope (T = 3 MPa) th¡t äts closely to
laboratory rock testing data. Rock testing d¡ta are normal end shear stress values ¡t fallure.

The mode of failure that occurs is constrained by where the Mohr circle touches the

failure envelope. If the Mohr circle touches the failure envelope such that t > 0 and

on à 0, compressional shear failure occurs (Figure 2.7). If the Mohr circle touches the

failure envelope such that r: 0 and on < 0 tensile failure occurs (Figure 2.7). lf the

Mohr circle touches the failure envelope such that t > 0 and on < 0 hybrid

tensile/shear failure occun¡ (Figure 2.7). Hence assuming a composite Griffrth (in

tension) ñ Coulomb (in compression) failure envelope (Brace, 1960; Secor, 1965)' if:

o (S1-S3) < 4T + tensile failure;

o 4T < (Sr-S¡) < 5.66T + hybrid tensile/shear failure, and;

Shcar Fallurc
Hyþrld
Fallure

Rock Test
Data

Tenslle
Fallure
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a (Sr-S¡) > 5.667 + shear failure (Sibson, 1996).

2.4. Effect of Pore Pressure

The presence ofpore fluid under pressure has a profound effect on the physical

properties of the porous solids (Terzaghi, 1943; Hubbert and Rubey, 1959; Figure

2.8). Most physical properties of porous rocks obey a law of effective stress wherein

the effective stress (S') is the applied shess (S) minus the pore pressure (Po):

S'=S-Pp Eq.2.ll.

It has been demonstrated both by laboratory testing (eg. Handin, 1958) and in oil

fields by the compaction of sediments from which oil has been drained and Po reduced

(Teufel et al., l99l) that rock deformation and failure occurs in response to effective,

not total stress.

30,0

200

10,0

00
.0 50.020.0

Effectlve Normal Stress

Figure 2.8. Mohr circle showing shift of Mohr clrcle from that in Figure 2.4 due to Po of 5 MPa.

Pore fluid pressure is isotropic and the stress tensor associated with pore fluid

pressure is given by:

00

p= F,q.2.12.

t6
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From Equation 2.1 l, the effective stress tensor is given by:

S, 0

0

IW -PP o

Sn* -P,
0

0

Su -P,
F,q.2.t3.

Eq.2.15.

0

Since rock failure obeys an effective stress law, the abscissa of the Mohr diagram is

given by effective, not total stress (Figure 2.8).

2.5. Frictional Limits to Stress

Coulomb frictional failure provides a useful theoretical limit to stress magnitudes. It

is assumed that the ratio of the maximum to minimum effective stress cannot exceed

that required to cause faulting on an optimally-oriented, cohesionless, pre-existing

fault (Sibson,1974). It can be shown, based on Coulomb failure criterion (Equation

2.8), that the frictional limit, above which sliding occurs, is given by:

= f(tr) F,q.2.14,

f(p) = (t*p'Þt * p]'

If the ratio exceeds the above function of p, then slip occurs in order to reduce that

ratio to within frictional limits. A large number of in situ stress measurements in

seismically active regions have shown stresses to be at frictional limit (Brace and

Kohlstedt, 1980; McGarr, 1980; Zobackand Healy, 1984). Consequently this ratio

can be used to constrain the ratio of the magnitudes of the maximum and minimum

stress in seismically active regions. Furthermore this ratio can be used to place upper

or lower bounds on the maximum and minimum stress magnitude respectively in

seismically inactive regions. Commonly Snmin and Sv are known and the relationship

can be used to place a limit on the more poorly constrained value of S¡¡**.

l7



3. In Situ Stress Determination Using
Petroleum Exploration Data

3.1. Introduction

The high cost of drilling in petroleum exploration and production requires that the risk

is minimised and production maximised. Hence, it is necessary to maximise the value

of information obtained from each well drilled. Large amounts of data are acquired in

association with drilling. Little of this data is acquired for the purpose of stress

determination. Nonetheless, extra value can be yielded from some of this data,

because it can be used to determine the in situ stress tensor. Knowledge of the in situ

stress tensor can in turn be used to reduce risk and increase production. The purpose

of this chapter is to describe the exploration and production data that can be used to

determine in situ stresses and the theory and methodology required.

As discussed in Section 2.2,the complete in situ stress tensor, in a sedimentary basin,

comprises Sr, the maximum horizontal shess orientation, Shrin, SH.* and Pp.

Consequently the data and methods used to determine Sn (Section 3.2), the maximum

horizontal stress orientation (Section 3.4), Sn'¡n (Section 3.5), S¡¡'* (Section 3.6) and

Pp (Section 3.7) are discussed in this Chapter.

3.2. Vertical Stress

The vertical stress is the weight of the overburden and can be calculated using

knowledge of the rock densities (McGarr and Gay, 1978). Vertical stress is

determined using the formula:

s" = f o(h).e.dh Eq.3.1,

where h is the vertical depth, p(h) is the function of density with vertical depth, and g

is the acceleration due to gravity.

l8
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Density logs and check shot velocity surveys/vertical seismic profiles (VSPs) are the

two main sources of density data.

Density logs are generally recorded relative to the depth along the hole below the

rotary table. Depths in deviated wells must be converted to true vertical depth below

the surface in order to calculate the Su. The rotary table is a fixed height above the

surface and can be corrected for by simply subtracting the height of the rotary table

above the surface from the logging depth. The vertical depth is a function of along-

hole depth and wellbore deviation, which is surveyed at regular intervals. Logging

depth can be converted to true vertical depth using:

d*¿ = E,lto, -d,-,)cos(o, ))- rr" E,q.3.2,

where dw¿ is the true vertical depth, n is the number of deviation surveys, di is the

along hole depth for deviation survey i, 0t is the deviation recorded at deviation

survey i and h't is the height of the rotary table.

The density logging tool relies on good contact with the wellbore wall. Consequently

wellbore rugosity may result in spurious density measurements (Figure 3.1). Most

modern density logging tools correct errors in the density measurements and record

the magnitude of the correction (DRHO). Holever, this correction is only accurate

for values of DRHO < 0.2 glcc (Asquith and Gibson, 1983). Therefore, removing

density values for which DRHO > 0.2 glcc results in the removal of spurious data.

This needs to be undertaken before vertical stress is evaluated from the density log.

The character of the density log can be used to remove spurious data if neither DRHO

nor caliper logs are available (Figure 3.1). Sudden large changes in density over short

distance are unlikely to reflect actual changes in density and appear as large amplitude

spikes in the density log. These can be removed by applying a de-spiking filter to the

density log.

Density logs are commonly run as part of the wireline-logging suite and provide a

detailed density profile, but they are rarely run to the surface. Sonic velocities from

check shot velocity surveys/VSPs can be used to estimate average density from the

l9
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top of the density log to the surface, using the Nafe-Drake sonic velocity/density

transform (Ludwig et al., 1970; Figure 3.2).

o 1ã! 24 ãl
l/Dl:79¡ RHOB LDTO (uõ[A160710 oBHO tDtD (E6 lArflr7r6 | cAU.TDTD ,ü¡6 f^l$r7

ollô flnl zl1,á lorffiì {l¿l a o,/ørßì

æ Ir

Figure 3.1. Resistivity image, density log (RHOB), density correction log (DRHO) and callper log
(CALI). Spikes in the density log are coincldent with large spikes in the denslty correctlon and
caliper logs as well as a poorly resolved,btobbyf conductive interv¡l¡ in the reslstlvlty lmage' all
being indicative of wellbore rugosity. In this example, wellbore rugosity ls due to wellbore
breakout.

Ludwig et al. (1970) compared sonic velocity and density m€asurements and

proposed the Nafe-Drake velocity/density transform (Figure 3.2). This transform can

be locally re-calibrated using density and sonic log data from the area under

consideration and shifting the transform to match the observed data. This locally

calibrated Nafe-Drake velocity/density transfonn can then be applíed to sonic

velocities obtained from vertical seismic profrles (VSP) or check shot velocity

surveys, providing an average density from the top of the density run to the surface.

20
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The average density from the check shot survey/VSP and the density from the

corrected density log can be used to calculate the vertical stress using Equation 3.1

10

I

¡
I

I
I

Compressional Waves

Shear Waves

6

12345
Density 1tO3t<g m-3 )

Figure 3.2. Nafe-Drake sonic velocity/density transform (after Ludwlg et al., 1970).

3.3. Stresses Around Vertical lVellbores

3.3.1. Introduction
Drilling petroleum wells removes material from the subsurface, which previously

carried stresses. As a result, the surrounding material (the wellbore wall) must

support the stresses previously carried by the removed material, causing a stress

concentration in the vicinity of the borehole. The stress concentration, in an elastic

material, depends on the far field in situ stresses (Kirsch, 1898) and can result in

wellbore failure (Bell and Gough, 1979). Observations of wellbore failure have been

4
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proposed to determine both stress orientations and magnitudes (Bell and Gough,

1979;Zoback et al., 1985). The following discussion assumes the borehole is

vertical, the vertical stress is a principal stress and the rock behaves elastically.

V

Figure 3.3. Wellbore showing the orlentations of the circumferentl¡l (oæ)' axlal (o) and radl¡l
(or") stresses.

3.3.2. Basic Theory
Kirsch (1898) developed a set of equations for calculating the stresses acting in a

thick, homogenous, isotropic elastic plate, containing a cylindrical hole, subject to

effective minimum and maximum far field principal stresses. Assuming the wellbore

is vertical, the three principal wellbore stresses are the effective radial stress (o'"), the

effective axial stress (o",) and the effective circumferential stress (oee; Figure 3.3).

The radial stress acts normal to the wellbore wall. The axial stress acts parallel to the

wellbore axis. The circumferential stress acts orthogonal to or. and o,' (in the

horizontal direction in the plane tangential to the wellbore wall). The Kirsch (1898)

equations can be written as:

."---i---
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o* = å(s"** + sn.")[r.Ë) -]{s"",* - s;.,")[l+3S).",rt-#
Eq. 3.3,

o. = å(s"* * s;,," 
{r 

-å1) *}{s** - t;',[t-4R2

t'

.* = -åts,* * s*,)[t * r$-r$),ttt

+:S),",2t.f
Eq. 3.4 and,

S r'",

Eq.3.5,

where ts is the tangential shear stress, R is the radius of the hole, r is the distance

from the centre of the hole, 0 is the azimuth measured from the orientation of SHmr*,

S*o* is the effective maximum horizontal stress, Sn*, is the effective minimum

horizontal stress and AP is the difference between mud pressure (P",) in the wellbore

and Po in the surrounding formation. The stress concentration predicted by these

equations is illustrated in Figures 3.4 and 3.5.

<-

S Hmax {-

Figure 3.4. Stress concentration about a wellbore predicted using the Kirsch (1898) equations.

At the wellbore wall where R = r, Equations 3.3 and 3.4 become:

oee = Sn*. * S*r ñ 2(SH,*. - Sh'ù, )cos20 - AP Eq' 3'6 and'

on:AP F,q.3.7
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Equation 3.5 becomes zero. The axial stress at the wellbore wall can be calculated

using:

or": sï - 2v(s*o-- - Sh.j,,)cos20 Eq.3.8,

where v is Poissonís ratio and Su is the effective vertical stress (Fairhurst, 1968).

The above equations are written in terms of the effective far field principal stresses.

Equations 3.6 to 3.8 can be rewritten:

oo0: SHma* t Sn.¡n ñ 2(S¡1.¡,* - S¡r¡n)cos20 - Pw - Pp Eq. 3.9'

o,,: AP Eq. 3.7 and,

o"r: Sv - 2v(Ssmo. - Sn.in)cos20 - Pp Eq.3.10,

where P* is the wellbore fluid (mud) pressure.

-5o o 
n, t.%3,..r1 50 o

Figure 3.5. The circumferential wellbore stress magnitude (oæ) as a function of relative bearing
(0) around the wellbore from the orientation of S¡¡-', Sn-, = 54 MPar Shnln = 30 MPa and
Pp = P, = 20 MPa. The red regions show the relative bearing at which breakouts form, for a

compressive rock strength of 85 MP¡. The blue region shows the relative bearlng ¡t which
DITFs form, for tenslle rock strength of zero.
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3.3.3. WellboreBreakouts
Borehole breakouts are stress-induced ovalisations ofthe cross-sectional shape ofthe

wellbore (Bell and Gough, 1979). Ovalisation is caused by compressive shear failure

on intersecting conjugate shear planes resulting in pieces of rock spalling off the

wellbore wall (Figure 3.6). This occurs when the wellbore stress concentration

exceeds that required to cause compressive failure of intact rock (Figure 3.5).

Figure 3.6. Hollow cylinder lab test showing conjugate shear failure planes resulting in
ovalisation of the cross-sectional shape of the wellbore.

The Mohr-Coulomb failure criterion, expressed in terms of principal stresses is

(Jaeger and Cook, 1979):

orñf(tt).o¡>C. Eq. 3.1I,

where C is the appropriated compressive rock strength discussed later in this section.

In general or is the circumferential stress and o¡ is the radial stress (Moos and

Zoback,1990). From Equation 3.9 the maximum of the circumferential stress occurs

at 0 : + 90' (Figure 3.5) and can be rewritten in the form:

Oeemax: 3SHr* - Sh*in - Pw -Pp Eq. 3.12.
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For the simple case where 03 is zero (i.e. o3 is o,, and the wellbore is in balanco, P* =

Po) and or is the circumferential stress, Equation 3.12 canbe substituted into Equation

3.11 resulting in a simple failure criterion:

ooomax: 3SH.* - Shrin - 2Pp > C Eq.3.13

Compressive failure occurs when the circumferential stress exceeds the rock strength,

for an in balance wellbore (P,"=Pp; Figure 3.5). The significance of Equation 3.1I to

the situation where the wellbore is not in balance (P\" + Pp) is discussed in Section

3.6.2.

The appropriate rock strength (C; Equation 3.11) considered in breakout calculations

is tlpically the uniaxial compressive rock strength (Cs). However, the stress

components at the wellbore wall resulting in wellbore failure are typically polyaxial

(ol > oz ) o3 = 0), Rocks under polyaxial conditions are stronger than under uniaxial

(or > oz = 03 = 0) conditions, but weaker than under biaxial conditions (or > oz = o¡

+ 0; rwiebels and Cook, 1968). The relationship between uniaxial and biaxial rock

strength can be written:

cu = co (l.o + o.6p) Eq.3.14,

where C6 is the biaxial rock strength and p is the coeffrcient of friction (Wiebels and

Cook, 1963). Consequently, for a typical p of 0.6 (Byerlee, 1978), the rock strength

relevant in the context of breakout formation is Co < C < 1.36C0 (Moos and Zoback,

leeO).

3.3.4. Drilling Induced Tensile Fractures
Drilling induced tensile fractures (DITFs) are stress-induced tensile fractures of the

wellbore wall (Figure 3.7; Aadnoy, 1990b). Tensile failure occurs when the wellbore

stress concentration is less than the tensile strength of the rock. The circumferential

stress is minimized for 0 = 0 (Figure 3.5), and Equation 3.9 can be rewritten:

Oeemin = 3Shrn¡n ñ Ssr* - Pw'Pp

DITFs form when:

Eq. 3.15.
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Oeo¡¡in:3Sh.in ñ SH¡1u" - Pw -Pp < T Eq.3.16,

where T is the rock tensile strength and T < 0. The tensile rock strength is typically

small compared to the compressive rock strength and rocks typically contain plains of

weakness on which the tensile rock strength is negligible. Consequently, tensile rock

strength can be assumed to be negligible (Brudy andZoback, 1999). Hence, DITFs

tend to occur when ooomin is less than zero (Figure 3.5)'

F'igure 3.7. Formation Micro Scanner (FMS) resistivity image of the wellbore showing DITFs on
tuó orthogonal pads. The DITFs are sub vertical, conductive (black) and contain drllling fluid.
Along holõ depth (m) is shown on the y-axis, while the x-axis is the angle around the wellbore.
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Under certain unusual circumstances the minimum of ou is less than os6m¡¡ and under

such circumstances DITFs may form transverse to the wellbore. This case is discussed

in detail in Chapter 5.

3.4. Horizontal Stress Orientations

The observation of wellbore deformation (wellbore breakouts and DITFs) is the most

common method for the determination of horizontal stress orientations in the oil patch

(Bell, 1996a). As discussed in the previous section, breakouts and DITFs in vertical

wells form at 90o and 0o from the orientation of S¡¡'* respectively, and consequently

can be used to determine the orientation of Su'.* (Bell and Gough, 1979; Brudy and

Zoback,1999). Alternatively, horizontal stress orientations can be determined from

the orientation of fractures induced by hydraulic fracture, leak-offor extended leak-

offtests (Hubbert and rWillis, 1957); discussed in Section 3.5). Such testing-induced

fractures form in the same orientation as DITFs and can thus similarly be used to

indicate the orientation of Su'*.

o The tool rotation stops * 15" in the zone of elongation.

o The tool must rotate at least 30o in the 30 m immediately beneath

the breakout.

o The smaller caliper width is within 5% of bit size.

o The difference between the caliper widths is greater than 6 mm.

o The length of the elongation zone is greater than 1.5 m.

o The direction of elongation should not coincide within * 5o of

the high side of the tool if deviation is > 5o.

Table 3.1. Criteria used in the recognltion of wellbore breakout on four-arm callper data
(Mildren et a1.,1994)

Breakouts can be recognized, and their orientation determined, using dipmeter-type

tools. Four arm dipmeter tools are designed to measure stratigraphic dips, by depth

28



In Slla Sl¡ess Delermlnafion

correlating formation resistivity measured on four orthogonal that are pads pushed

against the wellbore wall. The raw data recorded is:

o pad one azimuth;

o wellbore deviation;

o wellbore azimuth;

o the distance between pads one and three (Cl);

o the distance between pads two and four (C2), and;

o the formation resistivity measured by each pad.

Cl and C2 measure the wellbore diameter in two orthogonal directions. Dipmeter

tools are typically lowered to the base of the borehole and data recorded while the tool

cl FB8T q¡¡l[42ß71!Ë2]

6 rrnr 12
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F'igure 3.8. Full Bore Scanner Tool (FBST) log data showing pad one azimuth (PIAZ,), dlstance
between pads one and three (Cl) and dist¡nce between pads two ¡nd four (C2). PIAZ shows
cess¡tion of rotation coincldent with a large dlfference between Cl and C2 lndicating wellbore
breskout.
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is pulled back up the borehole. Dipmeter tools typically rotate, as they are pulled up

the hole, due to cable torque. When the tool reaches azone of wellbore breakout, in

which the hole is ovalised (Section 3.3.3), one pair of pads may become stuck in the

breakout (i.e. the tool stops rotating). The caliper width between the pads in the

wellbore breakout is greater than the distance between the orthogonal pads. As the

tool continues up the hole, the tool may free itself and resume rotation sometimes

becoming stuck again further up the hole (Figure 3.8). rWellbore breakouts can thus

be interpreted from raw dipmeter logs, where rotation is observed below and above

the breakoutzone and rotation ceases within it. One caliper width reading should be

greater than bit size and the orthogonal reading equal to bit size (Plumb and Hickman,

1985; Figure 3.8; Table 3.1). Furtheflnore if the hole is deviated, the elongation

should not parallel the azimuth of deviation. This ensures that asymmetric iftey seatsí

(caused by abrasion of drill pipe on the lower side of the hole) are not misinterpreted

as wellbore breakouts.

Wellbore imaging tools are used to obøin stratigraphic and structural information

from the wellbore. Resistivity and acoustic imaging tools are the two main types of

imaging tool. Resistivity imaging tools evolved from the dipmeter tools and consist

of four to eight pads with each pad containing 16to 32 resistivity measuring buttons.

Combining the measurements from all the buttons produces a resistivity image of the

wellbore. Acoustic imaging tools contain a rotating piezoelectric crystal transducer,

which emits and receives ultrasonic pulses (frequency: 250k'flz -1 MHz; Zemackand

Caldwell, 1967). The travel time and amplitude of the pulse reflected from the

wellbore wall are measured and can be used to create images of the wellbore wall.

The amplitude image shows the acoustic reflectivity of the formation, while the travel

time image shows the shape of the wellbore.

The pads of the resistivity image-logging tool make poor contact with the wellbore

wall in zones of wellbore breakout, due to wellbore wall rugosity, resulting in an un-

focused blobby image (Figure 3.9; Hillis et al., 1995). This rugosity also results in

poor acoustic reflectivity (Plumb, 1939). By definition, breakouts are hole-

enlargements and hence can be seen on the acoustic travel time image (Plumb, 1989).

DITFs are small fractures in the wellbore filled with conductive drilling fluid,

resulting in large resistivity and acoustic reflectivity differences between the fracture
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Figure 3.9. Fullbore Formation Microlmager (FMI) resistivity image of the wellbore showing
breakouts truncated by lithological boundaries. The breakouts are axial, conductlve (black) and
conta¡n drilting fluid. Along hole depth is shown on the y-axis, while the x-axls ls the angle
around the wellbore.

and the wellbore wall that are easily observable using resistivity and acoustic imaging

tools (Brudy andZoback, 1999). DITFs are often not exactly axial to the wellbore

wall forming on echelon sets centred at the azimuth of the far field maximum

horizontal stress. DITFs can generally be distinguished from natural fractures

because they are always conductive, have a consistent orientation, are generally non-

planar and are only conductive over a small section of the wellbore (Barton,2000).

3.5. Minimum Horizontal Stress Magnitudes

Iæak-offtests (LOT), extended leak-off tests (XLOT) and minifracture tests can be

used to constrain horizontal stress magnitudes (Haimson and Fairhurst,196T;
3l
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Breckels and van Eeklen, 1982;Kunze and Steiger, l99l). All the tests involve

increasing fluid pressure in the wellbore until a fracture is created at the wellbore

wall. The LOT is the most commonly undertaken and simplest of these tests. LOTs

are conducted not for the purpose of making stress estimates, but in order to determine

the maximum mud weight that can be used when drilling ahead. An XLOT is

conducted when information on the stress tensor is of interest (Kunze and Steiger,

1991). As the name suggests an XLOT is an extended version of a LOT, using the

same basic equipment, but a different test procedure. The third t¡pe of test discussed

in this section is the minifracture or hydraulic fracture test, which is specifically

designed to determine horizontal stress magnitudes. LOTs can be used to estimate

Snr¡n. XLOTs and minifracture tests provide a more reliable estimate of S¡¡n¡¡ and,

under certain circumstances, an estimate of S¡¡r*.

3.5.1. Leak-OffTests
Leak-offtests are performed, for engineering purposes, to determine the maximum

mud weight that can be used drilling ahead. Leak-offtests are performed after casing

has been set and when a new section of hole is about to be drilled. The casing shoe

Pump

u
¡DrittPlve

Casing

Fracture lnduced
by Leak-off Test

Cement

Drill Bit

Casing Shoe

1
Open

I
Hole

Drilling Mud

Figure 3.10. Downhole schematic for LOTD(LOT showing open hole sectlon and induced
fracture (after Bell' 1996a).
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and cement are drilled out and several metres of new hole are drilled (Figure 3. I 0).

Fluid is pumped into the wellbore, increasing the pressure, until the rate of
pressurisation decreases i.e. leak-off occurs. Leak-offpressure (LOP) is defrned as

the point on the pressure-time curve at which the pressure build up deviates from

linearity (Figure 3.11), and is interpreted as the point at which a fracture is initiated at

the wellbore wall. The test is referred to as a Formation Integrity Test (FIT) if no

leak-offis observed, i.e. test is stopped at pre-determined pressure that does not

generate a fracture.
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Figure 3.11. XLOT pressure versus time record showing LOP' breakdown, Po and Pr.

22:04:48

The fluid pressure in the wellbore must overcome the near wellbore stress

concentration and tensile rock shength in order to initiate a fracture. Consequently,

the wellbore fluid pressure at which the fracture is initiated depends on the tensile

rock strength, Pp, SHn'* and S¡¡¡¡¡ (Section 3.3). Nonetheless, Breckels and van

Eeklen (1932) observed that values of Sn.in determined from minifracture tests form

the lower bound to LOPs in several basins worldwide. Consequently, LOPs can be

used to estimate S¡,n¡n, but contains large uncertainties due to the wellbore stress

concentration and unknown tensile rock strength (Addis et al., 1998). Furthermore it

is necessary to veriff original pressure versus time records for the test to ensure that

an FIT has not been described as an LOT and indeed to veriff the quality of the test.

3.5.2. Extended Leak-Off and Minifracture Tests

Extended leak-off tests and minifracture tests are conducted specifically for the

purpose of stress determination (Haimson and Fairhurst, 1967; Kunze and Steiger,
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1991; Enever et al., 1996). These tests are similar in procedure, each involving

multiple cycles of pressurisation and de-pressurisation (Enever et al., 1996), but use

different equipment. An XLOT can be conducted in place of a LOT during drilling

when better quality stress information is required (Kunze and Steiger,l99l; Enever et

al., 1996). The only practical difference between a LOT and an XLOT is the extra

time taken to conduct the multiple cycles of an XLOT.

XLOTs and minifracture tests are conducted in an isolated section of wellbore. In an

XLOT the test interval is the same as that in an LOT, usually being -3m of fresh

borehole (Figure 3.10), while a minifracture test, like a hydraulic fracture test, uses a

packer system lowered into an uncased borehole (Figure 3.12; Engelder, 1993).

flowmeter

pressure
transducer

inflatable
packer

ohmin

oHmax

ohr¡n
inflatable
packer oHmax

Figure 3.12. Schematic of a minifracture or hydraulic fracture test, showing the initiated
fr¡cture and packer system (after Bell' 1996a).

In both tests fluid is pumped into the isolated section of wellbore increasing the

pressure. The pressure is increased beyond LOP until breakdown is reached (Figure

3.1 1). Breakdown is the pressure at which a fracture is propagated into the far field

and no further pressufe increase is possible. At this point, pumping is stopped, the

section is shut in (no fluid is allowed to escape back through the pump) and the

pressure decline is monitored. Once the pressure has stabilised the section is opened

and the amount of fluid return is measured. Subsequently, in the second cycle, the

pump

fracfure

fracfure
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section is shut in and pumping is recommenced. The pressure increase is again

monitored. When the pressure stabilises, after fracture reopening, a fixed amount of

fluid (one litre to several barrels) is pumped before shutting offthe pump and shutting

in the section. The amount of fluid depends on the test being conducted and is

pumped in order to propagate the fracture away from the near wellbore stress

concentration. The pumping is then stopped and the pressure decline monitored.

Once the pressure has stabilised, the section is opened and the amount of fluid

returned recorded. This pressurisatior/de-pressurisation cycle is repeated one or more

additional times (Figure 3.11). The multiple cycles ensure (i) the fracture is

propagated into the far field stress tensor (ii) tensile strength has been overcome and

(iii) reliable, repeatable re-opening and closure pressures are obtained.
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Figure 3.13. Pressure versus root time plot showing P". Plotting pressure versus root of time
since pumping is stopped removes the effect of r¡dial llow allowing P" to be identlfled in
permeable formations.

The fracture closure pressure (P.) is the minimum pressure required to hold the

fracture open against Snr¡n and therefore equals Sn'in (Gronseth, 1982; Gronseth and

Kry, 1983). The fracture closure pressure is interpreted from the pressure record, as

the point after shut in at which there is a sudden decrease in the rate of pressure

decline (Figure 3.1l). This is interpreted as being due to the change from fluid loss

through the entire length of the fracture and wellbore wall while the fracture is open,

to fluid loss only through the wellbore wall after the fracture is closed. In an

impermeable formation this is a rapid change readily apparent on the standard

pressure record. As the permeability of the formation increases, radial flow into the
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formation can mask the fracture closure on the pressure record. Several methods

including tangent diversion (Gronseth and Kry, 1983), tangent intersection (Enever

and Chopra, 1986) and the logarithmic method (Doe et al., 1983) can be used to

facilitate identification of P", especially in permeable formations. The most common

method is a plot of pressure versus the square root of time after shut in (Enever,

1993). This removes the effect of radial flow and allows P, hence Snmin to be

determined (Figure 3. l3).

3.6. Maximum Horizontal Stress Magnitudes

3.6.1. Extended Leak-Off and Minifracture Tests

The procedures used to conduct XLOTs and minifracture tests, and methods by which

they can be used to measure 5¡6¡¡ ôrê described in Section 3.5. However, these tests

can also be used to estimate SHr"*.

Ssmax cân be determined from these tests using the fracture initiation and/or reopening

pressure (Hubbert and Willis, 1957; Haimson and Fairhurst, 1967; Bredehoeft et al.,

1976). The fracture initiation and/or reopening pressures depend on the stress

concentration around an open hole. From Section 3.3 the minimum stress

concentration around the wellbore is given by:

ooomin:3Sh.¡n ñ Ssr* - Pw -Pp Eq.3.15.

Tensile failure occurs when this concentration exceeds the tensile strength of the rock

(in an absolute sense, tensile stresses have been defined as negative). Hence for

tensile failure of the wellbore wall:

oeemin : 3Sh,nin ñ Snru* - P1y -Pp < T Eq.3.16.

The fracture initiation pressure (P¡, LOP) is P* at fracture initiation, hence:

3Sno,in ñ Su.u* ñ P¡ -Pp = f Eq. 3.17.

The fracture initiation pressure can be read directly from the pressure record, as can

Snmin which is P. (Figure 3.1l). Hence Equation 3.17 canbe rewritten:

SH'"* :3P" ñ P¡ -Pp ñ T Eq.3.18.

36



In Sllu Slress Deletmlnslion

The unknowns in Equation 3.18 can be determined from the pressure record, with the

exception of the tensile rock strength which can be determined from lab testing of

samples from the test interval. The fracture reopening pressure (P') is the pressure at

which the fracture reopens in the subsequent cycles and can be read directly from the

pressure record (Figure 3.1l). Since the initial fracturing cycle overcomes tensile

rock strength, for subsequent cycles Equation 3.18 can be rewritten:

SHr* = 3P" ñ Pr -Pp Eq. 3.19

Using Equation 3.19 it is possible to determins SH.a* from the pressure record. The

above equations apply only to the open hole and not to tests conducted through casing

perforations, as casing and cement disturbs the stress field around the wellbore.

Estimates of S¡¡.o based on the above are subject to greater uncertainty than estimates

of S¡n,,¡n because there is uncertainty in P", and P, and it may not be unequivocally

clear in which cycle tensile strength has been completely overcome. Repeating the

test until consistent P,. and P" are obøined can reduce these errors. Another potential

source of error in Ssr* determination is due to the permeability of the formation. The

equations above assume impermeable rocks. If the formation is permeable, the

increased P* during testing may cause an increase in the pore fluid pressure in the

formation. Assuming Ss,ou* is not altered by the change in Po and following Equation

3.19, this results in the artificial lowering of the P. and P, and an inaccurate estimate

of Po (Evans et al., 1989). However, Enever (1993) suggested this increase in Po

causes an increase in P.. These changes can have a significant effect on the estimates

of both Srrmin and SH.r*. This problem can be overcome by using high pumping rates

and fluids of high viscosity. Another uncertainty in S¡¡..* determination is associated

with the fact that for a variety of stress states, particularly strike-slip stress regimes, P'

in vertical wellbores is small, resulting in an inability to correctly interpret P, and

hence preventing S¡¡n,,* from being accurately estimated (Evans et al., 1989).

3.6.2. Breakout Occurrence and Rock Strength
As discussed in Section 3.3.3, breakouts occur if the wellbore stresses exceed the rock

strength (Equation 3.13). Therefore breakout occurrence depends on the far field in

situ stresses, Po, and the rock strength. Commonly Sn, Shn,in and Po are known

(Sections 3.2,3.5 and3.7 respectively). Therefore the only unknowns in Equation
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3.13 are Ss¡¿¡¡ and the compressive rock strength. Where samples are available,

laboratory rock strength measurements can be made, making Ssmax the only unknown.

Rewriting Equation 3.13, for breakout occurrence:

S",,* )(C-Sn"*, +2P,)13 8q.3.20.

This relation enables a lower bound for Ss,n* to be determined, where breakouts are

observed.

Equation 3.20 applies where the wellbore is drilled in balance (i.e. P*: Pp). Due to

issues related to wellbore søbility, formation damage or anticipated changes in Po, the

borehole may not be drilled in balance, making Equation 3.20 invalid. In the case

where the wellbore is not in balance, o3 in Equation 3.11 is non-zero (o3 is generally

the radial stress which is given by AP). If we assume that og is the radial stress (this is

not always the case, but is in general true) and o¡ is the circumferential stress,

Equation 3.1I becomes:

3Ss.* - Sh'io - Pw -Pp ñ f(p).AP > C F,q.3.21.

In this case Equation 3.20 becomes:

Sn** ) (C-Snr" +Pp +P* +f(¡r)ÂP)/3 E,q.3.22

Equation 3.22 canbe used to determine the lower bound to S¡¡¡¡s¡ if breakouts are

observed in boreholes drilled out ofbalance.

The above equations assume impermeable and elastic rocks. Drilling target horizons

are typically reservoir sandstones. Sandstones tend to especially permeable.

However, drilling mud is designed to minimise fluid loss to the formation and as

drilling fluid flows into the formation when drilling over-balanced a mud cake forms

at the wellbore wall, forming an impermeable barrier to further fluid loss. Mud cake

formation maintains the assumption of impermeability. However, fluid flow is into

the wellbore if the borehole is drilled under-balanced. In this case no mud cake forms

and the rate of fluid flow into the wellbore depends on the permeability, Po and P,".

This into-wellbore flow acts to equalise Po and P,". Equalisation occurs rapidly in the

immediate vicinity of the wellbore, if the formation is highly permeable, and when
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this occurs the wellbore can be assumed to be in balance. If the formation is of low

permeability (still allowing flow into the wellbore), there is some, but not complete

pressure equalisation. Hence there may be uncertainty in the pore fluid pressure in the

vicinity of the wellbore, leading to uncertainty in the lower bound to S¡¡¡1¡¡ determined

using Equation3.22.

3.6.3. Drilting Induced Tensile Fracture Occurrence and Rock Strength
As discussed in Section 3.3.4, DITFs occur if the wellbore stresses are less than the

tensile rock strength (Equation 3.16). Therefore DITF occurrence depends on the far

field in situ stresses and the rock strength. CommonlY Su, Snr¡n and Po are known

(Sections 3.2,3.5 and3.7 respectively). Therefore the only unknowns in Equation

3.16 are S¡¡¡n¡¡ and the tensile rock strength. If tensile rock shength is assumed to be

negligible, Equation 3.16 can be rewritten:

ooe¡1in:3Shrin ñ Sg.u* - Pw -Pp < 0 F,q.3.23.

Thus, a lower bound to S¡¡¡o* can be determined where DITFs are observed, by

rewriting Equation 3.23:

srn * )3so* -P, -P* F,q.3.24.

Equations 3.23 and3.24 do not assume that the wellbore is in balance, but do assume

elastic, impermeable rocks and thereby suffer the same shortcomings as Equation

3.22. However, from inspection of Equation 3.24 it can be seen that DITFs are more

likely to occur when P* is high. Consequently, DITFs tlpically occur if wells are

drilled over-balanced, in which case a mud cake forms and Equation3.24 remains

valid. The propensity for DITF formation may also be increased by increased down

hole pressure both due to pumping pressure and running in the hole too quickly (surge

pressure), and due to thermal stresses (Moos and Zoback, 1990).

Pumping pressure increases the effective circulating density (ECD). Effective

circulating density is dependent on the pump rate, the inside diameter of the drill pipe,

the fluid viscosity and the length of drill pipe. Where possible ECD should be used to

calculate the down hole pressure. However, the required information to calculate

ECD is not always available, in which case the static mud pressure is used.
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The effect of surge pressure is dependent on the rate the drill string is run into the

hole, which is typically unknown preventing the calculation of surge pressures.

The thermal stress depends on the difference between the temperature of the mud and

the temperature of the formation (Coussy et al., 1991). As drilling mud is pumped

down the drill pipe, it is heated by the mud flowing up the outside of the pipe and

consequently the difference in temperature is greatly reduced and the actual

temperature difference is not known.

The lack of information about the parameters controlling the thermal stress, surge

pressures and pumping pressure, precludes their incorporation in SHmu* determination

except where specific and detailed data is available.

3.6.4. Frictional Limits
The frictional limits to stress are discussed in Section 2.5. For an optimally-oriented

cohesionless fault plane, there exists a maximum ratio of maximum to minimum

effective principal stresses above which sliding occurs (Sibson, 1974). [n the case

where S", Sh,nin and Po are known, and assuming a value for the coeffrcient of friction

(¡r), Equation2.l4 can be used to provide an upper bound to the SHrr". This method

assumes that, on a large scale optimally-oriented cohesionless faults exist.

3.7. Pore Pressure

Pore pressure is required to determine the effective stress tensor (Section 2.4) andto

successfully design petroleum wells. Although Po is often hydrostatic (i.e. the same

as that exerted by a column of water of given density), this is not always the case.

Changes in Po not only affect the effective stress by the amount of Po change, but may

also cause a change in the total applied stresses (Hillis, 2000). Hence, knowledge of

the Po is important to fully constrain the stress tensor.

There are several different methods for determining Po in petroleum wells. These

include transient pressure tests and mud weight records. Transient pressure tests

include drill stem tests (DST) and measurements from wireline formation interval

tests (WFITs) such as Schlumbergerís repeat formation tester (RFT) and modular

dynamic tester (MDT), and Haliburtonls sequential formation tester.
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3.7.1. Mud Weights
Drilling engineers continually vary the properties of drilling mud in order to prevent

mud loss into the formation, to prevent formation fluids entering the well, to minimise

damage to the formation and to mechanically stabilise the wellbore. One of the key

mud properties is the mud density (known as mud weight). Mud weight is primarily

varied to prevent formation fluids from entering the wellbore (i.e. preventing

hazardous kicks or even blowouts). Consequently, the pressure resulting from the

weight of the mud needs to be approximately equal to, or slightly in excess of Pp. If
the pressure due to the mud weight is excessive, fractures may form (i.e. LOP

exceeded) and mud may be lost into the formation. This loss of drilling fluid is

undesirable, as drilling fluid is expensive and can damage the permeability of the

reservoir horizon. Furthermore, it is expensive to increase the mud density and excess

over-balanced slows the rate of penetration. Hence mud weight is generally kept just

above, and is representative of Po. It should be noted that mud weight can be raised to

maintain wellbore stability (prevent breakout) in the absence of Po increase. Hence

mud weight is not always representative of Po. Furthermore, in impermeable

formations, drilling under-balanced or over-balanced may not result in significant

kicks or mud loss requiring a change in mud weight. Consequently mud weight may

not reflect pore pressure. Van Ruth et al. (2000) showed that in the Australia North

West Shelf mud weights are close to pressures yielded by transient pressure tests in

permeable formations, but that they may not be representative of Po in impermeable

formations.

Mud weight not P* is recorded while drilling. Mud weights can be simply converted

to pressures using:

Pr*: P.8.h Eq.3.25,

where p is the mud weight, g is the acceleration due to gravity and h is the depth.

Mud weights are measured in pound per gallon, specific gravity, kg/tnt and and

g/" t. Consequently, care must be taken to ensure all measurements are in the

correct units.

Although mud weights do not provide avery reliable estimate of Pp, they are widely

available and recorded throughout all wells, often being the only available indicator of
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Po. The accuracy of mud lileights as an indicator of Po can be improved by comparing

them to the more reliable transient pressure tests (van Ruth et al., 2000).

3.7.2. Wireline Formation Interval Tests

Wireline formation interval tests (WFITs) are wireline tests designed to measure Po

and obtain fluid samples at specific depths in a well (Smolen, 1993). Testing involves

forcing a probe against the wellbore wall, sealing it with a packer and then reducing

the pressure in the test chamber, causing formation fluids to be drawn into the tool

from the formation. The rate at which the pressure stabilises in the test chamber

provides a measure of the permeability, and the equilibrium pressure corresponds to

the pore fluid pressure (Smolen, 1993). Consequently, TWFITs are only effective for

formations with permeabilities > 5 mD. In general, WFITs are run over a short

section of expected pay with many readings being taken over a small distance, in

order to find the change in the pressure gradient corresponding to the gas-oil-water

contact. The main disadvantages of WFITs are their limited coverage, their reliance

on high permeability formations and the fact that only a small section of wellbore is

tested at each depth.

3.7.3. Drill Stem Tests
Drill stem tests (DSTs) are conducted in isolated sections of wellbore, usually

covering several metres, in which logging has indicated the presence of hydrocarbons.

DSTs provide (Borah, 1993):

o fluid samples;

o pore fluid pressure;

o formationpermeability;

o skin factor;

o radius of investigation;

o productivity estimates, and;

. hydrodynamicinformation.

The section of interest is sealed offusing packers and allowed to flow for several

minutes (3-5 minutes) to remove any drilling effects. The section is then shut in to

allow pressure to build up for approximately one hour to determine a valid pore fluid
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pressure. The section is then flowed for 60-120 minutes in order to cause a pressure

disturbance well away from the wellbore. The section is then shut in again and the

pressure recorded. Pore fluid pressure, fluid samples, formation properties and

production estimates are made from this test (for further detail see Borah, 1993).

DSTs provide very accurate estimates of pore fluid pressureso due to the size of the

interval tested and the duration of the test. However, DSTs are only conducted on

intervals in which logs have indicated the presence of hydrocarbons. Consequently,

the number per well is generally low.
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4. Stresses Around Arbitrarily Inclined Boreholes and
Development of the SWIFT Software

4.1. Introduction

Technological advances in drilling techniques such as logging while drilling methods,

combined with the benefits of deviated drilling, significantly increased the drilling of

deviated petroleum production wells in recent years. In 1987 5l horizontal wells

were drilled worldwide, while in 1997 4000 horizontal wells were drilled worldwide

(Shirley, 2000). Technological advances have improved the positioning of the

wellbore within reservoir units. The benefits of deviated holes include flexibility in

surface location, a single surface location for multiple subsurface targets and

trajectories that maximise productivity. These advantages commonly outweigh the

increased cost of deviated drilling. However, wellbore stability is a major concern in

drilling deviated wellbores and thus is of particular interest to the petroleum industry

(Cooper, 1994). Mechanical wellbore stability depends on the in situ stress field, the

wellbore geometry and the in situ rock strength. Consequently, the drilling of
deviated boreholes has resulted in an increased interest in the in situ stress field and

the resulting stress concentration around deviated wellbores.

The calculation of the stresses around an arbiharily inclined wellbore requires that the

far field in situ stress tensor is transformed into the borehole coordinate system. ln

this coordinate system, the stress tensor may no longer be represented by the principal

stress magnitudes and directions of Equation2.4. The shear stress components may

be non-zero and the transformed stress tensor must be represented by Equation 2.1.

The transformed stress tensor is required to calculate the wellbore stress

concentration.

The necessity to repeatedly calculate the wellbore stresses on varying wellbore

trajectories led to the development of software to simpliff calculation of the stress

around arbitrarily inclined wellbores. This software can be used to determine both the

stress tensor using information such as that described in Chapter 3 and also to use that

same stress tensor to investigate the implications for petroleum exploration and
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production. The theory and development of the SWIFT (Stressed Wellbore

Interactive Failure Tool) soflware are described in this chapter, while its use is tested

in four case studies in Chapters 5-8.

4.2. Coordinate Transform

Peska and Zoback (1995) described a system of transformations to transform the three

principal stresses into the borehole coordinate system. This system is described

below. It is useful to choose a reference coordinate system with respect to which both

the stress tensor and wellbore trajectory can be measured. Following Peska and

Zoback(1995), a geographic coordinate system with north as a reference is chosen.

The stress tensor as described in Chapter 2 canbe written:

Ss= Sn* o

S"*"*
0

0

00

oSu
Eq.4.1

The matrix required to transform the stress tensor into the geographic coordinate

system is:

E,q.4.2,

where a defines the clockwise rotation about the vertical axis from geographic north

to the orientation of the maximum horizontal stress, p defines the rotation about the

minimum horizontal stress direction towards the vertical down, and 7 defines the

rotation about the maximum horizontal stress direction.

The stress tensor in the geographic coordinate system (Sg) can be described by:

s, = RlsrR, Eq.4.3

45



S lll F T S oflware D evelopmenl

The trajectory ofa borehole can be described in the geographic coordinate system by

ô and Q, where õ is the azimuth of the horizontal projection of the borehole measured

clockwise from geographic north and Q is the angle between the borehole and the

vertical. The matrix required to transform the stress tensor in the geographic

coordinate system into the borehole coordinate system is:

Ru= E,q.4.4.

The stress tensor in the borehole coordinate system (56) can be described by:

Su = R¡R3SSR.RI Eq.4.5.

When considering effective stresses, the stress tensor becomes:

oü = So,,j -ô'rP, E,q.4.6

where 56,¡ is the ijth component of the stress tensor S5 and õ¡ is the Kronecker. Using

the effective stresses described in Equation 4.6,the effective stresses at the wellbore

wall become (Hiramatsu and Oka, 1962):

oæ = on + or, -2(or, - orr)cos20 - 4orrsin 20 - AP

8q.4,7,

6 o = Çtt- 2v(o,, - orr)cos20- 4vo', sin 20 Eq.4.8,

tr r, = 2(o ,, cos 0 - o,, sin 0) Eq.4.9 and,

o. =AP E,q.3.7.

For a borehole arbitrarily inclined with respect to the principal stresses, te" is non-zero

i.e. the axial and circumferential stresses are not principal stresses. In this case, the

three principal stresses at the wellbore wall can be calculated using:

- sin ôcosQ

-cosô
sinôsinQ

ot* = +(t-+ooo +
(o- -o*)' +4r?n Eq.4.10,
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ot.in = +("-*oæ - -o*)'+4r?n Eq.4.ll and,

oo =AP F,q.3.7,

where otmax ârd 06¡¡¡ âre the maximum and minimum effective stresses in the plane

tangential to the borehole wall (Figure 4.1). The angle or defines the angle between

otmax ârd the borehole axis in the plane tangential to the borehole wall and is defined:

tan2cù= E,q.4.12.

Thus the stress tensor at the wellbore wall can be described using Equations 3.7,4.10,

4.ll and4.l2.

otrr"

Figure 4.1. Arbitarity lnclined wellbore showing the orient¡tion. of rn.ìmmferentl¡l (oee), axial
(o), radial (o"), minimum (omJ end maximum (o¡-) stresses, where o ls the angle between
orm¡ ard the wellbore axis (after Pesk¡ and Zobacþ 1995).

4.3. Breakouts

The formation of breakouts in vertical boreholes was described in Chapter 3.

Breakouts in deviated boreholes also occur due to compressional shear failure of the

wellbore wall. In vertical boreholes compressional shear failure occurs, in general,

due to the difference between the maximum circumferential stress and the radial
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stress. However in deviated boreholes, breakouts occur due to the difference between

otmax ând the lesser of the o' and oünin. Hence Equation 3.1I can be written:

o,* -f(p)o, > C Eq.4.l3

As discussed in Section 3.3.3, these equations assume that rocks are impermeable and

behave elastically. While the assumption of elastic behaviour may be reasonable, the

assumption of impermeability is not (Section 3.3.3). If the borehole is drilled

over-balanced the assumption of impermeability can be maintained due to mud cake

formation (Section 3.3.3). However, if the borehole is drilled under-balanced the

assumption of impermeability may not be maintained and a value for the near

wellbore Po must be assumed depending on formation permeability (Section 3.3.3).

4.4. DITFs

The formation of DITFs in vertical boreholes was described in Section3.3.4. DITFs

in deviated boreholes also occur due to tensile failure of the wellbore wall. However,

this occurs when o6¡n is less than the tensile strength of the rock, in deviated

wellbores. Hence DITFs in deviated wells develop at an angle co to the borehole axis

in the plane tangential to the wellbore wall, where ro is defined in Equation 4.12.

4.5. S\ilIFT Software

4.5.1. Introduction
In situ stress determination based on the observation of wellbore failure requires

modelling observed wellbore failure using certain known parameters thereby

constraining unknown parameters. For example, if DITFs are observed and Sn, Snrin

and AP are known, and T is assumed to be equal to zero, then Suru* can be

constrained to that required to produce otmin I 0 (Sections 6.3.1 and 8.3.2). Such can

be readily undertaken by means of forward modelling using software capable of

accessing existing information, varying the unknown parameters and predicting the

type of failure. The SWIFT software was developed for this and related purposes and

the remainder of this Chapter outlines the SWIFT Software.
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Tlpically, the available information consists of observations of wellbore deformation

(breakouts and DITFs), LOTs, XLOTs, minifractures, mud weights, WFITs, DSTs

and vertical stress (Chapter 3). Information of this t¡pe can be stored in a database,

enabling relevant data to be queried.

The main aim of the SWIFT software is to determine the stress tensor and investigate

its implications for petroleum exploration and production, thereby requiring repeated

calculation of the equations described in Section 4.2. Consequently, a programming

language that simplifies the implementation of these calculations is needed. The

platform on which the software is implemented is Microsoft Windowsô . The main

features required to achieve the aims of the software are database access and the

ability to visualise results. These aims can be achieved by using the Borland C#
programming environment, which uses the C** programming language. The use of

classes in C++ enables calculations to be programmed in a relatively simple and

scalable manner. Borland C++ facilitates database access and visualisation of results

using inbuilt and third party components.

4.5.2. Stress Classes

Programming classes provide a structure capable of encapsulating data and related

functions required for a particular task and thus provide the ideal mechanism for

implementation of the equations described in Section 4.2. A class allows

programming code to be written without reference to the actual calculations, with data

being input and results retrieved. Furthermore C** classes feature inheritance,

allowing a new class to be constructed incorporating all the features of an existing

(base) class. This allows complex classes to be constructed by combining more

simple classes and adding functionality to create a new (derived) class. The use of

classes results in scalable programming code that can be easily improved upon and

added to without affecting the original functionality.

The calculations performed by the SWIFT software are achieved by the use of three

classes, a base class (class stress), a child class (class cstress) and further child class

(wbfstress) based on class cstress.

Class stress transforms a stress tensor in an arbitrary coordinate system to a stress

tensor in the wellbore coordinate system. This is achieved by using the

49



S lll F T S ofiware Deve lop m enl

transformations described in Section 4.2. This class requires the input of the principal

stresses (Srmu*, S¡¡1¡¡ ând S"), Pp and the rotations (4, p and y) and outputs the

complete stress tensor (Equation 2.1) in the new coordinate system. A default value

of zero is used if no value is entered. For a list of the functions and parameters

available in class stress see Appendix A.

Class cstress is derived from class stress and contains all the functionality of class

stress while also calculating the stress concentration about an arbitrarily inclined

wellbore using Equations 3.7, and 4.7 - 4.I2. This class requires the input of the

wellbore trajectory (ô and Q) and P," and ouþuts the wellbore stresses calculated from

Equations 3.7, and 4.7 - 4.12. For a list of the functions and parameters available in

class cstress see Appendix A.

Class wbfstress is derived from class cstress and contains all the functionality of
classes cstress and stress while also calculating the shear and normal stresses acting

on a fracture at the wellbore wall. This class requires the input of the fracture

geometry. For a list of the functions and parameters available in class cstress see

Appendix A.

These three stress classes work together to simplifu implementation of the wellbore

stress calculations. Figure 4.2 contains example code for calculating the wellbore

stresses and a flow diagram illustrating the way in which they are calculated. Figure

4.2highlights the manner in which the results can be obøined without knowledge of

the calculations. Furtherrnore, as the parameters are stored within the classes, future

calculations are further simplified. For example, to change a single parameter only

that parameter needs to be re-entered and the results retrieved.

These three stress classes provide the necessary functions to investigate the

occuffence of borehole breakouts and drilling induced tensile fractures, and can be

used to investigate a wide variety of stress-related issues.

4.5.3. User fnterface
The classes described above provide the tbngineí for calculating the stresses around

an arbitrarily inclined wellbore. However, a method of inputting and manipulating

the required data and visualising the results is also required. This is achieved by a
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A

class
wbfstress

class
cstress +--

class
stress

c
F

B

D

E

I

locol_stress = new wbfstress0;
locol_slress_ > SetsHmox(20) ;

locol_stress_> SetShmin( I 0);
locol_stress_> SelSv( I 5);
Locol_stress_>SetPp(7);
locol_stress_> SetOrlenT(90);
Locol_stress_> SeTHozl(45) j

locol_skess_> SetDevl( I 5);
Clrcumf : locol_stress_> GetsigTT0;
Wellboremox -- locol_.stress-.> GetSlgïMox$;

//creotes o new insTonces of closs wbfslress
//sets the moxlmum horlzontol sTress

i/sefs the mlnimum horlzontol slress
//sels the vertlcol stress
//sets the pore pressure
//sets the orlentotlon of The moxlmum horizontol slress
i/sets thê w€llbore orlentollon
//sets the wellbore devlotlon
/fetrieves the circumferentlol stress oround The wellbore
//retrleves îhe moxlmum wellbore

2
3

Figure 4.2. Example code ¡nd flow diagram showing how the stress cl¡sses function. The flrst
line ofcode creates s new instance ofthe class wbfstress. Sectlon I ofthe code sets the prlnclpal
stress values (contained in class stress) and is represented by A. Sectlon 2 ofthe code sets the
wellbore trajectory (contained in class cstress) and is represented by B. Section 3 ofthe code
retreives the circumferential stress and maximum stress in the plane normal to the wellbore wall
around the wellbore. This is represented by C, D, E ¡nd F. C represents chss wbfstress
requesting the wellbore stress from class cstress. D represents class cstress requesting the
transformed stress tensor from class stress. E represents class stress returning the transformed
stress tensor. F represents the wellbore stresses belng returned to class wbfstress snd
subsequently returned to the variables Clrcumf and Wellborem¡x ln Section 3 of the example
code.

graphical user interface (GUI). The GUI needs to simpliff data manipulation and

visualisation and provide access to all the functionality of the stress classes, and also

provide the ability to save and load data, copy data and results and print the results.

These features greatly enhance the effectiveness and useability of the software. The

features that apply to all types of display and the basic GUI are described in this

section. The GUI consists of a menu bar, a toolbar, a program window area and the

main form (Figure 4.3). To aid in the description a font scheme is used for GUI

components (Table 4.1)
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X'lgure,l3. SMÍ'T softw¡re gnphlcrl user lnterl¡cc (GUI) provtde¡ ¡n lnterface between tho
u¡er rnd the d¡t¡ ¡nd ¡tre¡¡ clesses.

Font Type

T¡b1e4.1. f'ont ¡cheme u¡ed for GIII componentr.

Maln

Sfress

Automatic Scalíng

F'lle

Open Sesslon
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Main Form
The Main form contains the Sfress, Rock Properties,Well andWell Traiectory

tabs (Figure 4.4). These tabs are used to enter information on those parameters.

The Sfress tab contains slider bars and text boxes for altering SH'n*, Shrin, S", Pp and

the orientation and dip of Su'u* (Figure 4.4).

Slrccs Hock Prçcllicc I Wu I wcn Tr4aaoy I

lE-
ld-
lõ-
lõ-
¡o-
ld-
lo-

Figure 4.4. Main Form containing Stress, Rock Properties, Well and \Vell Trajectory t¡bs for
entering information on those parameters. The Sfress tab on the Maln form contains slider
bars and text boxes for altering Ss*,, Shdn, S"r Pp and the orlentation and dlp of S¡¡-r.

The Rock Properties tab contains text boxes and slider bars for altering the

coefficient of friction, the coefficient of internal friction, Poissonís ratio, the uniaxial

compressive rock shength and the tensile rock strength, as well as radio buttons to

select the t¡pe of failure envelope (Figure 4.5). The data entered in the Rock

Properties tab is used for investigation of rock failure and is required for breakout

risk and structural permeability calculations (Sections 4.5.8 - 4.5.10).

The Well tab contains text boxes and slider bars for altering the wellbore azimuth,

deviation and P* (Figure 4.6).

The Welt Trajectory tab contains a spreadsheet for viewing and editing wellbore

trajectory properties, such as inclination and deviatiotr, P*, Po and whether DITFs or

wellbore breakouts are observed (Figure 4.7). This information can be saved and

loaded using the Well Trajectory menu.

)
SHr¡er

Shnún

Sv

PP

0licnl¡tion

D¡vietion

Dcpth

)

)

)

)

)

Mð¡n
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^ .!r.rain .JE¡ITI
5¡6¡ FockPtçalhe wo lwolrrr$auyl

lffi- cocf¡cbrtof Fr¡ct¡on ¡t

li- codHc,o of tntund Fitbn

lõã- pci¡sms,Farb y

lõ- uniotcompBæks[cn¡ih co

lõ- TcnslcBockskcngrh r

)

Ta Gr¡ftth C G¡fflh€or¡h¡rb fã Coiomb

Figure 4.5. The Rock Properties tab on the Main form contains the parameters and options for
the method in which failure envelopes are c¡lculated.

Strcss I Bock Præcilias \'úcl lWtl f t,ti..rur I

Figure 4.6. The Well tab on the Main forms contalns text boxes ¡nd slider b¡rs for alterlng the
wellbore azimuth, deviation and fluid pressure.

Menu Bar
The menu bar contains File, Edit, View, Query, Well Trajectory, Window and

Help menus. The File menu contains New Session, Open Sesslon, Save Sesslon,

Save SlrucPerm, Save Breakoul, Save DITF, P¡int andBxüt menu items (Figure

4.8).

The New Session menu item is used to reset all values back to their default values.

The Open Sesslon menu item is used to open a previously saved session. A session

stores the values of all the variables, many of the program settings and all the open

)

Ma¡n
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queries. Sessions can be saved using the Save Sessioæ menu item. The ability to save

and open sessions enables values to be stored, reducing the time to restore a stress

state and reduces the likelihood of errors as values do not have to be re-entered. By

default, the current session is saved when SWIFT is shut down and the session

reloaded when STWIFT is restarted. This feature can be deactivated.

Srcss I Hock Propcrl¡{rs ¡ \üc[
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0.000

0.000

0.000

0.000

0.t00
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0.000
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0.800

0.000
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Î{aw Se¡¡lon

Opcn Sesrlon,.,
Save Se¡clon
5a'n'e StrucPerm

5ave Ereakout
5ave úITF
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u 000
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?

Figure 4.7. The Well Trajectory tab on the Maln form contalns a spreadsheet for vlewlng and
editing wellbore trajectory information.

Ftc Edlt vlcw Qucry WallT

M ,É

lw"n

Prlnt,..

Exlt

Figure 4.8. File menu.

The Save Sl¡ucPerm, Save Breakoul and Søve DITF menu items are used to save the

results from structural permeability risk, breakout risk and DITF risk analysis

respectively to file. The structural permeability risk, breakout risk and DITF risk are

discussed in Sections 4.5.9 - 4.5.11. The Print menu item is used to print all the

Marn
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current windows to the selected printer. The Exll menu item is used to shut down the

program.

The Edit menu contains the Cut, Copy, Pasle and Optlons menu items (Figute 4.9).

The Cut menu item cuts the selected item to the clipboard.The Cut, Copy and Pøsle

menu items operate similarly to those in standard application software. The Oplions

menu item displays the Options window (Figure 4.10).

Filc Edlt vlcw Wa

ú

Sk¡

Cut
copv
Paste

Options

Qucry
Clrl+X
Ctrl+C
Ctrl+\/

Figure 4.9. Edit menu.

The Options window allows options relating to calculations, displays and program

settings to be selected. The General tab on the options window allows the maximum

stress value and step size for the stress slider bars on the main form (Figure 4.3) to be

set and enables the database to be chosen (Figure 4.10).

6cnalal Sterconetsl o"gnnol coto,rsl uotr I

Stress mÐdmum Ffo

Stress step size li-
17 RememberValues
Data$aSe Browsc I

DATABASE NAME=C:Uery\Santos\Datab¿se
\Santos-olig.mdb
USEB NAME=
0PEN M0DE-READÄ/BITE
LANGDRIVER=

_ jswrrr

üptions

Figure 4.10. Options window.
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The Súereoneús tab contains options for the Number of Circles, Radial Angle,the

Max and, Min values for the stereonet, Automatic Scaling, Use Co, Use ppg,

Breakout Width, Link to Wellbore Sfresses, lnvert DITF colours and Near

Wellbore Depletion (Figure 4.1l). The Number of Circles and Radial Angle

control the number of axial and radial gridlines on the plots. The Max value, Min

value and Automatic Scaling options control whether maximum and minimum

values displayed on the stereonet are user defined or automatically calculated. The

Use Co, Breakout Width and Near Wellbore Depletion options control the way in

which breakout risk is calculated and displayed, and are discussed in Section 4.5.10.

The Use ppg option controls whether results are displayed as change in pressure

divided by the vertical stress (AP/S') or as a mud weight gradient in pounds per gallon

(ppg). The Link to Wellbore Sfresses option determines whether the wellbore

stresses plot is linked to the breakout risk and DITF risk plots. When this option is

selected and both the wellbore stresses plot, and either the breakout risk or DITF risk

plots are displayed, as the mouse is moved over the risk plot, the wellbore stresses

plot changes representing the hole azimuth and deviation of the point over which the

mouse is moved. The lnveft DITF colours option simply inverts the colouts

displayed on the DITF risk plot.

Gcncral Stclaonsts DcpthPlot| Cotou,t| Uotr I

Number of Circles lî-

l- Linkto Wellbore Stresses
l- lnvert DITF colours
t- NearWellbore Depletion

Appþ

RadialAngle

l7 Automatic Scaling
l- Use Co
l- Use ppg
l- BreakoutWdth

þõ'-

Opt¡ons

Figure 4.11. Stereonets options tab on the Optlons window.

Canccl
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The Depth Plotøb contains automatic sca/e, lines,X max,X min,Y max,Y

min, LOT max deviand, HorizontalandVerticalsize options. These options are

discussed in Section 4.5.6. The Colours tab contains the Cha¡t Background colour

option which allows the chart background colours to be set. The Mohrtab contains

automat¡c scale, Max Norm, Min Norm, Max Shea¿ Min Shear and, Horizontal

and Vertical size options. These options are discussed in Section 4.5.7.

The View menu contains Allowable Region, )l/ellbo¡e Fraclures, Legend and Rock

Failure Data menu items and Wellbore Stresses, Mohr Circle, Stereonets and

Depth Plot submenus (Figure 4.12). These menu items and submenus are used to

display each of the plots described in Sections 4.5.4 - 4.5,1I and their use is described

in those sections.

Fllc Edlt Vlcw Qucry Weil Trafccto

D IèIE

Figure 4.12. View menu.

The Query menu contains F'ractures, WBFractures, Breakouts, DITFs, LOT,

Mud \ileight, WFIT, DST, Vertical Stress and Mini Fracture Tests submenus

(Figure 4.13). Each of these submenus contains a Query and Show menu item

(Figure 4.13).

The Query menu item displays the Query window (Section 4.5.4). The results of a

query can be viewed in tabular form by selecting the Show menu item on the Query

menu corresponding to the type of data queried (Figure 4.13), alternatively the data

can be visualised using the appropriate plot type.

The Wett Trajectory menu contains the Add Row, Open and^Søv¿ menu items

(Figure 4.14). The Add Rorü menu item allows rows to be added to the well trajectory

Alloweblc Reglon

W¿llbora Strc¡¡e¡ )
Mohr Clrclc )
Wdholc Frscturcs
Stcr¡onct¡ )
Dcpth Plot )
[cgcnd
RockFdlure Data

- jswrrr
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spreadsheet on the Well Trajectory tab in the Maln form. The Open and Save

menu items are used to save and open the contents of the well trajectory spreadsheet.

File Edlt Vicw Quary Wcll Traiectory Wndow Èlalp

olelsl r!È
E -eJ

F-
tõ-
lõ-

Fracturc¡
WBFracturc¡

DIÎF¡ )
LOT )
Mud Wclght )
WF¡T )
DsT )
Vertkel Strcss )
Mlrd Fractwc Tc¡t¡ )

Qucry
5how

st

st

Sr

Figure 4.13. Query menu.

F¡lc Edlt Vlew Qucry WallTreþctory

olelsl þl A Add Row
Open
5ave

i:qïg::ll H ock P,opcilics \,Vcll Wc[Tra

Figure 4.14. lVell trajectory menu.

The Window menu contains the Tíle, Cascade,Arrange All andHide menu items as

well as a menu item for each plot t¡pe that is displayed and the Main form (Figure

4.15). These menu items operate similarly to those in standard application software.

The Help menu is used to display the About window. The About window displays

the build number, copyright information and the number of days before the license

expires.

Toolbar

The toolbar contains New Session ( Èb, Open Sessloo (èb, Save Session (A),
Print 1Þ)¡,Allowable Region 1A¡,weaoore StresseslU,, Mohr Circle (4I,
Depth Ptor ( , Fracture Stereonetf$ and Rßk of Reactlvatûon(g7 buttons

(Figure 4.3). The New Sessìon, Open SessÛon, Save Sesslon andPrdnf buttons

- jswrrr
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correspond to the New Session, Open Sesslon, Save Sessûon and P¡lnt in the File

menu. The |Yetlbore Slresses, Moh¡ Clrcle and Depth Plotbuttons conespond to the

Show menu item on each of the Wellbore Stresses, Mohr circle and Depth Plot

submenus in the View menu. The Fraclu¡e Slerconel and Rßk of ReacllvatÛon

buttons correspond to the Show menu item on the f'racture and Strucperm

submenus in the Stereonets submenu on the View menu.

Fila Edlt Vicw Qucry WcllTralactory Wndow l'lalP

olalEtl êl dul<lrsle Tilc

ca¡cadc
Arranga A[

Stpsc Fock Propcilics I wctt I w"tttr l'0da

M¡ln
Allowablc Rcflon
WcHborc Strc¡¡cs
Dcpth Pld
Fracturas
Mohr Clrcla

Wa$borc Fracturcs
DITF Risk
EO Rlrk
DITF Orlcntetlon
BO Odcrtatlon
Structwal Pcrmiabllty
LcAcnd

Figure 4.15. rilindow Menu.

4.5.4. Query Tool
The query tool is used to query data from a specifically designed Microsoft ACCESS

97ô, database. When SWIFT is started it automatically creates a link to the database.

The database is used to store a wide variety of data used in geomechanics and

provides a means by which a large amount of data can be stored and recovered in a

logical and rapid manner. The easy and rapid access to this data is a key feature of

the SWIFT software in simpliffing stress determination by allowing reference to all

available data. Furtherrnore, the database alone provides a consistent and accessible

repository for storing data for the entire 6tress Groupí, ensuring no duplication of
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effort and allowing easy access to each others data and interpretations. SWIFT

provides access to the database using the Query window (Figure 4.16).

To use the Query window, first, a location type is selected inthe Wells section of the

query window. This can either be an individual Well, a Field, a Basin or a user-

defined Group of wells. When the type of location is selected, a list of all possible

selections is automatically created in the drop down box below the list of location

types. Once the location has been selected, the depth range of data can be specified.

This is achieved by either selecting All, Depth or Formation in the Depth section at

the bottom right of the query window. If either Depth or Formation are selected a

depth range or formation must be chosen. The Formation drop down box contains a

list of all the available formations for the location specified in the Wel/s section of the

window. If fractures are queried the Fractures section appears in the top right of the

query window (Figure 4.16) and either all fractures or only specific fracture types can

be selected.
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f Fo¡mation

Crc¡tc SQL Executc SQL

Figure 4.16. Query window.

Once all the options have been selected, the Create SQL button is clicked. This

generates the structured query language (SQL) required for the query and displays it

Query Fractures

6l
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in the text box at the bottom left of the query window (Figure 4.16). The query can

then be executed or the SQL code altered in order to further customise the query and

then executed using the Execute SQL button, retrieving the relevant data from the

database. If the SQL code is executed successfully the query window disappears, if
not the query window remains open after the Execute SQL button is clicked. The

results of the query can be viewed in tabular form by selecting the Show menu item

on the Query menu corresponding to the type of data queried (Figure 4.13),

alternatively the data can be visualised using the appropriate plot type.

4.5.5. Allowable Region Diagram
The Allowable Region diagram displays the frictional limits to stress (Section 2.5)

and the relative magnitudes of the three principal stresses (Moos and Zoback, 1990;

Figure 4.17). This plot is used to visualise the relative stress magnitudes and to

maintain them within frictional limits while altering the stress magnitudes in the Maln

form. The Allowable Reglon diagram is displayed using either the Allowable

Regùon1Ø¡ Uutton or the Atlowable Regionmenu item in the View menu (Figure

4.12).

3.0

2.0

1.0

0.0
0.0 1,0 20 3.0

ShmirüSv

Figure 4.17. Allow¡ble region diagram showing the frictlon¡l llmits to stress ¡nd rel¡tlve
magnitudes ofthe three principal stresses. The shaded region represents stress magnltudes
within frictional limtts. TF represents a thrust faulting stress reglme. SS represents a strlke-sllp
faulting stress regime. NF represents a norm¡l faulting stress reglme. Flgure ¡ssumes a p of 0.8
and hydrostatic Pp.
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4.5.6. Depth Plots
The Depth Plot (Figure 4.18) is used to visualise information on stress magnitudes,

stored in the database, such as, S¡n,,¡n, S", and Po, which are selected using the Query

window (Figure 4.16; Section 4.5.3). The Depth Plot is displayed either by

selecting the Show menu item in the Depth Plot submenu (Figure 4.19) or clicking

the Depth Plot ( ) button on the toolbar. The items displayed in, and the format of

the Depth Plot, are controlled using the Depth Plotøb (Figure 4.20) in the

Options window and the Depth Plot submenu (Figure 4.19) in the View menu.

0

1 000

2000

3000

4000

5000 0 20 40 60 80 100 120
Pressure (MPa)

Flgure 4.18. Depth plot showing vertical stress (+), LOTs (o), minifractures and XLOTs (x)' mud
weights (+), WFITs (o), S" gradient (-), S¡o,¡o gradlent (-)' Po gradient (-)' P' gradient ( ) and
S¡¡*, gradient (-).

The Depth Plot submenu is used to display the Depth Plot and to control the types

of data that are displayed (Figure 4.19). Data queried, using the Query window, is

displayed on the Depth Plot when the conesponding menu item on the Depth Plot

submenu is selected.

The Depth Plottab on the Optlons window is used to control the plot scaling, the

size of the plot, the maximum deviation of wells in which LOTs were undertaken to

De
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be displayed, and whether or not gradient lines are displayed (Figure 4.20). lf
Automatic Sca/e is checked, the scaling is automatic, otherwise X max, X min, Y

max and Y min must be set. The size of the plot can be altered using the Horizontal

andVertica/ edit boxes. Gradient lines are displayed if Llnes is checked.
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þrr-
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F'igure 4.19. Depth Plot submenu.
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Figure 4.20. Depth Plot tab in the Options wlndow.
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4.5.7. Mohr Circles
The Mohr Glrcle diagram is used to display Mohr circles, failure envelopes and the

shear and normal stress acting on fractures (Figure 4.21; Section2.3). The Mohr

Circle diagram is displayed either by selecting the Show menu item in the Mohr

Circle submenu (Figure 4.22) orclicking the Moh¡ Clrcle 1db Uutton on the

toolbar. The items displayed in, and the format of the Mohr Circle diagrams are

controlled using the Mohrtab (Figure 4.23)inthe Optlons window and the Mohr

Circle submenu (Figure 4.22) in the View menu.

The Mohrøb on the Options window is used to control the plot scaling and the size

oftheplot(Figure 4.23). If Aubmatic Scaleischeckedthescalingisautomatic,

otherwise Max Norm, Min Norm, Max Shearand Min Shear must be set. The

size of the plot can be altered using the Horizontal and Vertical edit boxes.

Shear Stress

50.0

40.0

20.0

10.0

0.0
0.0 40.0

NormalStress
60.0

Figure 4.21. Mohr circle diagram showing Griflith fallure envelope ¡nd fractures. A single
fracture (dip/dip direction combination) plots as a single she¡r stress-normal stress point
representing the shear and norm¡l stress rcting on that fracture. See Jaeger and Cook (1979)

The Mohr Circle submenu is used to display the Mohr Glrcle diagram and to

control the types of data that are displayed (Figure 4.22). Fractures queried, using the

Query window, are displayed on the Mohr Clrcle diagram when the Ftaclures
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menu item on the Mohr Circle submenu is selected. The failure envelope is

displayed when the Failure Line menu item is selected. Laboratory-derived rock

failure data, entered in the Rock Failure Values window (Figure 4.24), are

displayed if the Rock Faìlure menu item (Figure 4.22) is selected. The Rock

Failure window is displayed by selecting the Rock Failurc Dala menu item on the

View menu (Figure 4.12) and is used to enter laboratory rock failure data, This

allows a failure envelope to be adjusted to match the laboratory rock failure data.

Filc Edit ViËw Quêry Well Tratectory Wndow Help

o lelç -el
Allowable Region

Wcllborc strcgËs >
o
5how
F¡llure Llnc

Fr¡cturcs
RockFallurc

Cancel

Wellborc Frsctures

5tcrconêt'
Depth Plot
I rarnr{

liã- )

Figure 4.22. Mohr Circle submenu.

Dcpth Plot I Eobu,* Mohr l\úellborc Strcsscs I

F Autometic Scelc

ld-
úlõ-

Size
Horizontal Vertical

Frõ- lrrr-

Applv

èI
a )

Mex No¡m

Min No¡m

Max Shcar

Min Shær

- J swrrr

l,lcrl-rt r-itr:lt )

Options

Figure 4.23. Mohr Circle tab in the options window.
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Figure 4.24. Rock Failure Values window used to enter laboratory-derived rock test failure data.

4.5.8. WellboreStresses
The Wellbore Stresses diagram is used to display the stresses around an arbitrarily

inclined wellbore (Figure 4.25; Section 4.2). The Wellbore Stresses diagrams are

displayed either by selecting the Show menu item in the Wellbore Stresses submenu

(Figure 4.26) orclicking the ll/ellbore,Sfr¿ss¿s 1El¡ Uutton on the toolbar. The

wellbore azimuth, deviation and P* are set using the Well tab on the Maln form

(Figure 4.6). The items displayed in, and the format of the Wellbore Stresses

diagrams are controlled using ¡he Wellbore Sfresses tab (Figure 4.27) inthe

Options window and the Wellbore Stresses submenu (Figure 4.26)in the View

menu.

The Wetlbore Stresses submenu is used to display the Wellbore Stresses diagram

and to control the types of data that are displayed (Figure 4.26). The circumferential

stress, axial stress, maximum stress, minimum stress, breakout failure line and shear

stress (Section4.2) are displayed on the Wellbore Stresses diagram if the

corresponding menu item on the Wellbore Stresses submenu is selected (Figure

4.26).
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Figure 4.25. Wellbore stress diagram showing the ¡xi¡l stress (o), the circurnferentlal stress
(oes), the maximum stress (o1-), the minimum stress (o¡n¡o) ¡nd breakout failure line ¡s a
function of relative bearing around the wellbore.
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Figure 4.26. \ilellbore Stresses submenu.

The Wellbore Sfresses tab on the Optlons window is used to control the plot

scaling and the size of the plot (Figure 4.27). lf Automatic Sca/e is checked, the

scaling is automatic, otherwise Max and Mln must be set. The size of the plot can be

altered using the Horizontal and Ve¡tical edit boxes.
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Figure 4.27. Wellbore Stresses tab in the options window.

The orientation of the maximum stress relative to the axial stress (Section 4.2;

Equation 4.12) canbe visualized with the Maximum Stress Orientation plot

(Figure 4.28), displayed using the Moxlmum.Sfr¿ss O¡lenlallon menu item on the

Wellbore Stresses submenu. This is useful for calculating the angle <o at which

DITFs form on the wellbore wall, which is also the angle at which fractures induced

by minifracture tests and XLOTs form at the wellbore wall, allowing investigation of
potential fracture twisting problems (Chapters 5 and 6).

4.5.9. Structural Permeability Diagram
The Structural Permeab¡l¡ty diagram (Figure 4.29) is used to investigate the

likelihood of fractures/faults being reactivated within the in situ stress field.

Structural permeability diagrams are contoured polar plots of poles to fracture planes

coloured by the risk of reactivation. The risk of reactivation is measured in terms of

the change in Po (APo) required to reactivate a fracture/fault of given geometry

(Figure 4.30). This analysis assumes no pore pressure stress coupling (sensu Hillis,

2000). The change in Po required to reactivate a fracture of given geometry depends

on the failure envelope and stresses acting on the fracture (Figure 4.30). The failure

envelope is chosen using the Rock Properlies tab (Figure 4.5) on the Maln form,

while the stresses acting on the fracture are chosen using the Sfress tab (Figure 4.4)
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Figure 4.28. The angle between the m¡ximum wellbore stress and the axial stress as a function of
relat¡ve bearing around the wellbore.
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Figure 4.29 Structural Permiability Diagram: contoured polar diagram of poles to fracture
planes coloured by the Po change required to re¡ctivate that fracture. The fracture/fault (A) is
horizontal. The fracture/fault (B) is dipping 45o tow¡rds 180oN. The fracture/fault (C) is
dipping 90o towards 180oN
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on the Main form. The Structural Permeablllty diagram is displayed, once a

failure envelope and stress tensor have been chosen, using either the Rlsk of

Reactìvatlon button (-Qf or the Showmenu item on the StrucPerm submenu (Figure

4.31). The display options for the stereonets are set using the Súereoneús tab in the

Option window (Figure 4.1 l;Section 4.5.3). Fractures, queried using the Query

window, can be displayed on the Structural Permeabillty diagram if the Fractures

menu item (Figure 4.31) is selected in the StrucPerm submenu prior to the

Structural Permeability diagram being displayed. The application of structural

permeability diagrams to fracture conductivity and fault seal risk in the Mereenie

Field, Central Australia, the Otway Basin, southern Australia and the Pattani Basin,

Gulf of Thailand are discussed in Chapters 6 - 8.
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Figure 4.30. Mohr diagram with Griflith failure envelope showlng three fractures (orientatlon of
A, B and C as ln figure 4.29) and the change ln Po (AP) required to re¡ctlvate those fractures.
From the stresses acting on each fracture it c¡n be seen th¡t the stress reglme is strile-sllp (A' the
horizontal fracture is acted on by Sy'which ls 52 hence strlke-sllp stress reglme) ¡nd that S¡¡-' ls
oriented north-south (C, the vertical fractures striking east-west is acted on by S'¡¡-). The rlsk
ofreactivation for these fractures ls shown in Figure 4.29.
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Figure 4.31. Strucperm submenu.

4.5.10. Breakout Diagrams
Breakout diagrams are used to examine the risk of wellbore breakout formation and

the azimuth at which breakouts form. This is undertaken, respectively, using breakout

Risk (Figure 4.32) and Orientation (Figure 4.33) plots. Rlsk and Orlentatlon

diagrams are displayed by checking the Orientation and/or ^Ris/r menu items and then

selecting the Show menu item on the Breakout submenu on the Stereonet submenu

(Figure 4.34). Risk can be calculated as rock strength, P* difference, required mud

weight or breakout width. Risk calculated in terms of rock strength provides the only

method of breakout risk determination for which a rock strength estimate is not

required. The rock strength at which breakout related failure initiates is calculated

from the known stress tensor and wellbore trajectory, using Equations 3.20 and

4.1 - 4.11. If this rock strength is calculated for a single stress tensor and a range of

azimuth and deviations, a risk diagram can be constructed (Figure 4.32). This tlpe of

riskdiagramiscalculatedif Use Co, Use ppg,andBreakoutWidth arenotselected

on the Sfereonefs tab in the Options window (Figure 4.1l).

Mud pressure difference and required mud weight can be used to measure breakout

risk (Figure 4.35). This technique requires rock strength to be measured or estimated.

The mud pressure is varied until the wellbore stresses exceed that required to cause

failure (Figure 4.36). The change in pressure is recorded as either a P," difference or a

mud weight. If Use ppg, on the Sfereonef tab in the Optlon window (Figure 4.1 l)
is checked, the required mud weight is calculated. These t¡,pes of risk diagram are

calculated if Use Co on the Súereo net tab is checked.
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Flgure 4.32. Breakout risk diagam: polar diagram of wellbore azimuth and deviatlon coloured
by rock strength required to prevent breakout formatlon. Vertic¡l well plots tt centre of plot'
horizontal well plots at the perimeter at the azimuth of its devietlon.
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Figure 4.33. Breakout orientation diagram: polar diagram of wellbore azimuths ¡nd devi¡tions
marked with the orientstion of breakout formation using the along hole convention. For
example, breakout form in the horizontal plane for a well deviated 90o towards 000oN' but at the
top and bottom of the wellbore for ¡ well deviated 90o towards 090oN. lVell trajectories plot as ln
Figure 4.32.
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Figure 4.34. Breakout submenu.
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Figure 4.35. Breakout risk diagram: polar diagram of wellbore azimuth and deviation coloured
by P. change required to prevent breakout formation. Well trajectories plot as in Figure 4.32.
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Figure 4.36. A) For a P, of 47 MPa no breakout is predicted. B) For a P. decrease of I MPa
breakout initi¡tion is predicted.

The final method for measuring breakout risk is breakout width (Figure 4.37). This

technique also requires rock strength measurements or estimates. The breakout width

is calculated, using a given stress tensor, well trajectory and rock strength, by

measuring the width of the region for which the wellbore stress concentration exceeds

that required to cause failure (Figure 4.38). This t¡,pe of risk diagram is calculated if
Breakout Width on the Sfereonef tab is checked,

30

Deg
40

20

120

210 150
0

'180

Figure 4.37. Breakout rlsk diagam: polar diagram of wellbore azlmuth ¡nd devi¡tlon coloured
by predicted bre¡kout width. lVell traJectories plot as ln Flgure 4.32.
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Figure 4.38. Wellbore stresses and breskout fallure llne showlng the predlcted wldth of breakout
formation.

4.5.11. DITF Diagrams
DITF diagrams are used to examine the risk of DITF formation and the azimuth at

which DITFs will form. This is undertaken, respectively, using DITF Risk (Figure

4.39) and Orientation (Figure 4.40) plots. Risk and Orlentatlon diagrams are

displayed by checking the Orlentatlon and/or.Rls/r menu items and then selecting the

Show menu item on the DITF submenu on the Stereonet submenu (Figure 4.41).

Mud pressure difference or required mud weight can be used to measure DITF risk

(Figure 4.39). This technique assumes no tensile rock strength (Section 3.3.4). The

mud pressure is varied until the minimum wellbore stress becomes tensile (Figure

4.42). The change in pressure is recorded as either a P* difference or a mud weight.

If Use ppg, onthe SfereonettÃb in the Option window (Figure 4.1l) is checked,

the required mud weight is calculated.
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Figure 4.39. DITF risk diagram: polar dlagram of wellbore azlmuth and devlatlon coloured by
P* change requ¡r€d to prevent DITF formation. Well trajectories plot as ln Flgure 4.32.

330 30

300 60

70 90

240 120

210 150

180

Figure 4.40. DITF orlentation diagram: polar diagram of wellbore ¡zlmuths and devlatlons
marked with the orientstion of DITF formation uslng the along hole conyent¡on. For example
DITFs form ln the horizontal plane for a well deviated 90o towards 090oNr but at the top and
bottom of the wellbore for a well deviated 90o towards 000oN. Well trajectories plot as in Flgure
4.32.
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F'igure 4.41. DITF submenu.
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Figure 4.42. 
^) 

For a P* of 47 MP¡ no DITF is predicted. B) For a P* lncrease of 7 MPa DITF
initiation is predicted.

4.5.12. Roses: Azimuthal Data Visualisation Component
A SWIFT component called Roses was created specifically for the purpose of
generating rose diagrams, stereonets and azimuthal depth plots of directional

information stored in the database (Figure 4.43). Roses is a separate program, using

the same databases settings and code to access the database and is opened by selecting

the Roses item beneath the SWIFT item in the windows start menu.

Breakouts, DITFs, fractures and LOTs can be queried and their dips and azimuths

plotted on stereonets, rose diagrams and depth plots. The menu items are used to

query data, copy, paste, and exit the program. The items in the Roses window are

used to control the queried data that is displayed, and the manner in which it is

displayed. The Scale section, in the top right comer, controls the scale of the rose

diagrams. The Show Frame, SHmax and Formafion checkboxes control whether
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the frame on the rose diagrar/stereonet is displayed, whether breakout rose diagrams

are plotted in terms of breakout azimuths or inferred Sun.* orientations and whether

formation tops are displayed on the depth plot respectively. The Azimuth and Dip

radio buttons control whether the x-axis on the depth plot represents fracture strike or

fracture dip respectively. The Bin Width, Azi int and Radialinf textboxes control the

angular width of the bins used in the rose diagrams, the azimuthal interval of the plot

frame and the radial interval of the plot frame respectively. The Weighting section

allows the choice of breakout rose diagrams to be un-weighted, length-weighted or

eccentricity-weighted. The Selecfion section controls what is displayed on the plots.

The Depth Ploú section allows the scale of the depth ploy to be chosen. The

SfafÍsfics section displays the circular statistics of the displayed data.

rlr Eû to*ctr oflt Frd¡o¡ tol

Figure 4.43. Roses component of SIYIFT

4.6. Conclusion

The SWIFT software described in this chapter is applied, in the following chapters, to

four case studies, investigating wellbore stability, fracture stimulation, natural fracture

conductivity and risk of fault reactivation, in various Australian and Asian Basins.
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5. Swan Lake Field, South Australia:
Fracture Stimulation and Under-balanced Drilling

5.1. The Problem

The Swan Lake Field, Nappamerri Trough, Cooper Basin, South Australia (Figure

5.1) contains low permeability (< 1 mD) gas reservoirs in the Permian Patchawarra

Formation (the key reservoir interval; Figure 5.2). tow reservoir permeability

severely reduces gas deliverability. Fracture stimulation, the targeting of natural

fractures and under-balanced drilling have all been proposed to improve gas

deliverability in the area. Fracture stimulation improves gas deliverability by

artificially creating a large fracture, thereby providing a conduit through which gas

can flow to the wellbore (Fjaer etal.,1992). Similarly, natural fractures provide a

conduit for gas to flow into the wellbore, if open, hydraulically-conductive natural

fractures are intersected by the wellbore (Nelson, 1985). Under-balanced drilling may
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reduce near wellbore formation damage, resulting in improved near wellbore

permeability and hence improved gas deliverability (Bennion, 1996). The feasibility

of fracture stimulation, targeting open natural fractures, and under-balanced drilling

are all critically dependent on the in situ stress tensor.

The in situ stress tensor controls the geometry of a fracture induced during fracture

stimulation (Hubbert and Wíllis, 1957). Poor fracture geometry, such as fractures that

are non-axial to the wellbore or twist when propagating away from the wellbore, can

result from a non-optimal stress tensor and/or wellbore trajectory (Shlyapobersky and

Chudnovsky, 1994). Poor fracture geometry can preclude a successful fracture

treatment, for example by preventing the placement of proppant within the fracture,

resulting in little or no improvement in gas deliverability (Finch etal,1997).

Fracture stimulation has been conducted in the Swan Lake Field. However, problems
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Figure 5.2. Cooper Basin stratigraphy (after v¡n Ruth and Hlllls' 2000).
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have been encountered in hydraulic fracture stimulation, often resulting in little or no

improvement in gas deliverability.

Interactions between drilling muds and the formation can ödamageí its permeability

(Porter, l9S9). If mud weight is minimised then such interactions, and possible

formation damage, may be minimised. However, the low mud weights used in under-

balanced drilling can significantly increase the risk of wellbore instability. Wellbore

stability, like hydraulic fracture geometry, is strongly influenced by the in situ stress

tensor. Hence under-balanced drilling needs to be planned with knowledge of the in

situ stress tensor.

This chapter determines the in situ stress tensor in the Swan Lake Field by combining

the available data with routine and non-routine stress determination techniques.

Knowledge of the in situ stress tensor is applied to fracture stimulation and under-

balanced drilling for improved gas deliverability in the freld. Application of the in

situ stress tensor to the intersection ofopen natural fractures, although relevant to the

Swan Lake Field, is not discussed in this Chapter, but rather in the case study on the

Mereenie Field, central Australia (Chapter 6).

5.2. Routine Stress Determination Techniques

5.2.1. Vertical Stress
Hillis (1996) calculated the vertical stress in the Swan Lake Field, from data acquired

in Swan Lake-I, using the techniques described in Section 3.2 (Figure 5.3). The

vertical stress in the Swan Lake Field is closely approximated by the power law

function:

Su = 0.005497x:-1'1742 Eq.5.l,

where Sn is in MPa and z is depth in m.

5.2.2. Horizontal Stress Orientations
A single FMS image log obtained in Swan l-ake-4 is the only available information

with which to constrain stress orientations within the Swan Lake Field. A declination

(8oE) corrected S¡¡¡¡¡¡ orientation of l24oN was determined from observation of 23
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Figure 5.3. Depth plot showing S" calculated at Swan Lake-l (Hlllie, 1996).

wellbore breakouts at Swan Lake-  using the techniques described in Section 3.4

(Figure 5.4; Mildren, 2001). This orientation is significantly different to stress

orientations observed in wells both to the north and south of the Swan Lake Field

which exhibit an S¡¡ro* orientation of approximately l00oN, but the 124oN orientation

is highly consistent within Swan Lake-4 (Figure 5.4),

5.2.3. Minimum Horizontal Stress Magnitudes
The minimum horizontal stress magnitude was determined from six LOTs and nine

minifracture test closure pressures from wells in and adjacent to the Swan l¿ke Field

(Figure 5.5; Appendix B; See Section 3.5 for a discussion of the relationship between

these tests and Sr'¡n).

The minimum horizontal stress magnitude gradient increases with depth from

l5 MPa/km at 600 mto22.2 MPa/km at3200 m, reflecting the change in Sn with

depth (Figure 5.5). This suggests that either Sn'in is indeed equal to Sn or that Sn'in is

greater than S" and the LOPs and closure pressures are from transverse (horizontal)

fractures, and consequently measure S". This value of Sm¡n is revisited in Section

5.3.1.

0.9 psi/ft 1.1 psi/ft
1.0 psi/ft
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Figure 5.4. Un-weighted rose diagram of bre¡kout inferred S¡¡-, orlentation ¡nd plot of
breakout inferred S¡¡*, orlentatlon versus depth, from Sw¡n L¡ke-4 image log (Mttdren, 2001).
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5.2.4. Pore Pressure
Pore pressures were determined from 56 WFIT measurements and 76 DST

measurements made in wells adjacent to the Swan Lake Field, and mud weights in 27

wells in and adjacent to the Swan Lake Field (Figure 5.6). Section 3.7 summarises

how these tests yield Po. The pore pressure gradient from the WFITs and DSTs is

10.3 MPa/km, and 10.9 MPa/km from mud weights. The difference between the Po

gradient determined from mud weights and that determined from TWFITs and DSTs is

the result of mud weights t¡pically being slightly over-balanced (Section 3.7).

Consequently the Po gradient of 10.3 MPa/km determined from WFITs and DSTs is

used. The sequence is normally pressured.

1 000 1 000

2000 2000

3000 3000

1 150
Pressure (MPa)

Figure 5.6. (A) Pore pressure from 56 rilFITs (.) rnd 76 DSTs (X) run in wells adjacent to the
Swan Lake Field ¡nd (B) mud pressure (*) from 27 wells in and adjacent to the Sw¡n L¡ke Field.

5.3. Non-Routine Stress Determination Techniques

The maximum horizontal stress is, as is often the case, the most diffrcult aspect of the

in situ stress tensor to constrain in the Swan l¿ke Field. Maximum horizontal stress

magnitudes can be determined using minifracture tests anÜor the observation of
wellbore failure (Section 3.6) or constrained using frictional limits to stress (Section

2.5). The minifracture tests conducted in the Swan Lake Field were conducted in

cased and perforated holes. No fracture reopening pressure can be determined where

minifracture tests are conducted in cased holes, and consequently no estimate of SHr*
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can be made (Section 3.6.1). An image log was run in Swan Lake-4, in which 23

wellbore breakouts were observed. Maximum horizontal stress magnitudes can be

determined from the occurrence of wellbore breakouts, if the compressive rock

strength is known (Section 3.6.2). However, information on compressive rock

strengths are not available for the Swan Lake Field. No conventional, vertical DITFs,

such as can also be used to constrain Snru* (Section 3.6.3), were observed. However,

unusual horizontal fractures were observed on the Swan Lake-4 image log. These

crosscut bedding and are electrically conductive and hence were inferred to be open

(Figures 5.7 and 5.8). These fractures are interpreted to be drilling-related, appearing

similar to vertical DITFs in all aspects except their orientation. As discussed in this

section, the interpretation of horizontal DITFs places close constraints on the stress

regime of the Swan Lake Field and on the magnitude of S¡¡,o* in particular.

5.3.1. Horizontal DITFs
The possibility exists that the observed fractures are pre-existing natural fractures and

not drilling-induced. However the wellbore stress state under which an existing

horizontal fracture opens or a new drilling related horizontal fracture is created are the

same, neglecting the tensile strength of unfractured rock which is likely to be

negligible due to bedding related weakness. A horizontal DITF (HDITF) may only be

initiated in a vertical wellbore if the axial wellbore stress is less than or equal to zero

(ou3 0) and the axial wellbore stress is less than or equal to the circumferential stress

(ou3 oe6; Figure 5.9). The former condition permits horizontal fractures to develop

and the latter is required otherwise conventional vertical DITFs would form.

The circumferential and axial stresses around a vertical wellbore can be written:

60e : SH,n* * Snmin ñ 2(SHru* - Sn.in)cos20 - Pw - Pp Eq. 3.9 and,

o"": Sv - 2v(Ss.* - Sr,,nio)cos20 - Pp Eq.3.10.

The minimum values of the circumferential stress around the wellbore occur for the

same value of 0 as the minimum axial stress (i.e. 0 = 0). Consequently, the minimum

of the circumferential and axial stresses can be written:

Oeomin = 3Shrin ñ Ss.n* - Pw -Pp Eq.3.l5 and,
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Depth (m)

Figure 5.7. FMI image showlng horizontal non-planar fracture cross cuttlng beddlng. Thls is
interpreted as HDITF.

Figure 5.8. FMI image showing horizontal fractures cross cuttlng bedding. These are
interpreted as HDITFS.
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o'ø¡in: Sv - 2v(Sn.* - Snrin) - Pp E,q.5.2.

Horizontal DITFs can occur if o-n¡n S 0 and ozzn¡n I ooomin, or in terms of Equations

3.15 and 5.2:

Sv - 2v(Su'* - Sn'¡n) - Pp < 0 Eq. 5.3 and,

Sv - 2v(Sr¡,o* - Sn'in) - Pp l3Sn'¡n ñ Sn'* - Pw -Pp Eq. 5.4.

Equation 5.4 reduces to:

Sy + S¡'"¡n(2v - 3) + Sn*a*(l-2v ) + Pw < 0 Eq. 5.5

Equations 5.3 and 5.5 can be plotted as lines on the allowable region diagram (Section

4.5.4; Figure 5.10), facilitating determination of the stress region in which horizontal

DITFs may form.
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Figure 5.9. Wellbore stresses diagram showlng the ¡xl¡l stre¡s less th¡n zero ¡nd less th¡n tho
clrcumferentlal stress.
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The requirement that ozanin S 0 and o"^in I oeerin constrains a restricted area on the

allowable region diagram (Figure 5.10). The observation of HDITFs thus requires

that the stress regime range from the boundary of strike-slip and thrust faulting to

thrust faulting (Figure 5.10). The above analysis not only predicts the formation of

HDITFs, but suggests that they can develop only in a restricted set of stress states and

are diagnostic of the relative in situ stress magnitudes (Su ( Sn'in < Ss.*).
Furthermore the high value of Sn'¡n required for HDITFs to develop (close to or

greater than Sn) is consistent with independent estimates of Snr¡n from the LOTs and

minifracture tests (Figure 5.5).

5.4. The Swan Lake Field In Situ Stress Tensor

The observation of HDITFs combined with S¡r¡n from LOTs and minifracture tests,

Sn from the Swan l¿ke-l density log and Po from WFITs and DSTs (Sections 5.2 and

5.3) indicate the stress regime at the depth of interest in the Swan Lake Field is as

shown in Table 5.1. The values in Table 5.1 are used in the following sections in

considering the implications of the in situ stress tensor for hydraulic fracture

stimulation and under-balanced drilling.

5.5. Implications

5.5.1. Fracture Stimulation
Fracture stimulation involves creating a large artificial fracture by increasing the fluid

pressure in the wellbore until the tensile strength of the reservoir rocks and in situ

stresses are overcome (Hubbert and Willis, 1957). The induced fracture propagates

away from the wellbore, opening against the minimum principal stress (Hubbert and

Willis, 1957). The induced fracture is vertical and propagates in the Ss'* direction,

if Snrin is the minimum principal stress, but is horizontal if S" is the minimum

principal stress.

Hydraulic fractures may form vertically (axial to vertical wellbores) even if Su is the

minimum far field principal stress, because of the minimization of circumferential

stresses at the azimuth of Ss,n*. In such cases the fracture forms vertically at the

wellbore wall, but as it propagates into the far field, away from the influence of the
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wellbore on the in situ stress tensor, it twists to horizontal (Figure 5.1l). Such

fracture tortuosity can severely impede fluid flow along the fracture and can indeed

prevent the placement of proppant in the fracture.

Stress Component Value

SHrr* Orientation 124"N

22.2MPa/l<trt

Sh.in 22.2I&lPalkrn

Pp 10.3 MPa/km

SHr* 45.5 MPa/km

Table 5.1. Swan Lake Field in situ stress tensor at 3200 m.

Several fracture stimulations have been undertaken in the Swan Lake Field. High

treatment pressures, an inability to place the designed amount of proppant and little or

no increase in gas deliverability have resulted from these fracture stimulations.

As discussed above, the in situ stress tensor at Swan l¿ke is on the boundary between

strike-slip and normal (i.e. S" = Shrin), and may result in the formation of HDITFs

(Section 5.3.1) at the wellbore wall, if the well is approximately in balance (Figure

5.L2). As the wellbore pressure increases above Po, vertical fractures are more likely

to form at the wellbore wall (Figure 5.13). Consequently, horizontal and or vertical

fractures may form at the wellbore wall. As these fractures propagate away from the

wellbore they become subject to the far field stresses, under which they may rotate to

vertical or horizontal (as Su = Sh'in), resulting in complex fracture geometry.

Furthermore it is tentatively suggested that the lack of difference between S" and Sn'¡n

leads to a lack of strong stress-based directionality in the induced fracturesí, leading

to variable geometry along the fracture and a strong influence on the fracture

orientation from pre-existing rock fabric. The difficulties experienced conducting

fracture stimulations in the Swan Lake Field are consistent with complex fracture

geometries and with the observed in situ stress tensor.

su
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Figure 5.12. lVellbore stresses for a vertical in balance well ln the Sw¡n L¡ke Field. A) lVellbore
stresses, with mlnimum axi¡l stress < 0 ¡nd mlnimum axl¡l stress < mlnlmum circumferentl¡l
stress, potentially resulting ln horizontal DITF. B) Orlentation of m¡xlmum wellbore strerr (90o

to the minimum stress), indiceting fr¡cture formatlon to be ¡t 90o to the wellbore axls (1.e.

horizontal).
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Figure 5.13. tVellbore stresses for a vertical slightly over-balanced well in the Swan Lake Field.
A) Wellbore stresses, with minlmum circumferential stress < 0 and minlmum axi¡l stress >
minimum circumferential stress, resultlng in vertical fractures. B) Orientatlon of maxlmum
wellbore stress (90o to the minimum stress), indicating fracture formation to be ¡t 0o to the
wellbore axis (i.e. vertical).

One solution to stress-based fracture stimulation problems at Sïvan Lake that has been

canvassed is to stimulate from horizontal wells deviated in the Sn'in direction.

Fractures in such wells would form horizontally and axial to the wellbore. However

this approach is not recommended.

1. Given that Su = Sh'io fracture tortuosity problems may again occur lvith

fractures forming horizontally at the wellbore wall but twisting to vertical

and striking in the Sn'o direction in the far field.

2. Even if a horizontal fracture is successfully placed from a horizontal well,

such may not significantly increase gas deliverability because horizontal

permeability is generally greater than vertical permeability (Piplapure, 1969)

and further improvement in horizontal permeability may not yield a large

gain in deliverability.

The above concerns, combined with the additional cost of stimulating a horizontal

well, have led to this strategy not being applied.

The author believes that any hydraulic fracture stimulation is likely to be problematic

where St = Sz. Fracture tortuosity, strongly influenced by pre-existing rock fabric, is

(almost) inevitable in such an environment. There is no wellbore trajectory that can

be fractured from to avoid such problems where Sr = Sz. This recognition, and the

phenomena of pore pressure/stress coupling, has led to an alternative shategy to

improve the success of fracture stimulation in such environments. Producing from a

A)
-Aid Snr¡

Fracture
Vertical
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well depletes the reservoir pressure, which in turn reduces Sn'¡n. This phenomenon is

known as pore pressure/stress coupling and has been widely described, for example in

the Ekofisk Field North Sea (Teufel et al., l99l; see also summaries in Addis, 1997

and Hillis,2000). The vertical stress is unaffected by such depletion, hence

production prior to fracture stimulation presents the opportunity to reduce Snmin with

respect to Sn and create a difference between 53 and Sz. Such has been adopted for

fracture stimulation in high S¡¡¡¡¡ âr€âs of the Cooper Basin and has improved the

success of treatments in such areas (Chipperfield, pefs. comm.). Improvement in the

effectiveness of fracture stimulations, in high stress regions, due to depletion has also

been observed in the Mereenie Field (Chapter 6).

Summary
The in situ stress tensor in the Swan Lake Field is unsuitable for fracture stimulations

to improve gas deliverability. Reservoir depletion prior to fracture stimulation may

reduce the problems encountered. However, other solutions such as under-balanced

drilling and/or targeting open natural fractures may prove to be more cost effective

methods of improving gas deliverability.

5.5.2. Wellbore Stability for Under-Balanced Drilling
Drilling fluids can negatively impact on near wellbore permeability (Porter, 1989),

especially in the already low permeability reservoirs of the Swan Lake Field.

Consequently, under-balanced drilling has been proposed and undertaken in the Swan

Lake Field. Swan Lake-2 was successfully gas drilled (vertically) below unstable

coals. The operator has proposed under-balanced drilling of highly deviated (> 50')

wells at Swan Lake to improve reservoir and fracture intersection, and thus

deliverability. The søbility of such wellbores must be addressed with knowledge of

the in situ stress tensor, and this is described in the following section.

Wellbore Stability Analysis
Mud weight and drilling trajectory are the critical variables for controlling mechanical

wellbore stability. If mud weight is too low for a given hajectory, wellbore breakout

may cause the wellbore to collapse. If the mud weight is too high, fluid may be lost

into drilling-induced fractures. These stability problems can be addressed by setting
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appropriate mud weights for a given wellbore trajectory. The in situ stress tensor and

rock properties dictate safe drilling trajectories and mud weights.

As discussed above, the in situ stress tensor is well constrained in the Swan Lake

Field, but little information on rock properties exists. When considering wellbore

failure, several factors can influence the effective rock strength. These include not

only the true rock strength, but also mud chemistry and its influence on rock strength

(Mody and Hale, 1993) and thermal effects of colder drilling mud contacting hotter

formation rocks (Coussy et al., 1991). Furthermore wellbore pressure may vary from

the weight of the static mud column due to surge and swab pressures (Brudy and

Zoback,1999). Ideally rock strengths used in wellbore stability predictions should

incorporate all of these factors. This can be achieved by using previous drilling

experience to determine þseudoí rock strength. This þseudoí rock strength can be

used to investigate wellbore stability in a comparative manner using an existing well

as a benchmark and yielding wellbore stability predictions calibrated to that previous

drilling experience. Pseudoí rock strength can be conservatively determined using

the Swan Lake Field in situ stress tensor and assuming the successfully gas drilled

Swan Lake-2 well was on the verge of failure (i.e. on the verge of breakout formation;

Figure 5.14). This þseudoí rock strength can then be used to predict wellbore

stability of future wells relative to experience at Swan l¿ke-2.

Assuming the Swan Lake in situ stress tensor and P* from the successfully gas drilled

Swan Lake-2, a þseudoí rock strength of 47 5 MPa is required to prevent the

formation of wellbore breakout at Swan \-ake-2, (Figure 5.14). However, a

compressive rock strength as low as 330 MPa is feasible, below which complete

wellbore collapse occurs, assuming wellbore collapse occurs when breakout width is

greater than 90o (Moos and Peska, 1998; Figure 5.15). Consequently, the minimum

compressive rock strength in Swan [-ake-2 is 330 MPa at 3200 m. However,

assuming the Swan Lake in situ stress tensor, Po, from the conventionally drilled Swan

I-ake-4 and the minimum compressive rock strength (330 MPa), no wellbore breakout

is predicted at Swan Lake-4 (Figure 5.16). This lack of predicted breakout is

inconsistent with the observation of wellbore breakouts in the conventionally drilled

Swan Lake-4.
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Figure 5.14. Wellbore stresses and breakout failure envelope calculated using the Swan Lake ln
situ stress tensor, P, = 7 MP¡ ¡nd C = 475 MP¡.
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F'lgure 5.15. Wellbore stresses and breakout fallure envelope calcul¡ted uslng the Swan L¡ke ln
situ stress tensor, P, = 7 MPa ¡nd C = 330 MPa.
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Figure 5.16. \ilellbore stresses and breakout f¡ilure envelope for the Swan Lake-4 (P* = 36 MPa
and C = 330 MPa), indicating no breakout form¡tlon.

The discrepancy between the prediction of no breakouts and the observation of
breakouts at Swan Lake-4 may be explained by near wellbore depletion. The

compressive rock strengths above are determined assuming impermeable rocks (i.e.

no pressure contact between the wellbore and formation; Figure 5.17). Under-

balanced drilling does not produce a mud cake, keeping the well in pressure contact

with the formation, and may lead to pore fluids flowing into the wellbore, resulting in

near wellbore depletion (Figure 5.17; Section3.6.2). The rate and amount of
depletion depends on the difference in P* and Po, and the formation permeability.

Assuming near wellbore depletion, a þseudoí rock shength of 350 MPa is determined

(Figure 5.18). However, a compressive rock strength as low as 205 MPa is feasible,

below which complete wellbore collapse occurs, assuming wellbore collapse occurs

when breakout width is great than 90o (Moos and Peska, 1998; Figure 5.19). Thus,

the minimum compressive rock strength in Swan Lake'2 is 205 MPa at 3200 m,

assuming near wellbore depletion. Significant breakout is predicted in the

conventionally drilled Swan [¿ke-4, assuming a minimum compressive rock strength

of 205 MPa (Figure 5.20). Consequentl¡ the occurrence of breakouts in Swan Lake-
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4,the successful drilling of Swan [-ake-2 and the resulting implications for rock

strength affrrm near wellbore depletion while drilling,

The risk of wellbore breakout and DITF formation are calculated in terms of required

mud weight using the SWIFT software (Chapter 4) for the Swan Lake Field in situ

stress tensor, a þseudoí rock strength of 350 MPa and assuming near wellbore

depletion while drilling (Figure 5.21).

Formation Well Formation Well

P

No Depletion Depletion

Figure 5.17. Pressure proflles across the wellbore wall for no depletlon and depletion whlle
drilling.
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Figure 5.18. Wellbore stresses and bre¡kout failure envelope calculated using the Swan Lake in
situ stress tensor Po = 7 MPar P* = 7 MPa and C = 350 MPa.
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Figure 5.19. Wellbore stresses and bre¡kout failure envelope c¡lculated using the Sw¡n L¡ke ln
sltu stress tensor Po = 7 MPa, P, = 7 MPa and C = 205 MPa.
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Figure 5.20. Wellbore stresses and breakout failure envelope for the Sw¡n L¡ke-4 (P, = 36 MPa
and C = 205 MPa) indicates significant breakout form¡tion.
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\ilellbore Stability Predictions
The highest risk of breakout development is in wells deviated towards 033oN and

213"N (minimum horizontal stress direction). All deviation angles at these azimuths

(and the vertical well) have the same risk of breakout development (Figure 5.21).

However, the risk of breakout development is no greater than that for Swan Lake-2,

hence drilling and rock strength parameters being consistent, the least favourable

trajectories will be no more prone to breakout than Swan [-ake-2, and more favourable

trajectories should be less prone to breakout.

The highest risk of DITF development is in wells deviated towards 033'N and 213oN

(minimum horizontal stress direction). All deviation angles at these azimuths (and the

vertical well) have the same risk of DITF development (Figure 5.22). DITFs will

develop in a vertical well if the mud weight is greater than9.4 ppg (worst case).

Therefore wells drilled under-balanced have little risk of DITF development.

Summary
Under-balanced wells can be drilled in any trajectory in the Swan Lake area without

stabiliÇ problems greater than those encountered in the vertical, gas-drilled bottom

section of Swan Lake-2, assuming drilling and rock strength parameters the same as

those encountered in Swan Lake-Z.

5.6. Conclusion

The in situ stress tensor in the Swan Lake Field, determined using the SWIFT

software and available data, is unsuitable for fracture stimulation, but suitable for

deviated under-balanced drilling. However, fracture stimulation may be successful if
the well is depleted, altering the in situ stress tensor in the vicinity of the wellbore,

prior to stimulation. Given that, with knowledge of the in situ stress tensor and

appropriate planning, both strategies may be successful, the ultimate choice between

fracture stimulation and under-balanced drilling as techniques for improving gas

deliverability in the low permeability reservoir, requires investigation of the increase

in production resulting from each of these techniques with respect to the cost of the

techniques.
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6. Mereenie Field, Central Australia:
F racture Stimulation and Natural tr''racture Intersection

6.1. The Problem

The Mereenie Field, Amadeus Basin, central Australia (Figure 6.1) contains an

unexploited gas cap, in the Ordovician Søirway and Pacoota Sandstones (Figure 6.2),

which the operator wishes to develop. This gas cap is characterised by permeabilities

of typically 5-10 mD, which are further lowered during production by fines migration.

Targeting hydraulically conductive natural fractures and fracture stimulation have

been proposed as techniques for overcoming this problem. Many previous fracture

stimulations in the field have encountered problems and resulted in little improvement

in production. Furthermore, neither the extent of natural fracturing, nor their

propensity to be open and hydraulically conductive were known prior to this study.

The aim of this study was to determine the in situ stress tensor and fracture

populations in the Mereenie Field and investigate the implications for fracture

stimulation and the targeting of conductive natural fractures.

The extent to which natural fractures are hydraulically conductive is strongly

influenced by the aperture of the fracture. Indeed the flow through a fracture is

proportional to the cube of its aperture (eg see review by Cook, 1992). The in situ
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Figure 6.1. Mereenie Field location map. \YM: \ilest Mereenie¡ EM: East Mereenie.
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stress tenor can act to close (reduce the aperture of) or open (increase the aperture oÐ

natural fractures, while asperities, mineralisation and cementation may act to

physically prop fractures open or hold them closed. Barton et al. (1995) found

fractures carrying fluid, in the Cajon Pass scientific drill hole, to be generally

critically stressed (i.e. subject to an in situ stress state that would induce failure),

while fractures not carrying fluid were found not to be generally critically stressed.

Consequently, the in situ stress tensor can be used to predict fracture sets most likely

to be hydraulically conductive and this is undertaken in this chapter.
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Figure 6.2. Stratigraphy of the Mereenie Field (after O¡ks et al.' 1991).
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Twenty-nine wells in the field had been fracture stimulated at the time of this study.

Productivity data was available for 26 of these wells (Table 6.1). Eight fracture

stimulations resulted in flow rates of less than 120 barrels of oil per day. Five

unproductive fracture stimulations exhibit P. gradients greater than 18.1 MPa/km

(0.8 psi/ft; Table 6.1). However treatments have been successfully pumped at fracture

gradientsrangingfrom 15.8 to27.2MPalkm(0.7to l.2psilft; SantosandNSI, 1997).

The association of unproductive treatments and high in situ stresses suggests that

fracture twisting away from the wellbore, as discussed in the previous chapter

(Section 5.5. I ), may be the cause of fracture stimulation problems (Santos and NSI,

1997).

This chapter determines the in situ stress tensor in the Mereenie Field by combining

the available data with routine and non-routine stress determination techniques.

Knowledge of the in situ stress tensor is applied to fracture stimulation and the

targeting of open natural fractures.

6.2. Routine Stress Determination Techniques

6.2.1. Vertical Stress
The vertical stress in the Mereenie Field has previously been determined by Hillis and

Mildren (1995), using the techniques described in Section 3.2,and is given by:

S" = 0.0186lgxzt'03e6 Eq.6.l,

for East Mereenie, and:

Su = 0.018525x:-r'0363 E,q.6.2,

for West Mereenie, where Sn is in MPa and z is depth in metres.

6.2.2. Horizontal Stress Orientations
The maximum horizontal stress orientations across the freld were determined from

153 breakouts and 53 DITFs interpreted from resistivity image logs in 16 wells using

the techniques described in Section 3.4 (Hillis et al., 1999; Figures 6.3 and 6.4).
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Well Zone
Pre-Frac

Rate
(bopb)

Post-Frac
R¡te

(boPd)

Pc Grad
(psl/foot)

East Mereenie-29

East Mereenie-28

East Mereenie-I9

East Mereenie-16

East Mereenie-2t

East Mereenie-l1

East Mereenie-7

West Mereenie-5

East Mereenie-I4

East Mereenie-20

East Mereenie-3O

East Mereenie-6

East Mereenie-22

East Mereenie-3l

West Mereenie-4

East Mereenie-33

East Mereenie-34

East Mereenie-32

West Mereenie-8

West Mereenie-I0

West Mereenie-l I

West Mereenie-9

East Mereenie-35

East Mereenie-36

East Mereenie-37

East Mereenie-38

East Mereenie-38

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P1

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P4

P3

70

60

25

140

55

ll0
60

25

30

20

5

40

165

90

60

25

80

340

180

65

380

140

190

150

175

150

150

240

35

75

375

5

500

lt0
230

3s0

25

80

35

500

380

360

150

220

0.57

0.56

0.49

0.52

0,57

0.49

0.61

0.58

0.53

0.56

0.55

0.60

1.00

0.60

0.84

0.67

0.t2

1.03

0.96

0.86

0.71

0.72

0.70

0.69

T¡ble 6.1. Pre and post-fracture productivity (bopd) ln order offr¡cture stlmulation d¡te.
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Maximum horizontal stress directions inferred from breakouts are broadly consistent

across the field, implying an Sn,,o direction of approximately 035où.1(Figure 6.5),

orthogonal to the trend of the Mereenie anticline (Figure 6.3). Significant variations

in the orientation of the maximum horizontal stress with depth are superimposed on

this broad regional trend (Figure 6.6; Hillis et al., 1999). This is most pronounced in

West Mereenie-9 well where breakout-inferred maximum horizontal shess rotates

from approximately 080ù.1at 950 m in the Middle Søirway Sandstone to

approximately 0l0où.1 at 1450 m in the Pacoota P3 Sandstone (Figure 6.6).
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Figure 6.5. Rose diagram of S¡¡-, orient¡tlons lnferred from bre¡koutr (red) and DITFs (blue)
for the Mereenie Fleld.

The southern flank of the East Mereenie structure (East Mereenie-34 and East

Mereenie-38) is the only anomalous area with respect to the above trends. Maximum

horizontal stress there is approximately east-west (Figure 6.3), but again shows

variation with depth. Breakouts at I100 m in the Middle Stairway Sandstone indicate

that maximum horizontal stress is approximately l00où.1, while in the Pacoota

Sandstone, DITFs (discussed below) indicate that morimum horizontal sfress is

oriented approximately 080où.1. The anomalous stress orientations in this area may be
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due to the relative proximity of East Mereenie-34 and East Mereenie-38 to the main

thrust.

The rotation of maximum horizontal stress to sub-parallel to the main thrust at East

Mereenie-34 and East Mereenie-38 is consistent with the thrust behaving as a

relatively weak inclusion in stronger material (Hillis et al., 1999).

Azlmuth "N

5
oô

Figure 6.6. S¡-, orientations inferred from bre¡kouts ver¡us depth (from Hillts et al.' 1999).

DITFs are less frequent than breakouts across the Mereenie Field, and focused in two

specific wells (Figure 6.4). East Mereenie-38, with 3l interpreted DITFs, and West

Mereenie-l, with 9 interpreted DITFs, comprise 74o/o of the total of 54 DITFs

interpreted across the field (Figure 6.4). Hence the information DITFs provide

regarding in situ stress orientation is spatially limited (Figure 6.4). The field-wide

summary of DITF azimuths (Figure 6.5) is strongly controlled by the pattern in East

Mereenie-38 where DITFs in the Pacoota P3 and P4 Sandstone suggest that maximum

horizontal stress there is oriented approximately 080où'1.
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6.2.3. Minimum Horizontal Stress Magnitudes
The minimum horizontal stress magnitudes were determined from minifracture

closure pressures, interpreted by Santos and NSI (1997) for 28 minifracture tests

conducted in the Mereenie Field (Figure 6.7; Appendix C). Closure pressures were

also determined by the author for the minifracture tests in East Mereenie-4O and East

Mereenie-4l, which were undertaken subsequent to the Santos and NSI (1997)

analysis. Closure pressures for these wells were picked using the double tangent

method on suitably scaled pressure/time plots (Figure 6.8; Enever, 1993). Closure

pressures for the wells previously interpreted by Santos and NSI (1997) were also

verified using the double tangent method, which yields similar results to those of
Santos and NSI (1997). East Mereenie-39 was also fracture stimulated subsequent to

the Santos and NSI (1997) analysis, however, the original data from the minifracture

test in this well could not be obtained from Halliburton, and only a fracture gradient

was available from the Halliburton report on the fracture stimulation at East

Mereenie-39.

131 25 00E 131 30 00E 131 35 00E 13t 40 00E

131 25 oOE 131 30 ooÊ 131 35 00E 131 40 00Ë

F'igure 6.7. Minimum horizontal stress gradients (psl/ft) inferred from minlfracture closure
pressures.
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Figure 6.8. Pressure time plots for mlnifr¡ctures conducted in East Mereenie-40' E¡st Mereenie-
41 and East Mereenie-l9.

The most notable aspect of interpreted minimum horizontal gradients across the

Mereenie Field is their variability: I l.l MPa/km to233 MPa/km (0.49 psi/ft to 1.03

psi/ft) over a small distance (Figure 6.7) and depth (Figure 6.9). T¡pically, fracture

gradient-type relations can describe minimum horizontal stress data reasonably

successfully within a field. Such relations are unsuccessful in describing minimum

horizontal stress in the Mereenie Field. Variations in reservoir pressure gfadients

(5.4-8.3 MPa/km, 0.24-0.39 psi/ft) can account for some, but far from all of this

variationl. The extreme variation in minimum horizontal stress is interpreted to be in

part linked to the structure, and associated changes in mechanical properties of the

Mereenie anticline and its conholling thrust (Hillis et al., 1999).

The extreme variability of S¡.,r¡n requires the stress tensor to be determined at the local

well-scale and not at the wider field-scale.

I Taking a typical pore pressure/stress coupling ratio of ÂS¡.inl&p = 0.6 (eg Addis, M.A., 1997; Hillis'

R.R., 2000) and 4 MPa of reservoir depletion might accountfor 2.4 MPa S¡.¡. variation. See also

Section 5.5.1.
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Figure 6.9. S¡¿o inferred from minifracture P" versus depth.
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6.2.4. Pore Pressure
Pore pressures coincident with minifracture test depths were obtained from Santos

and NSI (1997; Figure 6.10). The reservoir pressure gradient varies from 5.4 MPa/km

to 8.8 MPa/km (0.24-0.39 psi/ft). This variation may have a significant impact on the

in situ stress magnitudes (Section 6.2.3; Hillis,2000). Mud weights in the Mereenie

field are tlpically approximately 9 ppg, however higher mud weights have been used

(e.g. the maximum mud weight in West Mereenie-l was 11.9 ppg and in East

Mereenie-38 was I1.0 ppg; Hillis et al., 1999). These mud weights (9 - I1.9 ppg) do

not represent the measured reservoir pressures and hence, cannot be used to

approximate reservoir pressures, but may be representative of pore pressures in

shallower un-depleted zones.

6.3. Non-Routine StressDeterminationTechniques

The maximum horizontal stress is, as is commonly the case, the most problematic

aspect of the in situ stress tensor to constrain in the Mereenie Field. Maximum

horizontal stress magnitude can be determined using minifracture tests and/or the

observation of wellbore failure (Section 3.6) or constrained using frictional limits to

ostatic

rr{

1.0 psi/ft

lll



Me¡eenle Fleld

0
De

1 000

1 500

2000 02040
Pressure (MPa)

Figure 6.10. Pore pressure yersus depth in the Mereenie Field.
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stress (Section 2.5). The minifracture tests in the Mereenie Field were conducted in

cased holes through perforations. No fracture reopening pressure can be determined

where minifracture tests are conducted in cased holes (Section 3.6.1), hence 5¡¡¡6¡ cârl

not be determined from these tests. Image logs were run in 16 wells, resulting in 153

wellbore breakouts and 53 DITFs being interpreted (Hillis et al., 1999). The

maximum horizontal stress magnitude can be determined from observations of
wellbore breakouts, if the compressive rock strength is known. However, no

information on compressive rock strengths is available. Large numbers of DITFs

were observed in two wells: East Mereenie-38, with 3l interpreted DITFs, and West

Mereenie-l, with 9 interpreted DITFs, comprising 75%o of the total of 53 DITFs

interpreted across the field (Figure 6.4;Table 6.2). East Mereenie-38 and West

Mereenie-l were both drilled with higher mud weights than is tlpical for the

Mereenie Field. Mud weights up to l1 ppg were used in East Mereenie-38, and up to

11.9 ppg in West Mereenie-I, as opposed to the 9 ppg more commonly used (Hillis et

al., 1999). These higher mud weights are almost certainly responsible for the

common occurrence of DITFs in these wells (Section 3.3.4). As discussed in this

section, the occurrence of DITFs is used herein to constrain SH."*.

Hydrostatic
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6.3.1. DITF Occurrence
The observation of DITFs provides the best method for determining S¡¡ru* in the

Mereenie Field, in particular in wells in which information is available on the

remainder of the components of the stress tensor. Of the nine wells in which DITFs

were observed, six have information on Sn'in from minifracture tests (Table 6.2).

However, the minifracture tests in East Mereenie-37 and 38 were conducted

subsequent to a4-6 week period of production, depleting these wells and perturbing

the in situ stress tensor by means of pore pressure stress coupling (Addis, 1997; Hillis,

2000). Consequently, the stress state in these wells when the minifracture tests were

conducted may have been difïerent to that causing DITFs to form during drilling and

these wells are not used in the stress analysis. However, East Mereenie-30, West

Mereenie-9 and West Mereenie-l l were not produced prior to the minifractures being

conducted (Hillis et al., 1999) and are analysed herein. No minifracture was

conducted in West Mereenie-l nor is Po known in the well, precluding the observation

of DITFs in this well from being used for Su'a* determination.

\ilell Name Number of DITFs

East Mereeniel-30

East Mereenie-34

East Mereenie2-37

East Mereenie2-38 31

Wes Mereenie-I0

West Mereenie-l

West Mereeniel-l I

West Mereenie-I5

West Mereeniel-9

2

I

I

I

9

2

4

2

Tabte 6.2. Table of the number of DITFs interpreted in indlvidual wells. t indlc¡tes wells in
which mlnifractures were conducted prior to tñe wells being depleted,2 indlcates wells ln whlch
minifractures \üere conducted after depletlon.
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The occurrence of 75o/o of the observed DITFs in two wells with elevated mud

weights, while the other seven wells in which DITFs were observed contain an

average of 2 DITFs, suggests that wells drilled with 9 ppg mud are on the verge of

DITF formation.

The occurrence of DITFs can be combined with frictional limits to constrain the

maximum horizontal stress. The appropriate value for p varies between 0.6 and I

(Brace and Kohlstedt, 1980; McGarr, 1980;Zoback and Healy, 1984). However, the

observation that in-balance wells are on the verge of DITF formation suggests that a p

in the low end of this range is appropriate for the Mereenie Field. Consequently a tt

of 0.6 is used in this analysis.

West Mereenie-9
Two DITFs were interpreted in West Mereenie-9 at depths of l4l4 m and 1455 m

(Hillis et al.,1999). At intermediate depth of 1435 m Su is 34.6 MPa, Po is 12.1 MPa,

Po, is I 5. I and Sm¡n is 27 .8 MPa. The shaded region in Figure 6. I I represents the

stress states for which DITFs may form using the known Suo Pp, and P*. The vertical

line at the known Srrin in West Mereenie-9 further reduces the allowable values of

SHrr. (Figure 6.1l). The minimum value of Ss'u" is constrained by the minimum

value for which DITFs may occur (Section 3.6.3), while the maximum value is

constrained by frictional limits (Section 3.6.4). The minimum value of S¡¡'* for

which DITFs can occur is 56.3 MPa (Figure 6.12; Table 6.3). The maximum value of

Sn.u* from frictional limits (for p:0.6) is 60.5 MPa (Figure 6'l l; Table 6'3)'

West Mereenie-ll
Two DITFs were interpreted in Vy'est Mereenie-l I at depths of 1034 m and 1508 m

(Hillis et al., 1999). The minifracture test was conducted at a depth of 1448 m' At

this depth Su is 35.0 MPa, Po is 12.1 MPa, P* is 15.3 and S¡'n¡n is 31.3 MPa. The

shaded region in Figure 6.13 represents the stress states for which DITFs may form

using the known S", Pp, and P*. The vertical line at the known Sn'in in West

Mereenie-l I further reduces the allowable values of Ss'o* (FigUre 6.13). As in West

Mereenie-9, the minimum value of Su'u* is constrained by the minimum value for

which DITFs may occur (Section 3.6.3),while the maximum value is constrained by

frictional limits (Section 3.6.4). The minimum value of S¡¡'* for which DITFs can
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occur is 66.5 MPa (Figure 6.14; Table 6.4). The maximum value of SH'u* from

frictional limits (for p = 0.6) is72.5 MPa (Figure 6.13; Table 6.4).

Component Value

Depth

s"

1435 m

34.6 MPa

27ßMPa

l2.l MPa

l5.l MPa

56.3 (DITF) - 60.5 (frictional limit) MPa

039"N

Sn,nin

Pp

Pw

SHrnu*

Ssm* orientations

Table 6.3. Stress tensor in West Mereenie-9 at a depth of 1435 m.

2.5
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15

1.0

0.5

0.0
00 1.0 1.5

Shmin/Sv
2.O 2,5

Figure 6.11. Altowable region: shaded areo represents stress states in which DITFs can occur in
\ilest Mereenie.9.
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Figure 6.12. rilellbore stres¡es in \ilest Mereeniç9, for S" = 34.6 MPa' P, - 12.1 MP& P. - 15.1,
Srnro = 27.8 MPa and S¡¡-, = 56.3 MPa, S¡¡-, ls the only unknown ¡nd ls determlned to be of
mrgnitude such that wellbore stress state is on the verge of DITF form¡tion.
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0.5
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0.0 1.0 1.5
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X'lgure 6.13. Allowable region: sh¡ded sre¡ represents stress states ln whlch DITFs can occur ln
West Mereenie'l1.
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Figure 6.14. rileilbore stresses in West Mereenlell, for S" = 35.0 MPa' Pp = 12.1 Ml"'1" =-15.3'
S¡i¡n = 31.3 MPa attd Ssmx = ó6.5 MPa, S¡¡-, ls the only unknown and ls determlned to be of
magnitude such th¡t wellbore stress state ls on the verge of DITF formatlon.

Component Value

0

8S

Slress

-Arial
- Circ

Depth

sn

1448 m

35.0 MPa

31.3 MPa

l2.l MPa

15.3 MPa

66.5 (DITF)-72.5 (frictional limit) MPa

038'N

Sn,oin

Pp

P''"

Snr*

SHma* orientations

Table 6.4. Stress tensor in \ilest Mereenie-ll at a depth of 1448 m.
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East Mereenie-30
Two DITFs were interpreted in East Mereenie-30 at depths of 1216 m and 1415 m

(Hillis et a1.,1999). The minifracture test was conducted at a depth ol1442 m. At

this depth Sn is 35.8 MPa, Po is 9.3 MPa, P* is 15.2 and S¡'¡n is 18.2 MPa. The

shaded region in Figure 6.15 represents the stress states for which DITFs may form

using the known Su, Pp, and P*. The vertical line at the known Snr¡n in Figure 6.15

further reduces the allowable values of S¡¡"*. As in West Mereenie-9 & I I the

minimum value of SHru* is constrained by the minimum value for which DITFs may

occur (Section 3.6.3), while the maximum value is constrained by frictional limits

(Section 3.6.4). The minimum value of Ssro* for which DITFs can occur is 30.1 MPa

(Figure 6.16; Table 6.5). The maximum value of S¡¡'o* from frictional limits (for

p = 0.6) is 36.3 MPa (Figure 6.15; Table 6,5).

3.0

2.0

1.0

0.00.0 1.0 2.0 3.0
Shmin/Sv

Figure 6.15. Atlowable region: sh¡ded ares represents stress ststes ln which DITFs can occur in
East Mereenie-30.
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Figure 6.16. \ilellbore stresses in East Mereeniç'30, for S" = 35.8 MPa, Po = 9.3 MPa, P' :15.2'
Shnto = 18.2 MPa and S¡¡-, = 30.1 MP¡, S¡¡-, ls the only unknown ¡nd is determined to be of
magnitude such th¡t wellbore stress state is on the verge of DITF form¡tion..

Component Vslue

0

Strees

SITEEE

-Axial

Depth 1442m

35.8 MPa

18.2 MPa

9.3 MPa

15.2 MPa

30.1 (DITF) - 36.3 (frictional Limit)
MPa

020"N

Pp

su

Shrin

P*

SHru*

S¡¡'o* orientations

Tabte 6.5. Stress tensor in East Mereenie-30 at a depth oÍ 1442 m.
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6.4. The Mereenie F'ield In Situ Stress Tensor

The stress tensor determined in the West Mereenie-9 (Table 6.3), West Mereenie-l I

(Table 6.4) and East Mereenie-30 (Table 6.5) wells varies significantly. The

minimum horizontal stress varies from 18.2 MPa in East Mereenie-3O to 31.3 MPa in

West Mereenie-l1 at approximately the same depth. However, the stress state in each

of the wells is restricted to a small (shaded) region of the allowable region diagram

(Figures 6.11,6.13,6.15 and 6.17). Across the field, stress regimes vary from the

boundary of normaVstrike-slip (Sn = Srm* ) Sr,.¡n) to the boundary of strike-

slip/reverse (SH.u* ) Snmin = S"), all lying relatively close to frictional limit in the

strike-slip regime.

The significant variation in S¡'¡n (Pr) across the field (Figure 6.7; Section 6.2.3)

makes it impossible to characterize the field in terms of a single stress tensor. This

variation is in part due to large variations in Po resulting from depletion, but may also

be due to the structure and resulting variations in mechanical properties (Hillis et al.,

1999').

2.0

1.5

1.0

0.00.0 0.5 1.0 1.5 2,0 2.5
Shmin/Sv

Figure 6.17. Allowable region: Shaded area represents stress states in whlch DITFs can occur
(Mereenie Field).
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6.5. Implications

6.5.1. Fracture Stimulation
Fracture stimulation is used, in the Mereenie Field, to improve deliverability and

overcome low permeability resulting from frnes migration. Wells in which fracture

stimulations have resulted in poor post-stimulation production are characterised by

high treatment pressures and high closure pressures (Santos and NSI, 1997; Hillis et

al.,1999).

Five fracture stimulations in wells in the Mereenie Field with high P. gradients (0.8-

1.0 psi/ft) have been unsuccessful, resulting in flow rates less than 120 BOPD. The

mean flow rate in these wells is 50 BOPD, while the mean flow rate in 19 wells

stimulated with P" gradients less than 0.8 psi/ft is 250 BOPD.

Successful stimulations have been carried out throughout the field, including the

highly stressed West Mereenie region, in wells flowed for 4-6 weeks prior to fracture

stimulations being undertaken. This success is attributed to depletion of the reservoir

resulting in a decrease in the horizontal stress magnitudes (Addis, 1997; Santos and

NSI, 1997; Hillis et a1.,1999; Hillis, 2000; Section 5.5.1), leading to the formation of

a single vertical fracture. This flow period also concentrates fines in the vicinity of

the wellbore resulting in little or no fines migration towards the induced fracture,

further improving production (Santos and NSI, 1997).

Although, closure pressures throughout the field are less than the overburden stress,

suggesting vertical fractures are induced during fracture stimulation, high horizontal

stress magnitudes are the main diagnostic of problematic fracture stimulations in the

field. Targeting of low stress regions to avoid such problems is extremely diffrcult

given the very localised nature of stress variations. Consequently, depletion prior to

fracturing, is the key issue to improving fracture stimulation treatments. Whether

depletion prior to fracturing improves subsequent production rates by lowering the

horizontal stress magnitudes (thereby creating simple fractures) and/or by

concentrating fines near the wellbore prior to stimulation is not clear'
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6.5.2. Targeting Open Natural Fractures
In order to assess the potential for targeting open natural fractures as a development

strategy in the Mereenie Field, the ffiacture susceptibilityí method was developed and

used. Targeting open natural fractures requires knowledge of the nature of pre-

existing fracture populations (eg. orientation and density) and of their ability to carry

fluids within the in situ stress field, neither of which were known in the Mereenie

Field prior to this study. The fracture susceptibility technique allows information on

pre-existing fracture orientation and density to be easily combined with the effect of

the in situ stress field on the permeability of pre-existing fractures.

The technique follows the results of Barton et al. (1995) in recognising that critically

stressed fractures (i.e. subject to an in situ stress state that would induce failure) tend

to be open and hydraulically conductive. However, we incorporate the possibility that

fractures may be cemented and have cohesive strength (Dewhurst et al., 1999) and the

role of tensile and mixed mode failure as well as shear failure in fluid flow (Sibson,

r9e4).

The production of fracture susceptibility plots (Section 4.5.9) requires knowledge ot

the stress fîeld, and fracture orientations and a known/assumed failure envelope. The

susceptibility of an individual fracture to be open and permeable is determined by

calculating the shear and normal stress acting on that fracture and measuring the

change in Po (APo) required to cause failure for the known failure envelope (Figure

6.18). This can be undertaken for all potential fracture orientations and the results

plotted as a structural permeability plot þolar diagram of normals to fracture planes

coloured by ÂPp required to cause failure; Figure 6.19). Finall¡ as is undertaken

below for the Mereenie Field, known fracture orientations can be superimposed on the

structural permeability plot in order to assess which if any pre-existing fracture

orientations are suitably oriented to be open and hydraulically conductive within the

in situ stress field. Such a diagram is known as a fracture susceptibility plot.

The significant variation in the Mereenie Field in situ stress tensor necessitates a

variety of stress states to be considered in the analysis. Four stress states have been

chosen representing states, ranging from the boundary of normal faulting and strike-

slip faulting to the boundary of strike-slip and thrust faulting, and all near frictional

limit (Figure 6.20;Table 6.6). A variation in Ss'u* orientation from the regional
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Shear
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10.0

400
Normal Stress

60.0

Figure 6.18. Mohr diagram with Griflith failure envelope showlng three fractures (orientation of
A, B and C as in Figure 6.19) and the change in Po (AP) requlred to reactivete those fractures.
From the stresses acting on each fr¡cture it can be seen that the stress reglme ls strile-slip (Ar the
horizontal fracture is acted on by Sy'which is Sz hence strike-slip stress regime) and that S¡¡*, ls
oriented north-south (C, the vertical fractures strlklng east-west ls acted on by S'¡*r). The rlsk
of reactivation for these fractures is shown in Figure 6.19.
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Figure 6.19. Structural permeability diagram: contoured polar diagram of normals to fr¡cture
planes cotoured by the Po change required to reactivate that fracture. The fracture/fault (A) ls
horizontal. The fracture/fault (B) is dipping 45o towards l80oN. The fr¡cture/fault (C) is
dipping 90" towards 180oN

90270

t23



Me¡eenle Fleld

035oN to -090"N is observed in two closely spaced wells, East Mereenie-34 and 38,

on the southem flank of the Mereenie structure (Figures 6.3 and 6.4). However, this

variation in orientation is extremely spatially limited when compared to the fïeld-wide

035"N trend and only the field-wide 035oN SHma* trend is considered here.

2.5

1.5

1.0

0.5

00
0.0 2.0 2.5

Shmin/Sv

Figure 6.20. Allowable region diagram with stress cases used in structur¡l permeability analysis.
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0.5 1.0 I

Case
SHr.,

MPa/km
Str¡n

MPa/km MPa/km
Pp

MPa/km
s"

Case fV

Case trI

Case tr

Case I

1

2

3

4

24.5

36.6

48.8

61.0

13.0

t6.7

20.7

24.5

24.5

24.5

24,5

24.5

7.3

7.3

7.3

7.3

Table 6.6. Stress cases used in structural permeablllty c¡lcul¡tions.

The failure envelope for fractures in the Mereenie Field is not known. A Griffrth

failure envelope was chosen such that the in situ stress tensor is on the verge of

frictional failure (Figure 6.21).
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Figure 6.21. Griffith Failure envelope.

The failure envelope is combined with the four stress cases to produce structural

permeability diagrams of fracture reactivation risk (Figure 6.22), enabling assesment

of the likelihood of specific fracture orientations to be open and hydraulically

conductive.

The orientation and abundance of fractures within the field can be investigated by

examining core samples and image logs. Natural fractures, conductive on resistivity

image logs, were interpreted in image logs from 16 wells in the Mereenie Field (Hillis

et al.,1999; Figure 6.23). Hillis et al. (1999) interpreted the pattern of natural

fracturing in the Mereenie Field as g.4le2 fold-related fracturing in the classification

of Stearns and Friedman(1972). Type 2 fold-related fractures comprise tensile

fractures parallel to the fold axis and orthogonal to bedding, and associated conjugate

shear fractures also orthogonal to bedding (Figure 6.24). Observations from image

log and core data suggest that natural fracture densities are relatively low in the

Mereenie Field (Hillis et al., 1999). However, wells drilled in the Mereenie Field are

þpically drilled back into the structure at high angles to bedding, minimizing the

chance of intersectingtype-2 fold related fractures. Consequently fracture densities

may be higher than indicated by image logs and core samples.
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The observed fracture populations are combined with the in situ stress freld and

assumed failure envelope to produce fracture susceptibility plots for each of the four

stress cases (Figure 6.25).
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Figure 6.22. Structural permeability diagrams for stress cases ln Table 6.6, uslng a Grlfllth
failure envelopes.
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figure 6.23. Stereonet, rose diagram and depth plot ofconductive (on image log) fr¡ctures ln the
Mereenie Field. Stereonet ls lower hemlsphere poles to plenes. Fractures are plotted on the
depth ptot with dlp on the x-axis ¡nd the direction of the tadpole lndlcatlng the dlp dlrectlon.
The rose dirgram (red) is calculated uslng fracture strikes.
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Figure 6.24. Ide¡lised fold-related natur¡l fracture types (after Stecrns ¡nd Frledm¡nr1972)
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Figure 6.25. Fr¡cture susceptibility plots for stress cases in Table 6.6' using a Grlfllth failure
envelope and conductive (on image log) fractures in the Mereenie Fleld.
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Vertical Fractures striking 000"N and 070oN are among the most likely to be open

and conductive in all four stress cases (Figure 6.25). A limited number of fractures

were interpreted to strike 070oN (Figure 6.25). However, a significant number of

fractures were interpreted to be highly dipping and strike 000'N (Figure 6.25).

Consequently, highly deviated wells drilled horizontally in the 090'N or 270oN

directions are the most prospective in terms of natural fracture intersection in the

Mereenie Field.

6.6. Conclusion

Although there is a relatively low fracture density in the Mereenie Field, the highly

dipping north-south striking fracture sets are suitably oriented with respect to the in

situ stress field to be open and productive. Given wells to-date have been drilled

orthogonal to the pre-existing fracture sets, they may have been undersampled, and

the sets suitably oriented within the in situ stress field remain feasible exploration

targets. The highly variable nature of S1,,oin means targeting low Sn,o¡n zones, where

fracture stimulations are more successful, is not feasible and as at Swan Lake,

depletion prior to fracturing remains an important strategy.
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7. Gulf of Thailand:
Wellbore Stability and F'ault Reactivation

7.1. The Problem

The Pattani Basin, Gulf of Thailand (Figure 7.1) is a region of active petroleum

exploration and production, in which no information was available on the in situ stress

field prior to this study. The in situ stress tensor is of interest in the Pattani Basin

with respect to wellbore stability and hydrocarbon migration pathways. It is also

relevant to an improved understanding of the contemporary tectonics of the basin, but

that issue is not addressed in this thesis.

Production from offshore fields requires drilling wells in a wide variety of azimuths

and deviations from fixed platforms. Wellbore trajectory, mud weight, the in situ

stress field and rock strength are critical variables controlling wellbore stability.

Wells drilled in different trajectories are subject to different stability problems.
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Figure 7.1. Gulf of Thalland location mrp.
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Knowledge of the in situ stress tensor and appropriate planning can mitigate these

problems through selection of appropriate mud weights, wellbore trajectories and

even selection ofthe appropriate platform location for a particular target.

The Pattani Basin is dominated by northñsouth trending faults, which in places show

northwest-southeast and northeast-southwest jogs and bends. The main oil and gas

fields are located in open gently-dipping, faulted antiforms cut by numerous conjugate

normal faults. The likelihood of different fault sets providing migration pathways,

and associated exploration potential, can be assessed in terms of the reactivation

potential of faults within the in situ stress field. As in naturally faulted reservoirs,

faults close to failure are those most likely to provide migration pathways.
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Figure 7.2. Stratlgraphy of the Gulf of Thailand (after Lian ¡nd Bradley' 1986).

This chapter determines the in situ stress tensor in the Pattani Basin by combining the

available data with routine and non-routine stress determination techniques.

Knowledge of the in situ stress tensor is applied to fault reactivation-related fluid

migration and to wellbore stability.
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7.2. Routine Stress Determination Techniques

7.2.1. Vertical Stress
Hillis et al. (2001) determined the vertical stress magnitude in the Pattani Basin from

data acquire d in 2l wells in seven fields in the Pattani Basin, using techniques

described in Section 3.2 (Figure 7.3). The vertical stress in the Pattani Basin is

closely approximated by the power law function:

Sv: 0.0085 zt't2s1 Eq.7.r,

where the vertical stress is in MPa and z is depth in meters below sea-level (Hillis et

al.,2001).

1000

2000

3000

4000 20 40 60 80 100 120
Pressure (MPa)

Figure 7.3. Vertical stress magnitude calculated in 2l wells ln seven flelds in the Pattanl B¡sin
(from Hillis et al., 2001).

The vertical stress magnitudes calculated are consistent throughout the Pattani Basin

(Figure 7.3), and the mean values upon which Equation 7.1 is based are likely to be

robust throughout the Patüani Basin. As is seen in most basins worldwide, there is a

variation in the vertical shess gradient with depth from approximately 20 MPa/km at

0

1.0 psi/ft

1.1 psi/ft

0.9 psi/ft
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1000 m to 23 MPa/km at 3000 m. This increase in vertical stress gradient with depth

is related to increased rock density with depth due to sediment compaction.

7.2.2. Horizontal Stress Orientations
Horizontal stress orientations were inferred from wellbore breakouts interpreted using

dipmeter log (HDT) data from 5l wells in the Pattani Basin. No image log data were

available for the basin. Breakouts were interpreted using the methodology described

in Section 3.4 and Table 3.1 (Hillis et al., 2001). A total of 298 breakouts were

interpreted in 42 wells. Of the nine wells with no interpreted breakouts, four could

not be interpreted due to tool problems (tool sticking or erroneous calipers), and three

were highly deviated. The three logs run in wells deviated by more than l0o were

found to be strongly key-seated and to exhibit no rotation. The results for the entire

basin are shown in Figures 7 .417 .6. Figure 7.4 summarizes S¡¡'u* orientations

inferred from breakouts for the entire basin as un-weighted and length-weighted rose

diagrams. Figures 7.5 and 7.6 show Ssmax orientations infened from breakouts for

individual wells across the basin, projected on the MMU horizon (837-6) structural

map and on the near top sequence 3 reflector (C61-3) structural map respectively.
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Figure 7.4. Summary of S¡¡.", directions inferred from wellbore bre¡kouts in the Pattani Basin
(from Hillis et al.' 2001).
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Figure 7.5. Un-weighted S¡¡-, orlentations lnferred from wellbore bre¡kout¡ superlmposed on
(a) Structure ¡t C61-3 (near top sequence 3). (b) Structure at 837-6 (i.e. MMU' or near top
sequence 4) level (from Hillis et al.' 2001).
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Figure 7.6. Length-welghted S¡¡-, orientations inferred from wellbore breakouts superimposed
on (a) Structure at C61-3 (near top sequence 3). (b) Structure at B37-6 (i.e. MMU, or near top
sequence 4) level (from Hillis et ¡1., 2001).
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Breakout-inferred S¡¡.¿* orientations are predominantly north-south, parallel to the

structural grain of the basin (Hillis et al., 2001; Figures 7.5 and 7.6). The maximum

horizontal stress orientation parallels variations in the structural grain from its

regional north-south orientation in several regions of the basin. For example, the

S¡¡.u* orientation between the Satun and Kaphong Fields is parallel to fault strike in

nearly all wells, paralleling fault strikes that range from NNW-SSE to NE-SW

(Figures 7.5 and 7.6). The fault strike-parallel nature of the S¡¡'* direction is

somewhat better developed with respect to near top sequence 3 (C6l-3) structure than

MMU (837-6) structure.

The correlation between the structural grain and S¡sr* orientation is consistent across

the basin, with the exception of four wells (Baanpot-2, Baanpot-3, Dara'4 and Erawan

K-1). These wells exhibit east-west S¡¡.u* orientations that are perpendicular to the

structural grain. The origin of these local perturbations is uncertain and may be the

result of stresses locally rotated perpendicular to faults that have higher shengths than

the surrounding rock (Bell, 1996b) or enlarged pre-existing natural fractures/drilling-

induced tensile fractures are being mistaken for borehole breakouts (Dart and Zoback,

1989). lmage logs would be required to unambiguously interpret whether the

localised east-west S¡1.* orientations are genuine local deflections of the stress fteld,

or due to enlarged pre-existing natural fractures and drilling-induced tensile fractures

being mistaken for borehole breakouts (Hillis et al., 2001).

7.2.3. Minimum Horizontal Stress Magnitude
The minimum horizontal stress was determined from I 12 leak-off test pressures from

the entire basin and three minifracture tests from the Erawan Field (FigureT.7).

Ideally pressure/time records for all leak-offtests would be checked to ensure

consistent interpretation of leak-offpressures. However, pressure/time records were

only available for 16 of the tests. Inspection of the available pressure/time records for

the Pattani basin suggests that leak-offpressures have been consistently interpreted.

Three minifracture tests were undertaken in the Erawan Field (within the

overpressured interval). Closure pressures for all three tests were available, while

pressure time records were available for two of the tests. Consequently, closure

pressures were interpreted from the two available pressure time records in accordance
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with the techniques described in Section 3.5.2 (Figures 7.8 and 7.9). These

interpreted fracture closure pressures (Erawan C-21: P" = 48.6 MPa, Figure 7.10;

Erawan C-23:P"= 48.3 MPa, Figure 7.ll) are consistent with those provided by the

operator.

1 000

2000

3000

4000 0 20 40 60 80 100 120
Pressure (MPa)

Figure 7.7. Depth plot showing 126 LOTs (.) and three minifracture test P" (X) from wells in and
adjacent to the Pattani Basin.

The lower bound to leak-off pressures in the Pattani Basin suggests that the Snm¡n

gradient is 15 MPa/km (0.66 psi/ft) in the normally pressured sequences. There are a

significant number of leak-offpressures in excess of the l5 MPa/km gradient, but

most of these elevated leak-offpressures were from tests performed in deviated wells,

where leak-offpressure does not yield Snrin (as discussed further in Section 7.3.1), or

overpressured sequences. The Snmin gadient of 15 MPalkm is an appropriate lower

bound to leak-offtest pressures obøined in vertical wells through normally pressured

sequences.

As is commonly seen worldwide (eg. Breckels and van Eeklen,1982), minimum

horizontal stress is elevated in the overpressured sequences and is reasonably

described by a gradient of 19 MPa/km (0.S4 psi/ft) in the overpressured interval for

0

15 MPa/km

18 MPa/km

19 MPa/km

a
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the regional dataset and 18 MPa/km (0.80 psilft) in the overpressured interval for the

Erawan Field. These values must be treated with caution as they are based on a

limited amount of data.
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Figure 7.11. Pressure versus root of time after pumping stopped' used to determine P".

7.2.4. Pore Pressure
Pore pressures were determined from mud weights in 57 wells, 774 WFIT

measurements in 47 wells and 50 DST measurements in l6 wells (Hillis et a1.,2001;

Figure 7.12). Section 3.7 summarises how these tests yield Po. The Po gradient varies

from 10.0 MPa/km to 18.7 MPa/km. This represents a significant variation in Po

gradient. Given the variable Po and S¡¡¡¡¡ gradients (Section 7.2.3), three stress tensors

were considered when investigating the implications of the in situ stress data. The

three tensors considered were for normally pressured areas, for þpical Pattani Basin

regional overpressures and for overpressured zones in the Erawan Field.

7.3. Non-Routine Stress Determin¡tion Techniques

The maximum horizontal stress, as is often the case, is the most problematic aspect of

the in situ stress tensor to constrain in the Pattani Basin. Furthermore, many of the

commonly applied methods for constraining S¡1,n* could not be applied in the Patüani

.,¿'l¿ctu¡ø clotutc

Fraoluó Clouru

t-*"

\ìì
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Basin, due to a lack ofdata. The occurrence/non-occurrence ofborehole breakouts

(Section 3.6.2') and drilling-induced tensile fractures (Section 3.6.3) could not be

utilised to constrain S¡¡.* because neither image log nor rock strength data were

available. Re-opening pressures interpreted from the minifracture tests (Section

3.6.1), could not be used because the minifracture tests were conducted in cased holes.

Frictional limits can be used to constrain S¡¡¡¿¡ maglitudes where the S' and/or Snrin

and Po are known (Section 3.6.4). Frictional limits to S¡¡¡¡* calculated using known

the known minimum stress S¡,o¡n (Section 7.2.3) and Po (Section 7.2.4) are listed in

Table 7.1. However these provide only upper limits to S¡¡¡¡x in a strike-slip stress

regime.

1000 1 000

2000 2000

3000 3000

4000 400060 80.0 1 I 20 40 ô0 1

Pressure (MPa) Pressure (MPa)

Figure 7.12. Porcpressure in the P¡ttaniÍrom774 WFITs 1o¡ and 50 DSTs (XXA) and P' (*)
from 57 wells (B).
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In the absence of other available methods for constraining Ss'r*, modelling was

undertaken of a systematic variation in leak-offpressures (LOP) with wellbore

deviation that was observed in the data (Figure 7.13). Aadnoy (1990a) proposed a

method for constraining the complete in situ stress tensor using leak-off pressure from

wellbores of different deviations and azimuths. A variation of this technique

developed by the author is used to constrain Sn'u* herein.
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Figure 7.13. Polar diagram of wellbore azimuths and deviations for leak-off tests conducted
above 1650 m (normally pressured), coloured by effective mud weight (emw). Blue (o) lndic¡tes a
low emw while red (r) indicates a high emw.

7.3.1. Forward Modelling of Variation in Leak-OffPressures
Aadnoy (1990a) proposed a method for inverting LOPs from wells of different

orientations and deviations to constrain the complete in situ stress tensor. Aadnoy's

(1990a) mathematical inversion can be unstable and is limited by the unreliability of

leak-offpressures (inconsistent test procedures and interpretations), and the

assumption that all leak-offpressures being considered are subject to the same stress

freld (GjDrnes et al., 1998). Furthermore, Aadnoy's (1990a) inversion ignored all

shear stress components. Gj Drnes et al. (1998) developed an inversion technique

utilising all stress components and found significant errors resulting from shear
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stresses being ignored. GjDrnes et al. (1998) concluded that additional methods need

to be combined with the LOP inversion, in order that uncertainty is reduced. In the

technique used herein, the LOP variation with azimuth and deviation is forward

modelled for a number of different Ss,"* scenarios in order to see which best fits the

observed data. This forward modelling removes the potential numerical instability of

the inversion.

Iæak-offtests have been conducted in wells in the Pattani Basin with deviations of up

to 53J, and 85 leak-offtests have been conducted in wellbores with deviations greater

than 15". Leak-offtests conducted in the Pattani Basin display a systematic increase

in LOP gradient with wellbore deviation that is considered to reflect the state-of-stress

(Figure 7.13). However, this trend is superimposed on an increase in LOP gradient

with depth (Figure 7.7). This increase in LOP gradient with depth is probably the

result of the increase in Po gradient with depth (Figure 7 .12; Section 7 .2.4; Breckels

and van Eeklen, 1982). Consequently, only LOTs conducted in the normally

pressured zone, above 1650 m, are considered in this analysis (in order to remove

LOP variation due to Po).

The inversions developed by Aadnoy (1990a) and GjDrnes et al. (1998), and the

forward modelling undertaken herein rely on the relationship between the fracture

initiation pressure and hence leak-offpressure, and the minimum stress (ot'¡n) at the

wellbore wall. The minimum wellbore stress is in turn controlled by the in situ stress

tensor and the wellbore trajectory (Section 4; Equations 4.1 - 4.11). Consequently,

fracture initiation pressure varies systematically with wellbore deviation and azimuth

within a given stress field.

Given Equations 4.1 - 4.11, if Ss.¡n, Sn, and Po have been constrained the only

unknown in forward modelling LOPs is Ss'a* (Section 7.2).

The variation of LOP with wellbore azimuth and deviation was predicted for frve

cases of sur*, with s¡¡¡¡;ç ranging from s¡.¡¡ to frictional limit (Table 7.2;Figure

7.14). The aim of the forward model is not to match the actual LOP, but the relative

variation in LOPs with deviation and azimuth. Hence, the scales on the forward

models (Figure 7.14), and the observed data (Figure 7.13), are all normalised to the

range 0-l and illustrate relative increases in LOP.
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Table7.2. The five cases for which forward models of fracture inltiation (leak-off) pressures
were determined. The cases coyer the range of possible values of Sr¡-' within frictional limits.
s", s¡,,¡o, rnd Po are independently constrained, and are the same in ¡ll five cases.

Case I predicts decreasing LOPs with increasing deviation (Figure 7.14). This is the

opposite of the observed increase in LOP with deviation and hence SH'u* CSh.in.

This is further supported by the common occuffence of breakouts in vertical wells

indicating significant anisotropy between Sumax and Sn'o¡n. Case V predicts no

significant variation in leak-offpressure for the range of deviations seen in the Pattani

Basin (Figure 7.14),and hence is also not a reasonable case. Case V is at the frictional

limits to stress, and the absence of seismicity in the Gulf of Thailand is consistent

with the stresses being somewhat below their frictional limit.

Case II predicts an increase in LOPs in wells deviated towards 250-290fN and 070-

l10JN, and no change or a decrease in LOPs in wells deviated in other directions

(Figure 7.14). This is inconsistent with observation and hence Case II is not valid'

Cases III and IV show the best match to the observed leak-offpressure data. Given

the common occurrence of breakouts in vertical wells in the Pattani Basin, it is likely

that there is significant anisotropy between S¡¡¡¡¡ç and S¡¡¡¡, fild hence Case [V is the

preferred case.
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7.4. Gulf of Thailand In Situ Stress Tensor

The Gulf of Thailand in situ stress tensor has been determined using variation in

LOPs with deviation and azimuth combined with S" from density logs and checkshot

surveys (Section 7.2.1), S¡¡¡ru" orientation from wellbore breakouts (Section 7.2.2),

Sr.in from LOTs and minifractures (Section 7.2.3) and Po from WFITs and DSTs

(Section 7.2.4). The normally pressured zone is subject to a strike-slip stress regime

in which S¡¡.nu* is only slightly greater than Su (Table 7.3). The maximum horizontal

stress is not constrained in the overpressured zone which is subject to a range of

possible stress states represented by the vertical line in Figure 7.15. However, the

lack of seismicity and continued occurrence of wellbore breakouts in the over

pressured interval suggests a stress regime similar to that of the normally pressured

zone, i.e. a strike-slip faulting regime close to the boundary of normal faulting regime

(Table 7.3).

Stress Component Normally Pressured Over Pressured

SHn,,u* Orientation 0000N 000"N

su

Sh,nin

Pp

SH,nu*

20 MPa/km 23 MPa/km

l5 MPa/km l8 MPa/km

l0 MPa/km 14 MPa/km

-20 - -22.8 MPa/km l8<-<26.5MPa/km

Most Likely SH'u* 22.8MPa/krn 24.6MPa/krn

Table 7.3. Pattanl Basin in situ stress tensor for normally pressured and overpressured zones.

The vertical stress gradient in the normally pressured scenario is taken to be that at

approximately I km depth, and in the overpressured scenario, approximately that at 3

km depth, but in situ stress gradients are used in order that the stress data are

essentially depth-independent. The values summarised in Table 7.3 are used in the

following sections in considering the implications of the in situ stress tensor for fault

reactivation-related hydrocarbon migration and wellbore stability.
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Figure 7.15. Allowable region diagram showing possible variation in S¡¡*, and the most likely
value.

7.5. Implications

7.5.1. Wellbore Stability
The normally pressured and overpressured in situ stress scenarios (Table 7.3) within

the Pattani Basin were selected in order to investigate the implications for wellbore

stability in the area.

Wellbore stability is assessed in terms of the risk of wellbore collapse due to breakout

formation, and risk of lost circulation due to the formation of fractures in the wellbore

wall (DITF risk). Breakout risk is calculated in terms of the rock strength (uniaxial,

C6) required to prevent breakout formation normalised to Su (Section 4.5.10). Drilling

induced tensile fracture risk is expressed in terms of the maximum mud weight, above

which DITFs will be initiated.

Breakout risk is greatest for vertical wells in both of the stress scenarios considered

(Figures 7.16 and7.l7). Vertical wells, drilled in the Pattani Basin, have been

successfully drilled. Hence, wells of any trajectory can be successfully drilled, with

respect to breakout-related instability, given the same rock strength and drilling

SrooRange Most Likely Case
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parameters as encountered in the vertical wells. The successful drilling of wells of a

variety of deviations and azimuths, further confirms the predictions of the wellbore

stability analysis.

The most stable horizontal drilling trajectories, with respect to breakout-related

instability in both scenarios investigated, are approximately NE, SE, SW and NrW'

Highly deviated wells drilled in these azimuths should be relatively immune from

breakout development.

The risk of DITF occuffence, like that of breakout occuffence, is greatest in vertical

wells in both of the stress scenarios considered in the Patûani Basin (Figures 7.18 and

7.19). Hence DITFs form at the lowest mud weight in vertical wells. DITF risk

reduces only slightly for wells deviated in the Su'* direction, but decreases

significantly for wells deviated in the Sr,nin direction, i.e. DITF risk is lowest for wells

highly deviated in the east or west direction. This is likely to be of greatest

significance in overpressured zones,partly because the risk of forming DITFs in the

overpressured zones is higher than that in the normally pressured intervals, but also

because the safe mud weight envelope is generally narrower in overpressured

intervals. In overpressured zones, where an elevated mud weight is required, wells

deviated in the Snr¡n direction, are less likely to see mud loss due to the fracture

gradient being exceeded.

All the wellbore stability results above should be considered as relative values of

stability for different trajectories, rather than absolute values. No rock strength data

are available, nor have the results been calibrated against drilling experience to take

account offactors such as surge and swab pressures and stresses induced by the

cooling effect of drilling mud on the wellbore wall. Such calibration needs to be

undertaken in order to make predictions of appropriate mud weights for particular

wellbore trajectories in particular regions of the Pattani Basin.

148



Gulf of Thalland

0

330

270

I
a

L
¡
I

t
t

ô0 ppg
24.38

90

17.42

ppg
2ô.36

19.81

120

210 150
10.45

180

Figure 7.18. Potar diagram of wellbore trajectorles coloured by maxlmum mud welght (ppg)'
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7.5.2. Fault Reactivation
The implications of the in situ stress tensor in the Pattani Basin for fault reactivation

and hydrocarbon migration pathways are discussed in this section for both normally

and over pressured scenarios (Table 7.3).

As discussed in Section 6.5.2, fault reactivation is closely linked to subsurface fluid

flow and hence the migration, accumulation, breaching and re-migration of

hydrocarbons. There is abundant evidence that active faults and fractures, i.e. those

subject to stresses close to those that induce failure, provide high permeability

conduits for fluid flow during deformation (Sibson, 1994; Barton et al., 1995).

Furthermore, active faults and fractures provide conduits for fluid flow even in shaly

systems (Dewhurst et al., 1999).

Although in the Pattani Basin \üe are concerned with predicting faults that are likely

to provide hydrocarbon migration pathways (and thereby refining exploration

models), as opposed to looking for hydraulically conductive fractures in low

permeability reservoirs, the methodology is the same as that used in the Mereenie

Field (Section 6.5.2). The known in situ stress field is combined with an assumed

failure envelope to determine the likelihood of reactivation of fault orientations

(Figures 6.21and6.22). The in situ stress field and failure envelope used are shown

in Figures 7.20 and7.2l.

Significant vertical fluid migration is observed in the Pattani Basin. Despite the lack

of present day seismicity in the Pattani Basin, the stress field may be locally

disturbed, and reactivation and fluid flow along reactivated faults may be induced by

episodic Po build-up (Sibson, 1992). The risk of fault reactivation is expressed as the

ratio APo/Su, i.e. the increase in Po required to cause failure normalised to Su (Figures

7.22 and/.23). Hence at 1 km depth (Sn=20 MPa) in the normally pressured scenario,

the plane most likely to be reactivated requires a Po increase of only 1.4 MPa for

reactivation, whereas the plane least likely to be reactivated requires a Po increase of

12.8 MPa, assuming the failure envelope shown in Figure 7.20, At I km depth in the

overpressured case the plane most likely to be reactivated requires a Po increase of

only 0.9 MPa for reactivation, whereas the plane least likely to be reactivated requires

a Po increase of 10.6 MPa (Figure 7.23).In the normally pressured scenario, vertical

faults striking approximately 30æast or west of N-S are the most likely to be
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reactivated (Figure 7.22). N-S oriented vertical faults are located between that

conjugate shear pair and are also likely to be reactivated and hydraulically conductive

within the in situ stress field. Faults shiking N-S and those striking 3Oooeast or west

of N-S show little reduction in their risk of reactivation with decreasing dip until

shallow dips (<40o| are attained. E-W striking faults of any dip (and horizontal

planes) are the least likely to be reactivated.
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The orientations of faults most likely to be reactivated are the same for the

overpressured scenario as for the normally pressured scenario, but in the

overpressured scenario, a slightly lesser increase in Po is required for reactivation

(Figure 7.23). Hence, the existing structural grain (N-S trending faults, which in

places show NW-SE and NE-SIW jogs and bends) is suitably oriented for reactivation

(Figures 7 .5 and7.6). At 1 km depth, and assuming the failure envelope of Figure

7.20,vertical NW-SE (3304 and NE-SW (03001 trending faults require an increase in

Po of only slightly in excess of I MPa, or a gas column of approximately I l0 m (for a

density contrast with respect to water of 0.9 g/".t) for reactivation/seal breach.

It should be re-iterated that if migration occurred in a palaeo-stress field that differed

from that ofthe present-day, then the above predictions are not relevant to such an

earlier phase of migration/breach. It should also be noted that reactivation risk, hence

risk of seal breach is a three-dimensional problem and care must be taken not to make

predictions based on fault strike alone.

7.6. Conclusion

Stable wells (without breakouts or DITFs) can be drilled in all trajectories, in the

Pattani Basin, provided rock shength and drilling parameters as previously'

encountered in the basin and the stress regime as described herein. The most unstable

drilling trajectory with respect to both breakout and DITF formation is a vertical well,

and vertical wells have been successfully drilled in the basin.

The in situ stress tensor and dominant fault orientations in the Pattani Basin are

suiøbly oriented for fault reactivation given a small increase in Po. Hence they may

provide conduits for vertical hydrocarbon migration in the basin.
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8. Otway Basin, South Australia:
F'ault Seal Risk

8.1. The Problem

The Penola Trough, Otway Basin, South Australia (Figures 8.1 and 8.2) is a

northwest-southeast oriented rift feature. The producing fields and prospects are

bound by a series of complex planar faults (Cockshell, 1995). Residual columns

(traps in which hydrocarbons were present, but have migrated out of subsequent to

being charged) have been encountered, and have been interpreted as being breached

due to fault reactivation (Jones et al., 2000).

Jones et al. (2000) demonstrated, using mercury injection capillary pressure analysis,

that the capillary properties the cap seal rocks in the Penola Trough were
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Figure 8.1. Otway Basin location map.
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Figure 8.2. Otway Basin stratigraphy (after Moore et al.' 2000).
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sufficient to hold back significant hydrocarbon columns. Jones et al. (2000) also

demonstrated that, at least in several traps, juxtaposition and fault damage processes

promote fault sealing, i.e. there is no juxtaposition of permeable formations across

trap-bounding faults and fault damage (grain diminution) processes have yielded fault

rocks that can hold back significant hydrocarbon columns (up to -100 m of gas).

Hence Jones et al. (2000) infened that fault reactivation post-charge, within the in situ

stress field, was the most likely cause of trap breach. This chapter constrains the in

situ stress tensor of the Otway Basin in order to assess whether fault reactivation is the

cause of seal failure, and if so which fault geometries are less likely to be reactivated

and breached.

8.2. Routine Stress Determination Techniques

8.2.1. Vertical Stress
Vertical stress profiles were calculated for six wells in the Otway Basin,

Argonaut-lA, Chama-lA, Copa-I, CrayFrsh-I, Katnook-2 and Ladbroke Grove-l

using the techniques described in Section 3.2 (Figure 8.3; Appendix D). Five of the

wells had density correction logs (DRHO) enabling spurious data to be removed (i.e.

values for which DRHO > 0.2 {cc; Section 3.2). S" was calculated, in these five

wells, using the corrected density logs and the average density to the top of the

density log calculated from checkshot velocity surveys using the Nafe-Drake sonic

velocity/density transform (Ludwig et al.,1970; Section 3.2). The sixth well,

Crayfish-1, had no DRHO log and \ilas consequently corrected using a de-spiking

frlter (Section3.2). Su was calculated, in Crayflrsh-1, using the de-spiked density log

and the average density to the top of the density run calculated from a checkshot

velocity survey.

The vertical stress profiles in the Otway Basin show significant variation. In

particular Sn is significantly higher in Katnook-2 and significantly lower in Argonaut'

lA (Figure 8.3 and Table 8.1). The author believes that difference reflects different

uplift across the basin (and thus differential erosion of low density, near surface

sediments), which has been subject to neotectonic activity (Dickinson et al., 2001).
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Well
S" Grndient
1 km depth
lMPa/km)

S" Gradient
2 km depth
(MPa/km)

S" Gradient
3 km depth
lMPa/km)

Argonaut-14

Chama-l

Copa-1

Crayfish-1

Katnook-2

18.5

18.8

18.6

19.7

20.0

2t.r

20.6

21.3

21.7

21.0

2t.4

22.1

22.9

Ladbroke Grove-l 2r.6

Table 8.1. Vertical stress gradients at dilferent depths for the wells in which S" was calculated.
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Figure 8.3. Vertic¡l stress proflles for the Otway Basin. Calculated using Argonaut-lA'
Chama-lA, Copa-l, Crayfish-l, Katnook-2 ¡nd L¡dbroke Grove-I.

Excluding Katnook-2 and Argonaut-lA, S" is consistent in the remaining four wells

(Figure 8.4; Table 8.1). The vertical stress magnitude in these four wells is closely

approximated bythe power law function:

0

0

psi/ft1

1.1 psi/ft

0.9 psi/ft
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Sv = 0.0077 zl'l3o8s Eq.8.l,

where the vertical stress is in MPa and z is depth in meters below sea-level.

0 D

1000

2000

3000

4000 0 20 40 60 80 100 120
Pressure (MPa)

Figure 8.4. Vertical stress profiles for the Otway B¡sln. Calculated using Chama-lA' Copa-l'
Crayflsh-l and Ladbroke Grove-l.

8.2.2. Horizontal Stress Orientation
Horizontal stress orientations were determined as outlined in Section 3.4 from 216

breakouts and 16 DITFs interpreted from image logs run in Haslegrove-I, Jacaranda

Ridge-I, Killanoola-lDW and Wynn-I, and dipmeter logs run in Hungerford-I,

Redman-1 and Rendelsham-l (Figures 8.5 ñ 8'12; Appendix E). The mean

declination corrected Sn.u* orientation is 123JN (Table 8.2).

The Snoo orientations determined from the seven wells are relatively consistent

across the Otway Basin, with variations in mean orientation from l07oN to 133'N

(Table 8.2 and Table 8.3). The most anomalous S¡n,* orientation, of 107"N, was

obtained at Killanoola- I DW.

Killanoola-lDW has the highest deviation (up to 20') in the study. However, this

deviation does not account for the 16o difference from the regional SH'u* orientation

1.0 psi/ft

1.1 psi/ft

0.9 psi/ft
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trend. The low standard deviation and high quality of the breakouts observed in

Killanoola-lDrW suggest there is a genuine variation in S¡¡'* orientation at this

location.

Sowce Un-Weighted Length-Weighted

Mean SD Number Mean SD

Total
Length

lm)

Breakouts l23oN 16.8' 216 l2l'N 11.60 1232,8

DITFs 123"N 5.50 l6

Tsble 8.2. Ss-, orientatlon lnferred from bre¡kouts and DITF¡. SD: st¡ndard devl¡tlon.
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Figure 8.5. Un-weighted Sn-, orlentations determlned lrom2l6 breakout¡ (o) and 16 DITFs (o)
from image logs in four wells and dipmeter logs from 3 wells.
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Figure 8.6. Un-welghted S¡¡-, orlentations determlned from breakouts (r) and DITFs (o)
interpreted in image log ln Haselgrovçl.
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Figure 8.7. Un-weighted S¡¡*, orient¡tions determlned from breakouts (r) interpreted in
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Flgure 8.8. Un-weighted Sr¡-, orient¡tions determlned from bre¡kouts (o) interpreted ln lmage
log in Jacaranda Rldge.l.
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Figure 8.10. Un-weighted SH-, orientatlons determined from breakouts (o) interpreted in
dipmeter log ln Redman-l.
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X'igure 8.12. Un-weighted SH-, orientatlons determined from breakouts (o) and DITFs (.)
interpreted ln image log in Wynn-I.

75

90

105255

)

l

t
t
a

rùVell Un-Weighted Length-Weighted

Mean SD Count Mean SD
Length

lm)

Haselgrove-l 1230N 3.lo l8 120'N 2.90 430.02

Hungerford-l l32oN 26.0o 27 127"N 28.1o 32,3t

Jacaranda Ridge-l l24oN 7.3" 95 1250N 8.00 468.19

Killanoola-lDW 107'N 4.3o 3l 1070N 3.80 97.33

Redman-l l2g.N 3l.lo 27 127'N 38.50 59.43

Rendelsham-l 133'N 19.50 t2 l3loN 12.4" 60.81

Wynn-l I l5"N 4.lo 6 ll40N 3.80 84.72

Table 8.3. Breakout inferred S¡¡^. orlentatlons from 7 wells in the Otway Basln.
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The standard deviation of breakouts within an individual well interpreted from image

logs ranges from 2.9o to 8.0o, while the standard deviation for breakouts interpreted

from dipmeter logs ranges from 12.4o to 38.5o (Table 8.3). Furtherlnore, combining

the results from image logs results in a breakout infened S¡¡.u* orientation of 120"N

and a standard deviation of 9.5o, while combining the results from dipmeter logs

results in a breakout inferred S¡1ru* orientation of 13l'N and a standard deviation of

27.0". This highlights the improved accuracy and confidence in determining S¡¡'n*

orientations afforded by image logs over dipmeter logs.

8.2.3. Minimum Horizontal Stress Magnitude
The minimum horizontal stress magnitude was determined from leak-offtests (LOTs)

and four extended leak-offtests (XLOTs; Section 8.3). Leak-offtest data was

collected for all non-confidential wells drilled after 1980 in the Otway Basin, from

well completion reports and mud logs stored at Primary Industries and Resources

South Australia (PIRSA; Appendix F). This resulted in data from 15 LOTs and 13

FITs in the Otway Basin (Figure 8.13). These LOTs are relatively consistent and

indicate an S¡o¡n gradient of -15 MPa/km. All the tests were recorded as effective

mud weights and no original pressure/time records were found. Nonetheless

consistency of the LOPs with depth suggests a consistent method of interpretation.

Given the significance of the fault seal issue in the Otway Basin, and the importance

of having good in situ stress data to predict fault reactivation potential, five XLOTs

were conducted in exploration wells drilled by Origin Energy. The procedures,

problems and results of these tests are discussed in Section 8.3.1.

8.2.4. Pore Pressure
Pore pressures in the Otway Basin were determined from l0 DSTs, 90 WFITs and

mud weights from 33 wells (Section 3.7). DST measurements were obtained from

PIRSAís PEPS database, while WFITs and mud weights were obtained from well

completion reports and mud logs from non-confidential wells drilled after 1980,

stored at PIRSA (Figure 8.14). The 90 WFITs and l0 DSTs indicate a Po gradient of

9.8 MPa/km, while the P," gradient is -11 MPa/km from 33 wells. Neither

overpressures nor virgin under-pressures have been observed in the Otrvay Basin
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Figure 8.13. Depth plot showing 15 LOTs (o) from wells in the Otway Bacln.
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Flgure 8.14. Pore pressure in the Otway Basin from (A) 90 WFITs (o) and l0 DSTs (X) ¡nd (B)

P* (*) from 33 wells.
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8.3. Non-Routine StressDetermination Techniques

The maximum horizontal stress is, as is commonly the case, the most problematic

aspect of the in sitr¡ stress tensor to constrain in the Penola Trough. Maximum

horizontal stress magnitudes can be determined using XLOTs and/or the observation

of wellbore failure (Section 3.6) or constrained using frictional limits to stress

(Section 2.5). Five XLOTs were conducted in open holes in the Otway Basin.

Extended leak-off tests can yield Sn'in, and may be used to determine S¡¡.*, if
fracture re-opening pressure can be interpreted (Section 3.6.1). However, in the

Otway Basin fracture reopening pressures cannot be interpreted from the XLOTs

(discussed in this section). Nonetheless the XLOTs are discussed in this section

because they are a non-routine method of stress determination and indeed because the

author was directly involved with the planning and rigsite execution of these tests.

Image logs were run in Haslegrove-I, Jacaranda Ridge-I, Killanoola-lDW and

Wynn-I. Breakouts and DITFs were observed on these logs. Maximum horizontal

stress magnitude can be constrained from the occurrence of wellbore breakouts, if the

compressive rock strength is known (Section 3.6.2). In this case compressive rock

strengths are available for the interval where breakouts occured in Jacaranda Ridge-l

(Dewhurst et a1.,2001). Furthermor€, S¡¡¡a¡ can be constrained from observations of

DITFs (Section 3.6.3). This section discusses XLOTs in the Otway Basin, and the use

of the occurrence of DITFs and breakouts to constrain SHr"".

8.3.1. Extended Leak-Off Tests
Five XLOTS were conducted to better understand the stress tensor in the Penola

Trough. These were conducted, in time order, in Wynn-I, Jacaranda Ridge-I,

Ladbroke Grove-3, McNamara Park-l and Balnaves-l. The author was directly

involved in the planning and rig site execution of the tests at Jacaranda Ridge-I,

McNamara Park-l and Balnaves-1. Procedures were modified sequentially in the

tests to yield better results.

The determination of S¡1.n* from XLOTs requires the interpretation of an accurate Pr

(Section 3.5.2). However, the occurrence of DITFs in the Otway Basin (Section

8.2.2) implies that the minimum wellbore stress is close to zero and hence Pr is close

to zero,making interpretation diffrcult. Consequently no fracture reopening pressures
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are interpreted and no estimate of SHru* is made from the XLOTs. They are, however,

used to obtain improved estimates of S¡r¡n.

Wynn-1
The rig crew conducted the XLOT at Wynn-l using the cement pumps and the

resulting data was supplied for interpretation. Figure 8.15 displays the pressure and

volume pumped versus time. The first cycle indicates that fluid was pumped into the

wellbore increasing the pressure, but it is unclear whether a fracture was initiated or a

problem occurred at the surface resulting in fluid return and a sharp pressure drop.

Consequently, the second cycle may have either initiated or reopened a fracture, and

P, cannot be confidently interpreted.

Wynn-l XLOT
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Figure 8.15. Down hole pressure and Volume pumped versus tlme for the XLOT conducted at
952 m in Wynn-l.

The pressure record indicates that in the second cycle a fracture was either initiated or

reopened and then propagated away from the wellbore. Pumping was then ceased and

the resulting pressure decline can be seen in Figure 8.15. A plot of pressure versus

the square root of time since pumping stopped is used to interpret P" (Section 3.5.2;

Figure 8.16), as fracture closure is not obvious on the pressure time record (Figure

versus root time plot displays a linear pressure decay with a break8.15). The pressure
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in gradient at ll.7 MPa (Figure 8.16). Consequently, Sn'in is interpreted to be

11.7 MPa at a depth of 952 m, corresponding to an Sr,m¡n gradient of I2.3 MPa/km.

However this value for Sn'in is below frictional limit (p = 0.6) for the well-

constrained S" and may be due to a poor cement job above the freshly drilled

formation. This combined with the problems encountered in the fïrst cycle of the test

makes the estimate of Sn'¡n obtained in Wynn-l unreliable.

Wynn-l XLOT

Fracture Closure
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F'igure 8.16. Down hole pressure versus the square root of time since pumping stopped for the
XLOT conducted at \ilynn-l. The interpreted P" is 11.7 MPa.

Jacaranda Ridge-l
The XLOT at Jacaranda Ridge-l was conducted using analogue surface pressure

gauges, a digital data recorder and a pressur€ transducer, and the pressure-testing

pump, all supplied by the rig contractor. The pressure-testing pump is a high-pressure

pump (rated to 5000 psi), but is only capable of pumping at -0.1I bbVmin, and was

used instead of the cement pumps to reduce the cost of conducting the XLOT. The

analogue pressure gauges were connected to the pressure-testing PumP, while the

pressure transducer was connected directly to the wellhead. The digital data recorder

recorded pressure measurements from the pressure transducer every two seconds.
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The test was conducted at a depth of 750 m in -3 m of new hole in the Eumeralla

Formation. The test procedure is given in Table 3.1.

1. Pumping was begun at < 0.1 bbl/min.

2. The pump rate was increased to approximately 0.1 bbl/min.

3. Iæak-offwas observed and an additional -0.2 bbl pumped.

4. Pumping was stopped, the well shut in and pressure decay monitored.

5. When pressure stabilised the pressure was vented off.

6. Pumping was resumed.

7. Fracture reopening was observed and pumping was continued to
propagate fracture.

8. The pump rate was halved

9. The pump rate halved again

10. The pressure stabilised, pumping was stopped and the well shut in while
the pressure decay was monitored.

I l. The pressure stabilised and was vented off.

Table 8.4. Procedure used durlng the XLOT conducted rt J¡caranda Ridge-l.

The apparent leak-offobserved on the analogue pressure gauges during the first cycle

was in fact due to a malfunction in the pump (the pump rate of which declined) and

did not represent actual leak-off(Figure 8.17). Consequently, leak-off did not occur

in the first cycle. A fracture was initiated and propagated away from the near

wellbore stress concentration in the second cycle. However, no Pr can be interpreted

without a definite leak-offin the first cycle. The pressure decline in the second cycle

is dominated by radial flow, suggesting a relatively permeable formation. A plot of

the pressure versus the root of time since pumping was stopped was used to remove

the affect of the radial flow and assist in the interpretation of P' (Section3.5.2; Figure

S.l8). The surface pressure at which the fracture closure is interpreted as 2.0 MPa,

however P. is not obvious on the pressure versus root time plot. This corresponds to a

down hole pressure of 9.6 MPa for a mud weight of 8.6 ppg and a depth of 750 m.

Consequently, S¡¡o¡n is interpreted to be 9.6 MPa at a depth of 750 m, corresponding to

an S¡r¡n gradient of 12.8 MPa/km. However this value for S¡'¡n is below frictional
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limit (¡r: 0.6) for the well-constrained Sn. This combined with the problems

encountered in the first cycle of the test makes the estimate of S¡'¡n obøined in

Jacaranda Ridge- I unreliable.

Jacaranda Ridge-l XLOT
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Figure 8.17. Surface pressure recorded during Jacarand¡ Ridge-l XLOT conducted at 750 m.

The two main problems encountered at Jacaranda Ridge-l were the incorrect

interpretation of leak-offas the test was being conducted and diffrculty in interpreting

P.. The inability to recognise leak-offin real time in the first cycle was a direct result

of using inappropriate analogue pressure gauges. The gauges were rated to 5000 psi,

while the maximum pressure reached during the test was 600 psi. The proposed

solution to this problem was to link the data recorded directly to a laptop with the

necessary software to visualise pressure versus time in real time, allowing the test to

be conducted correctly. This approach was used in the remaining XLOTs.

The difficulty in interpreting P. was due to the significant radial flow resulting from

high formation permeability. The high permeability also reduces the rate of

pressurisation, lengthening the total time for the test. Combining an increased pump

rate with pumping a larger volume of fluid to propagate the fracture further can

overcome these problems. The larger fluid volume increases the size of the fracture

resulting in a more obvious fracture closure. The higher pumping rates can mitigate
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the loss of fluid to the formation increasing the rate of pressurisation and maximising

the size of the induced fracture for the volume of fluid pumped. However, the pumps

used have a maximum pump rate of -0.1I bbls/min and hence only an increase in the

volume pumped to propagate the fracture could be implemented in subsequent tests.

Jacaranda Rldge-l XLOT

0.5

0
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Root Tlme (mlns)
3.5 4.0 4.5 5.0

Figure 8.18. Surface pressure versus the square root oftime since pumping stopped for the
XLOT conducted at Jacaranda Ridge-1. The interpreted P" is 2.0 MP¡.

Ladbroke Grove-3
Peter Boult of Origin Energy conducted the XLOT at Ladbroke Grove-3 and the

resulting data was supplied to the author for interpretation. The test was conducted

using a pressure transducer connected directly to a laptop, and the pressure-testing

pump. The laptop connected to the pressure transducer enabled the pressure time

record to be visualised in real time, allowing the test to be conducted correctly.

However, the pressure transducer was connected to the high-pressure line, at the

pump end, connecting the pump to the wellhead. This led to errors in the pressure

readings, particularly while pumping, due to the frictional losses associated with fluid

flow down the high-pressure line. The error associated with the pressure reading

during the pressure decline is negligible as little to no fluid flows along the high-

pressure line. Thus, only the pressure recorded during the pumping phases needs to

be corrected. The pressure loss can be determined from the pressure drop
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immediately after pumping is stopped or the pump rate is changed. The correct

pressure can be calculated by subtracting the magnitude of the pressure drop for a

particular pumping rate from the pressure measured while pumping at that rate. The

test was conducted at a depth of 820 m in -3 m of new hole, using the procedures

described in Section 3.5.2. The corrected pressure versus time record is shown in

Figure 8.19.

l¡dbroke Grove-3 XLOT
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01020304050

Tlme (mlns)

Figure 8.19. Surface pressure recorded during Ladbroke Grove-3 XLOT conducted at 820 m.

A fracture was initiated in the first cycle and propagated in the second cycle, making

interpretation of P. possible (Figure S.19). The pressure declines from both cycles are

affected by radial flow. Consequently, plots of pressure versus the square root of time

since pumping stopped are used to interpret P. for the first and second cycles (Figures

8.20 and 8.21). The surface pressure at which fracture closure is interpreted is

4.38 MPa in the first cycle and 4.29 MPa in the second cycle. These equate to down

hole pressures of I2.7 MPa for the first cycle and,12.6 MPa for the second cycle, for a

mud weight of 8.6 ppg and a depth of 820 m. The fracture has been propagated

further into the far field stresses (beyond the wellbore effect) in the second cycle. A

gradual lowering of P. in later cycles of some tests has been observed (Enever and

Wooltorton,lgS2; Gronseth and Kry, 1982; Hickman and Zoback,l982) and is

attributed to the reduction in magnitude of viscous pressure losses within the
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hydraulic fracture as it propagates (Hickman and Zoback,1982). Consequently, the

estimate Snrin determined from the second cycle is more reliable than that of the first

cycle. The minimum horizontal stress at 820 m in Ladbroke Grove-3 is interpreted to

be 12.6 MPa, corresponding to an S¡'¡n gradient of 15.4 MPa/km.

Ladbroke Grove-3 XLOT
lst Cycle

Fracture

I
\

\

0.0 0.5 1,0 1.5 2.O 2.5

Root Tlme (minr)
3,0 3.5 4.0

Figure 8.20. Surface pressure versus the square root of time slnce pumping stopped for the fir¡t
cycle of the XLOT conducted at Ladbroke Grove-3. The interpreted P. is 4.38 MP¡.

l¡dbroke Grove-3 XLOT
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Figure 8.21. Surface pressure versus the square root of time slnce pumping stopped for the
second cycle of the XLOT conducted ¡t Ladbroke Grove-3. The lnterpreted P. ls 4.29 MP¡.
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McNamara Park-l
The XLOT at McNamara Park-l was conducted using a pressure transducer

connected directly to a laptop, and the wellhead. The laptop connected to the pressure

transducer enabled the pressure versus time record to be visualised in real time,

allowing the test to be conducted correctly. The pressure transducer was connected

directly to the wellhead to eliminate the errors in the pressure readings due to

frictional losses encountered at Ladbroke Grove-3. The test was conducted at a depth

of 547 m in -3 m of new hole, using the procedures described in Section 3,5.2. The

pressure versus time record is shown in Figure 8.22.

McNamara Park-l XLOT
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Figure 8.22. Surface pressure recorded durlng McNamara Park-l XLOT conducted at 547 m.

Fracture initiation was not achieved in McNamara Park-l, despite pumping for 30

minutes in the second cycle (as opposed to -10 minutes for the other XLOTs), at a

pump rate of -0.1 barrels/minute which had been successfully used in the previous

tests. The inability to fracture the formation precludes P. from being interpreted and

hence no stress estimate can be made.

The inability to fracture the formation may be the result of high formation

permeability, which is evidenced by the slow rate of pressurisation and the rapid rate

of pressure decline after the cessation of pumping. The casing shoe is normally set in
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a shaly zone, however at McNamara Park-I, the last drill cuttings indicated a sandy

formation. Thus it seems likely casing was set in a permeable sand.

The use of higher pumping rates and drilling mud as opposed to water may alleviate

the problem. Higher pumping rates enable the fluid loss to the formation to be

overcome, while the use of drilling mud may result in the formation of a mud cake,

reducing the fluid loss to the formation.

Balnaves-1
The XLOT at Balnaves-l was conducted using a pressure transducer connected

directly to a laptop, and the wellhead. The test was conducted at a depth of 860 m in a

well-compacted silty sand with a mud weight of 8.55 ppg in -3 m of new hole, using

the procedures described in Section 3.5.2. The pressure versus time record is shown

in Figure 8.23.

A pump rate of -0.1 bbls/min resulted in a linear and rapid pressure build up

suggesting little fluid loss to the formation (Figure 8.23). Formation breakdown was

achieved and a fracture propagated away from the wellbore into the far field shess

tensor. This fracture was further propagated in the second cycle of the test.

Plots of pressure versus root time after pumping stopped are used to aid the

interpretation of P. (Section 3.5.2; Figures 8.24 and 8.25). The pressure versus root

time plot for the first cycle shows fracture closure at 4.7 MPa as witnessed by a sharp

change in slope (Figure 8.24). The pressure versus root time curve for the second

cycle exhibits a less clear P" at-4.8 MPa (Figure 8.25). The reason for a more

ambiguous P, in the second cycle is not known. Enever (1993) suggested that an

increase in Po in the vicinity of the fracture in later cycles can cause an increase in P"

resulting from poroelasticity and that in this case the first cycle provides the most

reliable P". Consequently the P, in the first cycle is used, which is unambiguous and

gives a reliable estimate of S¡,n¡o of 13.4 MPa at 860 m, corresponding to an S¡'¡n

gradient of 15.5 MPalkm.

175



Olway Basln

ì -_l

/
/ \

/ \
\

6

5

4

3

2

aúÈ.
o
tooo
È

Balnaves-l XLOT

1.5

Root Tlme (mlns)
2.0 2.5

1

0
0 10 20 30 40

Tlme (mlns)
50 60 70

Figure 8.23. Surface pressure recorded during B¡lnaves-l XLOT conducted at 8ó0 m.
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tr'igure 8.24. Surface pressure versus the square root oftime since pumping stopped for the first
cycle of the XLOT conducted ¡t Balnaves-I. The interpreted P. ts 4.7 MPa.
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Figure 8.25. Surface pressure versus the square root oftime since pumplng stopped for the
second cycle of the XLOT conducted at Balnaves-l. The interpreted P" ts 4.8 MPa.

8.3.2. DITF Occurrence
Drilling-induced tensile fractures were observed in two of the four wells in which

image logs were available, Haselgrove-l and Wynn-I. Informatiofi oll Pp, P'" and

Sn,nio is available for Haselgrove-1, as are regional Su profiles. Hence, the occurrence

of DITFs in Haslegrove-l can be used to constrain SHro*. Given that the Snm¡n

determined in Wynn-l is unreliable, in the absence of Sn'in, the occurrence of DITFs

in Wynn-l cannot be used to constrain SHru*.

The maximum P* gradient in Haslegrove-l is I1.3 MPa/km. This value is tlpical for

the Otway Basin and is slightly higher than the Po gradient.

The occurrence of DITFs can be combined with frictional limits to constrain the

maximum horizontal stress. The appropriate value for p varies between 0.6 and I

(Brace and Kohlstedt, 1980; McGarr, 1980;Zoback and Heal¡ 1984). However, the

limited number of DITFs interpreted and the restriction of those DITFs to two wells

indicates that in-balance wells are on the verge of DITF occurrence. This suggests

that a p in the low end of this range is appropriate for the Otway Basin. Consequently

a p of 0.6 is used on this analysis.
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Haselgrove-1
Thirteen DITFs were interpreted in Haselgrove-l at depths of 2750 m to 3137 m

(Section 8.2.2). The LOT was conducted at a depth of 888 m indicating an Sn'in

gradient of 15.0 MPa/km. The single LOT at Haselgrove-l yields an Sh'in consistent

with the XLOTs conducted at Ladbroke Grove-3 and Balnaves-I, and the regional

LOT trend (Figure 8.26). This combined with the lack of overpressure in the region

and the lack of any significantly deeper estimates of Sn.in makes 15.0 MPa/km the

most reliable estimate of the Snmin gradient. At a depth of 2750 m, the depth at which

DITFs were observed, the S¡'¡n gadient is 15.0 MPa/km, the Su gradient is

2I.7 lNlPa/krr., the Po gradient is 9.8 MPa/km and the P," gradient is I1.3 MPa/km

(Table 8.5; Figure 8.27). The shaded region in Figure 8.28 represents the stress states

for which DITFs may form using the known S", Pp, and P,". A vertical line for the

known Sn.in further reduces the allowable values of S¡¡'n*. The minimum value of

S¡1n'r* is constrained by the minimum value for which DITFs may occur (Section

3.6.3), while the maximum value is constrained by frictional limits (Section 3.6.4).

The minimum value of Ss'o for which DITFs can occur is 23.9 MPa/km (Figure

8.28). The maximum value of S¡¡'* from frictional limits (for p: 0.6) is

26.0 MPa/km (Figure 8.28).

Component Value

Depth

su

Sn,nin

Pp

P,',

SHto*

S¡¡.u* orientations

2750 m

21.7 MPa/kî
15.0 MPa/km

9.8 MPa/km

ll.3 MPa/km

23.9 (DITF)-26.0 (füctional limit) MPa/km

123"N

Table 8.5. Stress tensor in Haselgrove-l ¡t a depth of 2750 m.

8.3.3. BreakoutOccurrence
Breakouts were observed in the four wells in which image logs were available,

Haselgrove-I, Jacaranda Ridge-l, Killanoola-lDW and lWynn-I. S¡¡¡¡¡¡ can be

constrained using the occurrence of breakouts and rock strength. However, rock
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Figure 8.26. Depth plot of XLOT Po from Balnaves-l ¡nd L¡dbroke Grove-3, ¡nd LOPs from the
entlre Otway Basln.
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Figure 8.27. Depth plot showing, LOT (o), mud weights (+) and 1VFIT¡ (o) from Haoelgrove-l'
and S, (+) from four wells ln the Otway Basin.
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Figure 8.28. Allowable region: Shaded åre¡ represents stress states in which DITFs can occur
(Haselgrove-1).

strengths were only available for Jacaranda Ridge-l (Dewhurst et al., 2001).

Information on Pp, Po, and S" are not available specifically for Jacaranda Ridge-I.

However, regional values are used. As at Wynn-I, the XLOT ar Jacaranda Ridge-l is

considered to yield an unreliable S¡,¡n (below frictional limit) and the regional Sr,'in

gradientof l5 MPa/km is used.

Three samples were collected in Jacaranda Ridge-l for the purpose of laboratory rock

testing. These samples consist of a phyllosilicate fault rock from a depth of 2634,2 m,

a cataclasite from a depth of 2636.5 m and a reservoir sample from a depth of
2636.85 m, coincident with observed breakout. Failure envelopes were determined

for each of these three samples (Dewhurst et al., 2001; Figure 8.29). The reservoir

rocks have a uniaxial compressive rock strength of 54 MPa (Figure 8.30). At 2635 m,

the depth of rock test data and breakout occurrence, Su = 56.9 MPa, Sn*in = 39.5 MPa,

P* = 29.0 MPa and Pp = 25.8 MPa (Sections 8.2 and 8.3.1). For this stress tensor,

S¡¡¡¿¡ rrust exceed 54.5 MPa in order for breakouts to develop (Figure 8.31). This is

the value for which breakouts will begin to form for a uniaxial rock strength of

54 MPa. Breakouts are well developed in Jacaranda Ridge-I, and the rock strength

relevant in the context of breakout formation is Co I C < l.36Co (Moos andZobaak,

20

-+S*r.*

- 

S¡mrr
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1990; Section 3.3.3). Thus SHr* :54.5 MPa is a conservative lower bound to S¡¡¡¡¡¡.

The equivalent minimum Ss'a,. gradient is 20.7 MPa/km (normal fault regime).

However, the rock strength data and breakout occurrence are consistent with the lower

bound to Suma* of 23.9 MPa/km, indicating a strike-slip fault regime, determined

using the observation of DITFs in Haselgrove-l (Section 8.3.2) as breakouts are also

predicted for this value.

10 20 30 40 50

Effective Normal Stress (MPa)

60 70

Figure 8.29. Failure envelope for rock samples taken from J¡carand¡ Rtdge-l (after Dewhurst et
al., 2001).
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Figure 8.30. Failure envelope for reservoir sample from 2636.85 m with Mohr circle showlng a
uniaxial compresslve rock strength of 54 MPa.
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f igure 8.31. \üettbore stresses at a depth of 2635 m, with S" = 56.9 MPa, S¡.¡n = 39.5 MPar
P. = 29.0 MPa, Po = 25.8 MPa ¡nd Su-, = 54.5 MP¡ end a f¡ilure line for ¡ uni¡xial compresslve
rock strength of 54 MP¡.

8.4. Otway Basin Stress Tensor

The observation of DITFs combined with Snrin determined from LOTs and XLOTs,

Su from four density logs and Po from WFITs and DSTs indicate a strike-slip stress

regime close to frictional limit with stress magnitudes as summarised in Table 8.6.

Given that both S¡¡,n* determined from the occurrence of DITFs and breakouts are

lower bounds to SH.a,*, the higher lower bound yielded by DITF occuffence is used in

the following discussion of the implications of the in situ stress field because it

provides a tighter constraint on S¡¡'*.

8.5. Implications

8.5.1. Fault Reactivation and Seal Breach
The implications of the in situ stress tensor in the Penola Trough for fault reactivation

and seal breach are discussed in this section for the range ofin situ stresses outlined in

Section 8.4 (Table 8.6). Two cases are investigated, the lower bound to Sn**

0
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obtained from the observation of DITFs and the upper bound to S¡¡¡¡¡¡ obtained from

friction limits (Table 8.6).

Stress Component Value

Suru* Orientation 123"N

21.7 MPa/k{n

15.0 MPa/km

9.8 MPa/km

23.9 (DrrF)-26.0
(Frictional Limit) MPa/km

Table 8.6. Otway Basin in situ stress tensor at 2700 m.

Fault reactivation is closely linked to subsurface fluid flow and hence the migration,

accumulation, breaching and re-migration of hydrocarbons. There is abundant

evidence that active faults and fractures, i.e. those subject to stresses close to those

that induce failure, provide high permeability conduits for fluid flow during

deformation (Sibson, 1994; Barton et al., 1995). Reactivation can breach fault-bound

traps even if there is fault juxtaposition- andlor fault damage-related seal.

Furthermore, active faults and fractures provide conduits for fluid flow even in shaly

systems (Dewhurst et al., 1999).

As discussed in the introduction to this chapter (Section 8.1), prior work by Jones et

al. (2000) suggested that the capillary properties of cap seals in the Otway Basin are

such that they should hold back signifïcant hydrocarbon columns. Across-fault

juxtaposition relations and fault damage processes also suggest faults should be

sealing. Hence reactivation of faults bounding traps seemed the most likely cause of

seal breach (Jones et al., 2000).

Although in the Otway Basin we are concerned with predicting faults that are likely to

have been reactivated and caused seal breaching, the methodology is the same as that

used to predict hydraulically conductive fractures in the tight reservoirs of the

Mereenie Field (Section 6.5.2)
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The investigation of fault reactivation requires knowledge of the in situ stress tensor

and of the failure envelope of the fault. The failure envelope for the fault bounding

the trap at Jacaranda Ridge-l was determined by Dewhurst et al. (2001; Figure 8.32)

and the in situ stress tensor is given in Section 8.4 (Figure 8.32). Note that many

previous studies of faults reactivation have assumed that the failure envelope for fault

rocks are described by cohesionless Byerlee (1978)-bpe friction laws (Monis et al,,

1996; Fenill et al., 1999; Wiprut and Zoback,2000). The lab tests of Dewhurst et al.

(2001) show that fault rocks are not cohesionless and cohesion, which is incorporated

herein, has a significant influence on fault reactivation potential.

00 800
Normal Sfess

Figure 8.32. Mohr circles representing the Otway Basin in situ stress tensor (S¡¡*' = 63.0 MP¡,
from observation of DITFs) and fautt failure envelope from (Dewhurst et al.' 2001).

The risk of fault reactivation is expressed as the ratio AP'/S", i.e. the increase in Po

required to cause failure normalised to Su (Figures 8.33 and 8.34).

Vertical faults striking -123"N are the most likely to be reactivated, with AP/S' = 0.37

for both the upper and lower bound Ssma:r câs€s (Figures 8.33 and 8.34). This

corresponds to a Po difference of 2l.l MPa, at a depth of 2635 m (the fault depth in

Jacaranda Ridge-l). Vertical faults striking 033'N are the least likely to be

reactivated, with AP/S" = 0.78 using the lower bound to Suma:r (Figure 8.33) and AP/S'

: 0.88 using the upper bound to SHma* (Figure 8.34). The pore pressure change

required to cause fault reactivation for faults of all orientations is large.
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Consequently, the risk of fault seal failure in the Penola Trough is relatively

low,suggesting that seal breach in the Penola Trough is not due to fault reactivation,

assuming all faults have a similar failure envelope to that of Jacaranda Ridge-1.

During the course of this study Origin Energy has drilled several prospects in the

Penola Trough, targeting fault-bound traps with different fault orientations. These

wells have intersected residual hydrocarbon columns. These results tentatively

suggest that fault orientation (and thus reactivation potential) do not control seal

integrity in the Otway Basin. This is consistent with the rather large increase in Po

required to cause fault reactivation in the area. It should be re-iterated that if
migration/breach occurred in a palaeo-stress field that differed from that of the

present-day, then the above predictions based on the in situ stress field are not

relevant to such an earlier phase of migration/breach. However, the variation in

breached fault orientations suggests that seal failure is due neither to contemporary or

paleo fault reactivation. Boult et al. (2002) has similarly concluded that fault

reactivation may not be responsible for seal breach in the Otway Basin. Boult et al.

(2002) have observed extensive fracturing of the cap seal units in the Otway Basin on

image logs not analysed in this study. Combined with the results of the analysis

herein, and evidence for strong faults (Dewhurst et al., 2001), this has led Boult et al.

(2002) to suggest that pervasive fracturing ofpreviously intact cap rock, rather than

fault reactivation, may be responsible for seal breach. Although beyond the scope of

this thesis, it will be interesting to test this hypothesis against in situ stress variation

across the Otway Basin and to look for ì low stressî areas where cap seals may be

unfractured.

8.6. Conclusion

The in situ stress tensor in the Penola Trough, combined with failure envelopes for

fault rocks (Dewhurst et al., 2001) suggest that seal breach in the Penola Trough is not

due to fault reactivation. This conclusion is supported by recent drilling experience in

the Penola Trough, in which fault-bound traps with a variety of different fault

orientations are breached. Pervasive fracturing of previously intact cap rock (which

may be weaker than fault rocks) may be responsible for seal breach. This hypothesis

requires further testing using in situ stress data and modelling.
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9. Concluding Statement

The aims of this thesis were to apply existing, and develop new techniques for in situ

stress determination from oil field data, and to utilise these techniques within several

case studies of the varied significance of in situ stress data to petroleum exploration

and production.

Existing stress determination techniques, and new techniques, have been implemented

using the SWIFT software developed as part of this thesis. These techniques have

been applied to case studies in four regions of petroleum exploration and production:

the Swan Lake Field, South Australia; the Mereenie Field, Northern Territory; the

Gulf of Thailand; and, the Otway Basin, South Australia. Techniques for in situ stress

determination have been used and developed depending on the available dataset in

each case study, resulting in:

modest advancement in stress determination techniques (especially

horizontal DITFs and forward modeling of LOPs);

significant advancement in knowledge of the stress tensor in the four

study areas;

better understanding of the stress-related problems in the study areas,

and;

some solutions to stress-related problems in each of the case studies and

identification of other areas requiring further research.

a

a

a

a
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Appendix A

Appendix A
Functions and Parameters in the SWIFT Stress Classes

41. Class Stress

Function Returns Description

CopySt0

GetSHmax0

GetShmin0

GetSv0

GetPp0

GetHazi0

GetDeviQ

GetOrient0

GetBeta0

GetGamma0

GetSigl10

GetSig120

GetSig130

GetSig22Q

GetSig230

GetSig330

GetNorm0

stress*

double

double

double

double

double

double

double

double

double

double

double

Creates a copy ofan instance ofstress
and returns a pointer to it
returns the magnitue of S¡1.*

double returns the magnitue of S¡.¡n

double returns the magnitude of Su

double returns the Pp

double returns the wellbore azimuth (degrees)

returns the wellbore deviation
(degrees)
returns the orientation of Ssn,,u*

(degrees; see Section 4.2)
returns the dip (Þ) of S¡¡,,nu* (degrees;
see Sectio 4.2)
returns y (degrees; see Section 4.2)

returns Slr from the transformed
matrix (see Section 4.2)
returns Srz from the transformed
matrix (see Section 4.2)
returns Sl¡ from the transformed
matrix (see Section 4.2)
returns Sz: from the transformed
matrix (see Section 4.2)
returns Sz¡ from the transformed
matrix (see Section 4.2)
retums S33 from the transformed
matrix (see Section 4.2)
returns the normal stress acting on a
plane whose dip direction and dip isdouble
set using SetHazi0 and SetDeviO
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X'unction Returns Description

GetShear0

GetPois0

GetMu0

GetMui0

GetCo0

GetT0

GetDepth0

GetFMu0

GetFMui0

GetGriffithOnly0 int

GetGriffS hear(doub le) double

GetGriffNorm(double) double

GetCoulomb Shear(double) double

GetCoulombNorm(double) double

GetGriffCoul S hear(double) double

GetGriffCoulNorm (doub le) double

returns the shear stress acting on a
plane whose dip direction and dip is
set using SetHazi0 and SetDevi0
returns Poissonís Ratio

returns the internal coefficient of
friction
returns the uniaxial compressive rock
strength
returns the tensile rock strength

returns the Depth

returns the f(p) (see Section 2.5)

returns the f(pi) (see Section 2.5)

returns 0 for a Griffith failure
envelop

1 for a composite
Griffith-Coulomb failure
envelope

2 for a Coulomb
failure envelope
returns shear stress value ofthe
Griffith failure envelope for a given
normal stress value
returns normal stress value of the
Griffith failure envelope for a given
shear stress value
returns shear stress value of the
Cloulmb failure envelope for a given
normal stress value
returns normal stress value of the
Coulomb failure envelope for a given
shear stress value
returns shear stress value of the
Grifhth-Coulomb failure envelope for
a given normal stress value
returns normal stress value of the
Griffith-Coulomb failure envelope for
a given shear stress value
returns shear stress value ofthe
Coulomb failure envelope for a given
normal stress value using the internal
coefficient of friction

double returns the coefficient of friction

double

double

double

double

double

double

double

double

GetWB CoulombShear(double) double
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Function Returns Description

Get'WB C oulombNorm(doub le) double

GetWB GriffCoul Shear(double) double

GetWB GriffCoulNorm(double) double

SetSHmax(double or int)

SetShmin(double or int)

SetSv(double or int)

Set12(double)

Setl3(double)

Set23(double)

SetPp(double or int)

SetHazi(double or int)

SetDevi(double or int)

SetOrient(double or int)

SetGamma(double or int)

SetBeta(double or int)

SetPois(double)

SetMu(double)

SetMui(double mue)

SetCo(double)

SetT(double)

returns normal stress value of the
Coulomb failure envelope for a given
shear stress value using the internal
coefhcient of friction
returns shear stress value of the
Griffith-Coulomb failure envelope for
a given normal stress value using the
internal coefftcient of friction
retums normal stress value of the
Griffith-Coulomb failure envelope for
a given shear stress value using the
internal coefficient of friction
Sets the magnitude of S¡¡u,o*

Sets the magnitude of Sn'in

Sets the magnitude of Su

Sets the value of S12 (see Section 4.2)

Sets the value of S13 (see Section 4.2)

Sets the value of Sz3 (see Section4.2)

Sets the value of Po

Sets the hole azimuth/dip direction of
the plane (degrees)
Sets the hole deviation/dip of the plane
(degrees)
Sets the orientation of SH.u* (degrees)

Sets y(degrees; see Section 4.2)

retums the dip (Þ) of Sg,u* (degrees;
see Section 4.2)
Sets Poissonís Ratio

Sets the coefficient of friction

Sets the coeffìcient of intemal friction

Sets the uniaxial compressive rock
strength
Sets the tensile rock strength
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Function Returns Description

SetDepth(double)

SetuseCo(bool )

SetGriffithOnly(int)

Sets the depth

controls whether Co is used in failure
calculations.
Determines the failure envelope used

0 for a Griffith failure
envelop

I for a composite
Griffith-Coulomb failure
envelope

2 for a Coulomb
failure envelope

42. Class CStress

Function Returns Description

CopySt0

GetSisZZ)

GetSigTT0

GetThauTZ0

GetSigTMax0

GetSigTmin0

GetW0

cstress*

TMatrix*

TMatrix*

TMatrix*

TMatrix*

TMatrix*

TMatrix*

Creates a copy of an instance of
cstress and returns a pointer to it
returns the axial stress around the
wellbore as a pointer to a (1,181)
TMatrix
retums the circumferential stress
around the wellbore as a pointer to
a (1,181) TMatrix
returns the shear stress around the
wellbore as a pointer to a (1,181)
TMatrix
returns the maximum wellbore
stress around the wellbore as a
pointer to a (1,181) TMatrix (see
Section 4.2)
returns the minimum wellbore
stress around the wellbore as a
pointer to a (1,181) TMatrix (see
Section 4.2)
returns the angle between the
maximum wellbore stress and the
wellbore axis as a pointer to a
(1,181) TMatrix (degrees; see
Section 4.2)
returns the angle at which the rock
strength required to prevent
breakout formation is a maximum
(desrees)

GetOriCoMax0 int
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Function Returns Description

GetBO'Width0

GetOriMaxSigTMax0

GetOriMinSigTmin0

GetSigRR0

GetPw0

GetCo0

GetBoFL0

GetMinSigZZQ

GetMaxSigZZ0

GetMinSigTT0

GetMaxSigTT0

GetMinSigTMax0

GetMaxSigTMax0

GetMinSigTmin0

GetMaxSigTmin0

GetMaxCo0

CalcSigZZRb(double)

CalcSigTTRb(double)

CalcThauTZRb(double)

double returns the mud Pressure

returns the predicted width of
breakout formation
returns the angle at which the
maximum wellbore stress is a
maximum (degrees)
returns the angle at which the
minimum wellbore stress is a
mminimum (degrees)
returns the radial stress

returns the rock strength required
to prevent breakout formation
around the wellbore as a pointer to
a (1,181) TMatrix
returns the limit to the maximum
wellbore stress above which
breakout will occur around the
wellbore as a pointer to a (1,181)
TMatrix
retums the minimum axial stress

int

int

int

double

TMatrix*

TMatrix*

double

double returns the maximum axial stress

double returns the minimum
circumferential stress
retums the maximum
circumferential stress
returns the minimum of the
maximum wellbore stress
returns the maximum of the
maximum wellbore stress
returns the minimum of the
minimum wellbore stress
returns the maximum of the
minimum welbore stress
returns the maximum of the rock
strength rewuired to prevent
breakout around the wellbore
returns the axial stress for a given
relative bearing
returns the circumferential stress
for a given relative bearing
returns the shear stress for a given
relative bearing

double

double

double

double

double

double

double

double

double
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Function Returns Description

CalcS igTMaxRb(double)

CalcS igTminRb(double)

CalcWRb(double)

PlazToRb(double plaz,

double hazi, double devi)

SetPw(double)

GetMaxBOFL0

GetMinBOFL0

GetSigTMaxRB(int)

GetBOFLRB(int)

double

double

double

double

double

double

double

double

returns the maximum wellbore
stress for a given relative bearing
returns the minimum wellbore
stress for a given relative bearing
returns the angle between the
maximum wellbore stress and the
wellbore axis for a given relative
bearing
converts PIAZ to a relative
bearing for a given PIAzHazi and
DEVI
sets the wellbore fluid pressure

retums the maximum of the limit
to the maximum wellbore stress
above which breakout will occur
returns the minimum of the limit to
the maximum wellbore stress
above which breakout will occur
returns the maximum wellbore
stress for a given relative bearing
returns the limit to the maximum
wellbore stress above which
breakout will occur for a given
relative bearing

43. Class \MBFStress

Function Returns Description

SetDip(double)

SetDipDirect(double dd)

SetRB(double rb)

GetRB0

GetWbfNorm0

GetWbfShear0

double

double

sets the dip of a fracture (degrees)

sets the dip direction of a fracture
(degrees)
sets the relative bearing at which
the normal and/orshear stress on
the fracture are to be calculatesd
returns the relative bearing

retums the normal stress acting on
a fracture under the wellbore stress
concentration
returns the shear stress acting on a
fracture under the wellbore stress
concentration

double
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Function Returns Description

GetNWRisk0

GetRiskwidth0

TMatrix*

TMatrix*

returns the maximum value of P
required to prevent fracture
reactivation for a given fracture
and wellbore azimuths and
deviation increments of 5 degrees
as a pointer to a(19,72) TMatrix
returns the width of a fracture
around the wellbore predicted to
reactivate for a given value of P
and wellbore azimuths and
deviation increments of 5 degrees
as a pointer to a (19,72) TMatrix
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Appendix B

82. Minifracture Data

Well Name L¡titude Longitudc TVD SS(m) Pc (MPa) Pp (MPa)

Cowralfi-l 27.81734 140.0174 2931.414 62.20128 29 06396

Meranji-l5 27.84788 140.0663 2916.326 54'40699 29,37432

Meranji-7 27.85453 140.0703 2719J1 52,69998 27 '13969

Swan Lake.2 27.84438 140.1428 2811.932 58.53925 28,2685

Swan Lake-4 -27.85241 140.1261 2817.724 60.62394 29'31225

Swan Lake-4 -27.85241 14Q.1261 2992.831 71.53311 29.57851
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Appendix D

Appendix D
Otway Basin Vertical Stress

Dl. Argonaut-lA

Latitude: -37.97012

Longitude: 140.2661

(m)(m)
TVD

'17 |

sl8.l6

533 4

548.64

563.88

579.12

594 36

609.6

624 84

640.08

655 12

670.56

685 8

701 04

7t6.28

731.52

'746'16

762

't77 24

792 48

807.72

Verticrl
Stress

T\T)

1783.08

1798.32

1813.56

I 828.8

I 844.04

1859.28

1874.52

1889 76

I 905

1920.24

1935.48

1950.72

1965.96

t98l.2

1996 44

201 1.68

2026.92

2042.16

2057.4

2072.64

2087.88

Vertical
Stress

0.76

8.72

9.03

9.34

9.65

9.94

10.24

l0 53

l0 84

t1.15

tt.4'l

Ú.79

12.t1

12.43

12.75

13.06

13.37

13.68

13.99

t4 29

14.6

3 5.33

35 66

35.99

36 32

36.ó5

36 98

37.i2

37.65

37 98

38.32

3 8.65

39 01

39.35

39.69

40 03

40.36

40.69

41.03

4l .38

41.71

42.05

TVI)
(m)

Vertic¡l
Stress
lMPa)

TVD
(m)

Vertical
Stress
IMP¡)

TVI)
(m)

Vertical
Stress
(MP¡)

1463.04

1478 28

1493.52

1508 76

1524

1539.24

1554.48

1569.72

1584.96

1600.2

1615.44

1630.68

1645.92

1661. I 6

1676.4

1691.64

l 706.88

1722.12

1737.16

1752.6

1767.84

28.39

28.72

29.05

29 38

29.71

30.04

30.37

30.7

31.03

31.36

31.7

32.03

32.36

32.69

33.02

33.35

33.67

34

34 t2

34.65

34.99

822 96

838.2

853 44

868.68

883 92

899.16

9t4 4

929.64

944.88

960.12

9'75 36

990 6

1005.84

102 I .08

t036.32

105 t .56

1066.8

1082.04

1097 28

1112.52

112',1.76

14.9t

15.22

15.52

I 5.82

16 14

16.46

16.7'7

17.08

l7.39

17.7

l8 01

I 8.32

l8 64

18 98

19.31

t9 63

19.95

20.27

20.6

20.93

21.25

1 143

I 158 24

ll73.48

1188.72

1201.96

1219.2

1234.44

t249.68

1264.92

1280. l6

1295.4

1310 64

1325.8 8

t34t.t2

l 356.36

137 t.6

I 386.84

1402.08

t417.32

t432.56

1447.8

2t.56

2l.88

a,l t

22.52

22 84

23 t6

2f 49

23.81

24.13

24.46

24.'18

25 I

25.43

25.75

26.09

26.42

26.74

27.07

2't 4

27.73

28 06

t99
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(m)
TVI) Vertical

Stress
(MPa)(m)

TVI) Vertic¡l
Stress
(MPa)

TVD
(m)

Vertical
Stress
(MPa)

2575.56

2590.8

2606.04

2621.28

2636.52

2651.76

2667

268224

2697.48

2712.72

2't27.96

2743.2

2758.44

2't73.68

2788.92

2804.16

2819 4

2834.64

2849.88

2865.12

2880.36

2895.6

2910.84

2926.08

2941.32

2956.56

2971.8

2987 04

3002.28

3017.52

3032 76

53. l6

53.53

53.88

54.24

54.61

54.96

55.3 l

55.66

s6.02

s6.36

56.7

57 05

5',1 4

57.75

58. I

58.45

58.8

59 l6

59.51

s9.87

60.21

60.58

60.94

61.29

61.64

62

62.36

62.71

63 07

63.42

6t.72

3048

3063.24

3 108.96

3t24.2

3119.44

3154.68

3200.4

3230.88

3246.12

3261.36

3276.6

3291.84

3322 12

3337.56

f398.52

3413.76

3429

3444.24

3459.48

3474.72

3489.96

3505.2

3535.68

3550.92

3566.16

35 81.4

3642.16

3657 6

3672.84

368 8.08

3703 12

64.09

64.4s

65.45

65.77

66.04

66.35

67.19

67.74

68.03

68.32

68.6

68 88

69.47

69.75

70.88

7 t.17

71.4't

71't5

72.07

72.39

72 66

72.97

73.62

73.97

74.32

74.68

'16.12

76.47

76.84

77.2

77 56

(m)(m)
TVI)

2103.12

2l18.36

2133.6

2148.84

2 164.08

2179.32

2t94.56

2209 I

2225.04

2240.28

2255.52

22'70.76

2286

2301.24

2316.48

23f t.72

2346.96

2362.2

2377.44

2392 68

2407.92

2423.16

2438.4

2453.64

2468.88

2484.12

2499.36

2514.6

2529.84

2545.08

2560.32

Verlical
Stress

TVI) Vertical
Stress

42 39

42.73

41.07

43.42

43 76

44.09

44 43

44.78

45.12

45.4'1

45 8t

46.t6

46.5

46 84

47.2

47 55

47.9

48 25

48.61

48.96

49.3t

49.66

50

50 35

50.7

5l .06

51.41

51.76

52.11

52.47

52 8l
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D2. Chama-lA

Latitude: -37.42546

Longitude: 139.5449

TVI)

83. l

7t6.28

731 52

746.76

762

777 24

't92.48

807.72

822.96

838.2

853.44

868.68

883.92

899 l6

914.4

929.64

944 88

960.12

975.36

990.6

1005 84

l02l .08

1036.32

105 1.56

1066 8

1082.04

Vertical
Stress

TVI)

2331-72

2346.96

2362.2

23'17 44

2392.68

240't 92

2421 16

2438 4

2468 88

2484.12

2499.36

2514-6

2529.84

2545 08

2s60.32

2575.56

2590.8

2606.04

262t 28

2636 52

26s1.76

2667

2682.24

269't 48

2'112.72

272't.96

Vertical
Stress(m)(m)

0.82

12.76

13.07

13.37

13.68

13.98

l4 28

14.5 8

14.9

15.23

15.56

15.89

t6 2l

16.56

16 89

t'l.2f

17.56

179

18.23

t 8.57

18.92

t9.27

19.62

19 97

20.31

20.66

49.91

50.27

50.61

50.96

5t 27

5 1.59

5t 92

52.27

52.92

53.26

53.62

53.98

54.32

54.67

55.02

55.37

55.73

56.13

56.46

56't5

57.09

5'1.43

57.8

58. l9

58.58

58 97

TVD
(m)

Vertical
Stress
IMP¡)

TvI)
(m)

Vertic¡l
Stress
(MPa)

TVD
(m)

Vertical
Stress
(MPN)

1493.52

I s08.76

15f9.24

I 554 48

1569 72

I 584 96

1600.2

1615.44

1630.68

1645.92

l66l.l6

1676.4

1691 64

I 706.88

171't.36

t752.6

1767.84

1783.08

1798.32

I 8 13.56

1828 8

1844.04

1859.28

1874.52

I 889.76

I 905

30.31

30.68

31.4

31.76

32.12

32.48

32 81

33. l9

33.5s

33.91

34.2'l

34.6

34.94

35.28

36

36.36

36.73

37.09

37.44

37.79

38.15

f8.52

3 8.88

J9.25

39.62

39 98

1920 24

1935.48

1965.96

1981.2

t996.44

201 I .68

2026.92

2042.16

2057 4

2072.64

2087.88

2103.12

2l l8 36

2133.6

2 l 48.84

2164.08

2179.32

2194.56

2209.8

2225 04

2240.28

2255.52

2270.76

2286

2301.24

2316.48

40 35

40.7 |

41.47

41.84

42 2l

42.58

42.95

43.28

43.65

44.03

44.38

44't!

45.08

45 45

45.78

46.12

46.46

46.8

47.14

47 49

47.84

48 17

48.49

48.83

49.16

49 53

1097.28

1112.52

tt27 76

1 143

I158.24

I173.48

I 188.72

1203.96

1219.2

1234.44

1249.68

1264.92

1280. I 6

1295.4

l3 10.64

1325.88

1341.12

1 356.36

13'11.6

1 386.84

1402 08

t417.12

1432.56

1447.8

1463.04

t478.28

21.02

21.37

21.72

22.07

22 43

22.79

23 t5

23.5

21.85

24.21

24.57

24.93

25.3

25.67

26 03

26.39

26.75

27.1

27.46

2'1.81

28.17

28.52

28.89

29 24

29.6

29.96
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D3. Copa-l

Latitude: -37.68695

Longitude: t39.7575

(m)(m)
TVD

92.3

l02l 08

1036.32

105 I .56

l 066.8

1082.04

1097.28

1t12.52

ll27 76

I 143

1158.24

I 173.48

I 188.72

1203.96

l2l9 2

1234.44

1249.68

1264.92

I 280.1 6

t295.4

l3l0 64

I 325.88

1341.12

1356.3ó

1371.6

1386 84

Vcrtical
Strcss

TVD

2758.44

2173 68

2788.92

2804 16

2819 4

2834.64

2849.88

2865.12

2880.36

289s.6

29t0.84

2941.32

2956.56

29'il.8

2987.04

3002.28

3017.52

3032.76

3048

306324

3078.48

3093.72

3 108 96

1t24.2

3139.44

3 154 68

Vertic¡l
Stress

58.31

58.69

59.08

59.46

59.84

60 23

60.59

60.9'l

61.35

61.73

62 1

62.85

63.22

63.59

63.97

64.35

64.72

65.1

65.47

65.85

66.23

66.61

66.98

67.35

67.'13

68. I

0.92

19.04

19.3 5

l9 68

20.01

20 34

20.67

21.01

21.34

2t.67

))

22.3f

22.67

21.01

23.34

23.69

24 03

24.38

24.73

25.07

25.41

25 75

26.r

26.43

26.77

27.11

TVI)
(m)

Vcrtical
Stress
lMPa)

TVI)
(m)

Vertical
Stress
(MPa)

TVD
(m)

Vertical
Stress
(MPa)

1798.32

l8l3 56

I 828.8

1844.04

1859.28

t874.52

I 889.76

I 905

1920.24

1935.48

1950.72

1965.96

1981.2

t996.44

2011.68

202692

2042.16

2057.4

2072.64

2087.88

2103.12

2118 f6

2133.6

2t48.84

2164.08

2t't9.32

36.38

36.74

3't I

37 47

37.82

38.1 7

38.s2

38.87

39.23

39.58

39.95

40.32

40.68

4t.04

4l.4

4t;77

42.14

42.51

42.88

43.24

43.61

43.98

44 14

44.71

45.07

45.45

2194.56

2209 I

2225 04

2240.28

2255 52

2270.76

2286

2301.24

2316.48

2331.72

2346.96

2362.2

2177.44

2392.68

2407.92

2423.t6

2590.8

2621.28

2636.52

2651.76

2667

2682.24

2697 48

2'n2.72

2727.96

2743.2

45.81

46 16

46 52

46.88

47.26

47.64

48

48.36

48.72

49.08

49.46

49.84

50.22

50.6

50.98

51.3'l

54.06

54.85

55.23

55.62

56.01

s6.3 8

56't7

57.15

57.54

57.93

1402.08

t4l't f2

1432 56

1447.8

1463.04

l4't8 28

1493.52

1 508.76

t524

1539 24

1554.48

1569.72

15 84.96

1600.2

1615.44

1630.68

1645.92

l 66l. l6

l6't6.4

1691.64

1706.88

1722 t2

1717.36

1752 6

1767.84

I 783 08

27.44

27;t8

28 t2

28.46

28.8

29.t4

29.48

29.82

30.1 6

30.5

30.83

31.17

3l 51

31.8ó

32.2

32 56

32.91

3f .26

33.ó l

33.95

34.3

34.65

34.99

35.34

35.68

3ó.03
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TVD
(m)

Verticel
Stress
IMP¡)

TVD
(m)

Vertical
Stress
IMP¡)

TVI)
(m)

Vertic¡l
Stress
(MPa)

3672.84

3688.08

3703,32

3718.56

3733.8

3764.28

3779.52

3794 76

80.71

8l .04

81,43

81.82

82.21

82.96

83.J2

83-7

(m)
TVI)

3t69.92

3185.r6

3215 64

3230.88

3246.12

326t.36

3276,6

3291.84

3307.08

1322 32

3137.56

3352-8

3368.04

3398.52

3413.76

f429

3444.24

f459.48

3474.72

3489.96

3505.2

3520.44

3535.68

3550.92

3566.16

358 r.4

3596 64

3611.88

3627.12

3642.f6

3657.6

Vertic¡l
Stress

TVD Vertic¡l
Stress(m)

68.48

68.86

69.61

69.99

70.36

70.74

71.12

7l .51

71.9

'12.27

72 64

73.01

73.38

't4.14

74 52

74.89

75.27

't5.64

76

76.17

76.73

77.1

'17.48

7't 85

't8.22

78.6

78.97

't9.34

79.7 t

80.08

80.47
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D4. Crayfish-l

Latitude: -37.28799

Longitude: 139.5986

(m)(m)
TVD Vertical

Stress
TVD

201t.68

2026.92

2042.16

205'.7.4

2072 64

2087.88

2103.12

2118.36

2133.6

2148.84

2164 08

2179 32

2194.56

2209.8

2225.04

224028

2255.52

2270.76

2286

2301.24

2316.48

2331 72

2346.96

23622

2377.44

2392.68

Vertical
Stress

5 1.5

441.96

457.2

472.44

487.68

s02.92

5 1 8.16

533.4

548 64

563.88

579.12

s94.J6

609.6

624.84

640.08

655.32

670.56

685.8

701 .04

7t6.28

71t.52

746.76

762

777.24

792.48

807.72

0.51

8.01

8.32

8.62

8.93

9.23

9.54

9.85

10.t5

10.46

10.76

l t.07

I 1.38

ll69

12.01

12.3f

12.65

12.97

r 3.28

13.61

13.93

14.25

t4.57

14.88

15.21

t5.52

42.9

43.26

436

43 96

44.31

44.66

45.01

45 38

45.74

46.12

46.47

46 81

4't 16

47.5

47.86

48.22

48.59

48.94

49.3

49 66

50

50.36

50.73

51.08

5l.43

51.79

TVI)
(m)

Vcrtical
Stress
(MP¡)

TVD
(m)

Vertical
Stress
(MP¡)

TVD
(m)

Vertical
Stress
(MPr)

t2t9 2

1234.44

1249.68

1264.92

1280.16

1295.4

1310 64

l 325.8 8

1341.12

1356.36

t37l 6

l 386.84

1402.08

1417.12

t412.56

1441.8

t461.04

1478.28

t493.52

I 508.76

1524

1539 24

1554.48

1569.72

I 584.96

1600 2

24.59

24.93

25.27

25.61

2s.95

26.29

26.64

26.98

27.11

27.68

28.03

28.38

28.73

29.08

29.44

29.78

30.1 3

10.49

30.84

31.2

3l .55

3l .91

32.27

32.63

32 99

3f .34

1615.44

1630.68

t645.92

l66l ló

1676.4

169t.64

1706.88

1722 12

1737.i6

1752 6

1767.84

1783.08

1798.32

1813.56

r 828.8

1844.04

1859.28

1874.52

I 889.76

I 905

t920.24

193s.48

1950.72

1965.96

1981 2

1996 44

33.69

34.04

34.38

34.72

35.08

3s.44

3s.8

36.1 5

J6.49

36.84

37 21

37.57

37.91

18.25

38.59

38.93

39.29

39.66

40.03

40 39

40.76

4t 11

41.5

41.85

42.19

42.54

822.96

838.2

853.44

868.68

883.92

899. l 6

914.4

929.64

944.88

960.12

975.36

990.6

1005.84

1021 08

1036.32

1051.56

1066.8

1082.04

t097.28

ttt2.52

t127.76

1 143

1158.24

I 173.48

1 188.72

1203.96

15.84

16.t7

t6.49

16.82

17.1 5

17.48

17.81

1 8.14

18.47

18.81

19.13

19.4'l

19.81

20.1 5

20.48

20.83

21.17

2t.5

2t.84

22.18

22.52

22.87

21.21

23.55

23.9

J^)<
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TVI)
(m)

Vertical
Stress
(MPr)

TVI)
(m)

Vertical
Stress
(MPe)

TVD
(m)

Vertic¡l
Stress
(MPa)

2880.36

2895.6

2910.84

2926.08

2941.32

2956.56

2971.8

2987.04

3002.28

3017.52

3032;t6

3048

3063.24

3078 48

3093.72

3 108.96

3124.2

1139 44

3 154.68

3t69.92

3 t 85.16

63.3

63.65

64.02

64.4

64.77

65. l3

65.5

65 85

66.2t

66.57

66.94

67.31

67.68

68 05

68.41

68.79

69.1 8

69.55

69.94

70.32

70.7

(m)(m)
TVI)

2407.92

2423.16

2438,4

24$.64

2468.88

2484.12

2499.36

2514.6

2529.84

2545.08

2560.32

2575.56

2590.8

2606 04

2621.28

2636.52

2651 76

2667

2682.24

2697 48

2712.72

2727.96

2't43.2

2758.44

2'173.68

2788.92

2804.16

2819.4

2834.64

2849.88

2865.12

Vertical
Stress

TVI) Vertic¡l
Slress

52.15

52.51

52,87

53.23

53.59

53.95

s4.32

54.68

55.03

55.39

55.75

56.12

56.47

56 82

57.18

57.55

57.91

58.26

s8.63

58 98

59.34

59.7

60 04

60.4

60 76

61.12

6l .48

61.84

62.21

62.59

62.95
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D5. Katnook-2

Latitude: -37.44948

Longitude: 140.7897

(m)(m)
TVD

I t 58.24

1173.48

I 188.72

t203.96

t2t9.2

1234 44

t249.68

1264.92

1280. l6

1295.4

1f 10.64

1325.88

1341.12

I 356.36

1371.6

I 386.84

1402 08

141't.32

1432 56

t447.8

1463.04

r478.28

1491.52

l 508.76

1524

1s39.24

Vertic¡l
Stress

TVD

2926.08

2941.32

2956 56

2971 I

2987.04

3002.28

3017.52

3032.76

3048

Verticrl
Stress

66.86

67.23

67.6

67.98

68 35

68.73

69.09

69.46

69.85

23.41

2f ;15

24.1

24.45

24.8

25 t4

25.49

25.84

26.19

26.55

26.9

27.25

27.6

2'1.96

28 31

28.67

29 03

29.19

29.75

30. I

30.47

30.83

3l .19

3 r.55

3 1.91

f2.28

TVD
(m)

Vertic¡l
Strcss
gura)

TVD
(m)

Vertical
Stress
(MPa)

TVI)
(m)

Vertical
Stress
(MP¡)

1950.72

I 965.96

198L2

2026.92

205'1.4

2072.64

2103 t2

2118.36

2t33.6

2148.84

2179.32

2194.56

2209.8

2225.04

22't0.76

2286

2301.24

2316.48

2331.72

2346.96

2362.2

2377.44

2392.68

240't.92

2438.4

2451.64

42.28

42.64

43.01

44.r7

44.94

45.32

46.09

46.47

46.8s

47.24

48.01

48.39

48.'17

49.16

50.32

50.7

51 09

5 1.48

s1.88

52.2'1

52.65

53 03

53.42

53.8

54.58

54 96

2468.88

2514.6

2529.84

2545.08

2560.32

2s75.56

2590 8

2606.04

2621.28

2636.52

2651.76

2667

2682.24

2727.96

2743.2

2758.44

2773.68

2788.92

2804.16

2819 4

28!4.64

2849.88

2865.12

2880.36

2895.6

2910.84

55.35

só.5

56.89

57.2'l

5't 66

58.05

58 44

58.82

59.2

59.58

59 96

60.35

60.75

61.91

62.3

62.69

63.08

63.47

63.86

64 25

64.64

65.02

65.39

65 75

66.12

66.49

1554.48

1569 72

1584.96

1600.2

t6t5.44

1630.68

t645.92

r661.16

1676.4

1691.64

I 706.88

t722.12

1737.36

1752 6

1767.84

1783.08

1798.32

1813.56

1 828.8

1844.04

1859.28

1874.52

I 889.76

1905

1920.24

1935.48

32 64

33 0l

33.3I

33.75

34.12

34.49

34.86

35.2f

35.6

35.97

36.34

36.71

37.08

37.46

3'7 83

18.21

38 58

38.96

39 32

19.7

40.07

40.45

40.81

41.18

41.54

41.91
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D6. Ladbroke Grove-l

Latitude: -37.46711

Longitude: 140.7822

(m)(m)
TVD

2392.68

2418.4

2545.08

2560.32

2575.56

2590.8

2606.04

2636 52

265t.76

2667

2682.24

2712.72

2727.96

2834 64

2849.88

2865.12

2880.36

2895.6

2910.84

2926.08

2956.56

2971.8

2987.04

301't.52

3048

3078.48

Vertical
Stress

TVD Vertical
Stress

50.16

5l .33

53.93

s4.29

54.66

55.02

55.39

56 I

56.46

56.82

57.19

57.92

58.29

60.83

61.19

61.56

6l.92

62.3

62.68

63 06

63;19

64.t4

64.5

65.23

65.95

66.67

(m)
TVD Vcrtical

Strcss
IMP¡)

TVD
(m)

Vertic¡l
Stress
(MPa)

TVD
(m)

Vertical
Stress
(MP¡)

67 3'l

68.83

70.7

'12.2

73.36

73.75

74.14

3 108.96

3169.92

3246.12

3307.08

3352.8

3368.04

3383.28
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Appendix E

Appendix E
Otway Basin Horizontal Stress Orientations

El. Haselgrove-l

Latitude: -37.44193

Longitude: 140.8305

lm)
Top
lm)Type Bottom cl

linì
c2
linì PIA.Z HAZI DEVI DiP Dip Sm,

Direction Orientation

BO 2701.76 2866.83

DrrF 2749.705

Drrr 2'150.66

DITF 2751.173

DITF 2759.987

DITF 2771.353

DrrF 2789.715

BO 2879.72 289237

2893.55 2869.16

2913.69 2924.53

2925.56 2927.11

2929.89 293296

2934.06 2937.79

2942.22 2943.99

2946.31 2947.07

306 62 2.63812 89 t26

304 67 2.00672 79 JJ

126

33

39

44

35

33

49

131

t29

136

133

l3l

133

132

129

12'l

303

309

310

308

220

220

135

132

r30

133

130

t29

127

303 67 2.02991 79 39

BO

BO

BO

BO

BO

BO

BO

BO

66 2.04527 83

64 2.22571 64

61 2.49341 62

57 2.84804 59

46 3.82019 90

46 3.8684 90

48 4 03561 90

48 4.26101 90

48 4.44116 89

48 4.5091 90

48 4.57't64 90

48 4.62049 89

48 4.79578 89

44

35

J3

49

131

129

136

133

131

r33

132

t29

1272948 96 2967.71
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Type Top
(m)

Bottom c1
lin)

C2
(in)lm)

Pl^T, H^Zr DEVI Dip Dip Sm,
Direction Orientrtion

BO 2974,68 2977 48

BO 2981.76 3049.24

BO 2981.76 3049.24

DrrF 3016397

DITF 3033.936

BO 3064.67 3068.66

DITF 3134.'187

DrrF 3t34 899

DITF 3135.191

DrTF 3135.955

DrrF 3136.506

BO 3179.69 3189 54

BO tt92.96 32t9.92

BO 3224.26 3261.05

BO 3268.63 3289.5

128

125

124

40

40

129

44

44

49

47

f4

132

t29

128

134

128

125

t24

220

40

129

224

224

229

227

214

3t2

t29

128

134

r25

124

130

128

39

318

31ó

314

305

296

131

129

39

313

130 49 4 80036 89

50 4.'t0424 89

50 4.5',t09 89

50 4.61144 82

51 4.'16794 89

50 4.64569 89

43 4.30702 69

43 4.3208 75

43 4.31905 7s

42 4,31073 7'1

42 4.29121 69

4t 3.7422 90

41 4.10003 90

43 4 48484 90

47 4.41222 90
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E2. Hungerford-l

Latitude: -37.45039

Longitude: 140.5982

lmì
Top
lmlType Bottom cl c2

linì linl
Dip Sx-'

OrientefionPIAZ HAZI DEVI DiP

BO 1025.5 1026.414 8.622 8.23 53 0 0

BO 1062.838 1063.6 8 176 8.691 14 0

143

t94

187

154

149

150

157

166

155

163

155

154

t42

tl7

138

129

l2r

132

118

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

0

143

l4

BO 1073.048 t073.963 8.174 8.61s 7 0 7

0

0

BO 1176.833 1177,9 8.109 8.885 154 0

BO [82.776 1183.538 8.ll 9;109 149

BO I187.501 1189.482 8.139 9.094 150

BO 1194.816 l19ó.035 8.13 8.905 157 0

BO t2t6.304 1217.676 8.109 9.273 166 0

BO t220.267 1220.876 8.099 8.649

0 154

t49

150

157

166

155

163

155

154

142

t37

138

129

121

132

ll8

00

00

0

00

00

00

0

0

BO 1221.134 1221.943 8.146 8.679

BO 1250.442 1251.814 8.136 8.676

BO t252.118 1252.88 8.26 8.637

BO 1264.768 1266.596 8.1'17 8.792

BO 12ó8.578 1270.406 8.166 8.9

BO 1279.855 1280.4ó5 8.179 8.558

BO 1283.056 1283.665 8.264 8.667

155

163

155

154

142

137

138

129

0

0

0

0

0

0

0

0

0

0

BO 1396.289 1397.356 8.74 8.116 3l

BO 1405.28 1406.195 9.101 8.258 42

0

0

0BO 1409.852 1411.072 9.27 8.478 28 0

2tt



lmì
Top
lmlType Bottom ct c2

linì linl
Dip Su^PlLz HAZI DEVI 'DiP Direction Orientrtion

BO 1417.168 1418.387 9.145 8.695 19 0

BO 1420,216 1420.825 8.514 8.181 7 0

BO 143!,627 1438.65ó 8.638 8.108 180 0 0

BO 1438.961 1439.57 8.57 8.13 174 0 0

BO 1475.08 1475.994 8.852 8.261 440

440

400

108 0

BO 1494.282 1495.958 l0.l3l 8.615

BO 1496.416 1497.33 9,606 8.293

BO 1719.072 1719,986 8.575 9.048

0

0

109

97

90

84

134

134

130

108

109

97

270

264

134

t34

130

108

90

90

90

90

90

90

90

90

0

0

0

0

2t2
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E3. Jacaranda Ridge-l

Latitude: -37.34845

Longitude: 140.7539

Type Top
lm)

Bottom cl c2
linì linl

Dip Sm
Orientrtionlmì PlAz HAZI DEVI DiP Direction

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

76t.76 't70.96

'172 14 775.31

78s.01 792.81

794.41 795. l5

808.88 811.8

821.12 825.1 I

849.46 854.27

858 12 885.6

894.94 896.69

901.1 901.02

905.14 906.06

909.28 912 85

9r5.49 918.56

941.57 946.2

950.37 953.89

970.66 972 84

1017.01 1019.48

t040.67 1050.09

228

229

212

232

232

334

141

56

324

2t8

223

231

135

210

134

223

48

38

3ll

267 1.00089

274 0.92319

276 0.94435

28r 0.9103ó

287 0.86422

296 0.86612

279 0.77928

281 0.75223

302 0.82101

301 0.833',12

298 0.9483

1.00294

0,9s078

0.92934

0 92t79

0.91697

0.58998

0.52468

299

282

293

280

291

276

282

300

90

89

89

89

89

89

89

89

89

89

89

89

89

89

89

89

90

90

90

316

317

321

J20

319

317

324

328

324

325

311

319

314

318

3ll

312

316

307

312

136

t37

141

t40

139

157

t44

148

144

145

l3l

139

134

138

131

tl2

136

127

t321053.81 1058.45 0.52869
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lml
Top
(m)Type

Bottom cl c2
(in) (in) PIA,Z HAZI DEVI DiP Dip Ss*,

Direcfion Orient¡tion

BO 1067.58 1082.41

BO l09l.0l 1093.85

BO 1102.57 1105.95

BO 1109 25 ll14.2l

232

60

44

ll9

229

316

229

225

223

223

216

214

216

217

220

205

22't

126

315

235

141

45

2r9

293

202

178

t67

t8l

167

t7l

168

164

158

149

r44

140

125

t24

ll8

l12

llt

104

tt2

t14

106

88

0.37004 90

0.27332 90

0 49536 90

0.5577 89

0.63631 90

0.82604 89

0.85662 89

1.00527 89

0.9 r 445 89

0 8'1329 89

0.9993 89

0.98t68 89

1.0309 89

1.041 16 89

l.l 1536 89

I 16203 89

Ll2l86 90

1.34214 89

1.3s29 89

L 13693 89

1.22t4 89

r.4,t392 89

1.3343 89

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

tÚ7.61 I I18.5

1t28.'t4 1132.42

I 134 09 I 143.8

1149.64 1155.51

t160.7 l161.39

t170.3't 1174.76

I 188.37 ll92.l5

t195.27 1198.77

1202.75 1205.47

1228.06 121r.43

1235.04 1236.51

1247.28 125t.95

1272.02 t272.6

1287.21 1292

1304 01 1322.46

1326.15 1330.54

rl34.2t 1337 .7 |

1368.61 1376.33

1422.26 1423.94

2t4
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Sm'
Orientation

Top
(m)

c1
linì

c2
lin)

Bottom
lml

Dip
Type PIAZ HAZI DEVI DiP

BO 1448.08 1449.35 319 82 1.51879 89

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

t4'11.05 1474.91

1479.',ìt t481.23

1495.85 1499.32

1505.26 l5l1.28

1524.52 1527.33

153 I .54 1532.72

1543.15 1545.25

1548.91 l55l.2l

1587.88 1592.21

1s98.23 16t7 t3

l6l9.l5 1658.69

l67l.l I 1675.23

t693.92 1695.46

t741.06 t744.23

t7st.43 l't55 45

1802.36 1804.91

l812.l3 1818 12

1823.05 1833.4

1918.07 1920.41

1930.64 l9f7.6l

1948.04 1949.9

f04

306

312

309

1)1

225

226

226

122

122

123

121

4t

2t8

l3l

307

306

302

312

305

303

214

82 1.62444

8t 1 59f34

77 1.6't882

77 1.81973

1.9303

1.9t223

1.74296

I 69883

1 85705

223878

2.93689

4.15549

4.2s683

4.70548

4.746sf

6.02409

6.12455

6.23998

8.42334

8.464'17

I 4't977

76

75

73

7t

6t

5l

39

3l

28

,{

27

2t

20

19

56

55

53

52

89

89

89

89

89

89

89

89

89

89

90

89

89

89

89

88

89

88

88

87

8'l

881958.1 1959.16 8.39869
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lm)
ToP
(m)Type Bottom ct c2

(in) (in)
Dip Ss*,PIA7. HAZI DEVI Dip Direction Orientation

BO 1999 24 2013.71

BO 2077.85 2080.89

BO 2090.43 2094.09

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

2096.26 209'1.12

2ts9.t5 2t66.54

2168.99 2176.36

2198.68 2209.03

2230.74 2231 95

2234 6t 2235.33

2260.75 2261.75

2287.67 2342.23

2443.'t4 2446.65

245427 2456.29

2486.68 2488.06

2568.96 25't0.52

2625.01 2$9 75

2668.54 2669.56

267s 47 2676.8

2684 7 2650.23

2734.6 2735.15

2757.06 2759.18

2765 99 2769.98

51 8.43082 89

45 7.56395 89

7.69211 89

'1.74229

7.99697

7.s3641

6.427r

s f4871

5.3 887

5.82629

5.25649

4.77166

4.4949

4.1036

3.90883

3 664

3.53223

3.59039

3.58903

3.98209

3.96097

3.73904

132

89

88

89

89

89

89

90

88

88

89

89

89

90

89

89

90

89

90

89

89

43

42

44

47

48

54

53

45

59

52

56

56

55

40

37

38

38

27

27

27

24

t29

129

t26

123

130

125

132

1f2

132

r30

l15

137

130

126

128

124

t1'l

125

310

307

313

3002775.75 2779.33 3.81442
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Type lmì
Top
lm)

Bottom cl c2
linl ltnl PIAZ HA7'I DEVI DiP Dip

Direction
S¡t^

Orientrtion

BO

BO

BO

BO

BO

BO

BO

2780.89 2786.81

2793.02 280t.26

2863.29 286s.38

2874.A2 2874,6s

2903.64 2906.07

2927.88 2910.39

293:2.3 2934.62

312 24 3.69706 89 312

3.54013 90 298

2.95443

2.98013 315

3.49845

3.92847 t12

306

301

30s

323

38

224

t24

90

88

90

89

89

23

24

25

30

23

25

r32

ll8

128

135

127

132

126

308

30'l

2t7
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84. Kitlanoola-lDW

Latitude: -37.21025

Longitude: 140.6689

lmì
Top
(m)

Bottom ct c2
lin) lin) PIAZ" HAZ.[ DEVI DiP Dip SH-'

Type Orientation

BO 456.45 458.09

BO 478.03 482.94

BO 484.02 488.98

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

557.t I 559.86

595.66 601. I 8

607.08 607.72

608.94 610.62

625.7) 627.28

63406 638.84

642.68 643.16

644.62 648.2

662.03 662'19

665.73 666.86

668.94 670.18

671.59 672.42

675.06 680.51

684.38 685.45

686.31 693.77

ll9

ll3

t21

108

lt2

116

rt2

t12

107

117

l14

121

ill

117

t22

114

106

299

113

301

108

292

296

)aJ

292

287

298

297

294

301

106

291

297

102

294

298

90

89

89

90

88

87

88

88

90

87

86

8'l

85

89

90

88

86

89

88695 04 702.13 ll8

2t8
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Type Top
(m)

Bottorn
lml

cl c2
linl lin) PlÅ,Z HAZI DEVI DiP Dip Su*.

Orient¡tion

BO 706.87 708.24

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

7l r.55 715.93

724,74 742.44

744.49 745.74

746.67 749.85

7s0.ó8 751.62

756.21 756.61

7s7 .5'l 7s7.87

758.49 761.86

764.03 764.73

771.63 773.04

87

89

88

88

89

89

89

89

90

89

88

296

294

294

294

106

108

29r

291

290

290

293

ll6

114

114

tr4

108

lll

lll

ll0

il0

ll3

106
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Appendix E

E5. Redman-L

Latitude: -37.43062

Longitude: L40.7632

c2
lin)

cl
linl(m)

Top
(m)

Bottom PIAZ IJAZI DEVI Dip Dip Sr¡-.'
Direction Orient¡tionType

BO 1434.078 1436211 8.392 9.114 144 0

BO t442.612 1443.831 8.426 8.859 134 0

BO 145 1.756 t454.499 8.503 10.779 lf2 0

BO t457.547 1459.0'.11 8.626 9 02

144

134

132

132

109

136

191

t46

142

180

190

188

135

256

t'70

r31

148

9'l

264

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

144

132

109

46

ll

146

142

90

100

98

45

166

80

4l

58

0

0

0

0

0

0

t34

1f2

132

109

136

BO 1600.498 1601 718 8.481 9.298

BO 1604.766 1606.594 12.563 8.528

BO t793.742 1798.618 8.614 9.009

(,0

00

00

00

00

00

00

0

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

1859.274 1860.493 8.285 9.628

18'12.99 1874.209 8.382 9.238

2t25.669 2128.107 8.813 8.464

2152.796 2154.32 8.73 I4'15

2158.892 2162.245 8.835 8.48ó

2221.814 2228.082 9.37t 8.483

2284.47 2288.432 8.953 8.458

2326227 2327.446 8.774 8.408

2368.29 2370.728 I914 8.375

2J75 9l 2)77 434 8.822 8.413

142

ll

8

146

180

10

0

0

0

0

0

0

0

0

135

76

170

l3l

148

97

84

2390.54 2396.026 9.348 8.285 7 0

2398 t6 2400.598 9.158 8.489 l'14 0 0
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Type Top
fml

cl c2
linì lin)

Bottom Dip Su-'
lml Pl^Z HAZ,I DEVI Dip Direction Orient¡tion

BO 2440.832 2442.356 8.971 8.5s6 3s 0

BO 2471.6t7 2473.141 9.146 8.644 29 0

0 l2s

lr9

124

124

60

135

t34

t47

125

119

124

t24

240

l3s

It4

t4'1

90

90

90

90

90

90

90

90

BO 2478.912 2480.456 9.083 8,s12 34

BO 2549.646 2551.17 8.779 8.481 34

BO 2s82.564 2583.783 9.065 8.524 45

0

0

0

0

0

0

BO 2566.4t 2568.848 9.172 8.296 150 0 0

0

0

BO 261s.482 2617.006 10.768 8.456 44 0

BO 2661.202 2662.726 9.956 8.718 57 0
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Appendix E

E6. Rendelsham-l

Latitude: -37.56293

Longitude: 140.2319

cl
linìlm)

Top
lmlType Bottom c2

linl PlÄ'Z HAZI DEVI DiP Dip SH^
Direcfion Orientation

BO 209t.062 2095.805 8.16 8.778 134

BO 2fi8.97 2121.256 Ll15 8.906 l4l

BO 2765.4s 2768.041 9.409 8.s38 73

0

0

134

141

130

144

147

143

130

131

129

126

29

163

t34

l4l

130

144

147

t4l

130

l3l

129

126

209

163

90

90

90

90

90

90

90

90

90

90

90

90

BO 2122.0t8 2124.151 8.098 9.089 130 0

BO 2139.191 2154.631 8.081 8.891 144 0

BO 2159.66 2166.518 8.16 9.002 147 0

BO 2166.976 2168.042 8.1 14 8.92 143 0

BO 2183.13 2184.502 8.197 10.92 130 0

0

0

0

0

0

0BO 22ts.896 2236.318 8.178 9.629 l3l 0

BO 2265.883 2268.626 8.696 9.543 129 0

BO 2318.309 2120.138 8.196 12.013 126 0 0

BO 2703.271 2704.795 8.784 9.355 29 0

0

0

0

222



Appendix E

87. Wynn-l

Latitude: -37.40916

Longitude: 140.8722

TyPe Top
lm) ,ä f,i PtAz HAr,t DEVI DipBottom Dip Sr¡-'

lml Direction Orient¡tion

tl7

119

t2t

38

32

130

41

t22

120

I7

ll7

ll9

t2r

38

212

t30

221

122

120

tl7

299 20t 5.19307 90

204 5.35479

BO 2702.01 2706.87

BO 2726,t3 2729.09

BO 2719.12 2742.75

DrrF 2752.786

DrrF 2763.769

BO 2764,9 277838

DITF 2768.402

BO 2797.28 2799.96

2859.33 2916.44

2702.01 2706.87

90

89

82

&4

88

7l

89

89

90

204 s.s36l3

204 5.88331

206 5.97816

205 5.8895

5.90315

5.89374

5.73286

5.19307

205

206

200

203

298

300

305

303

307

307

300

299

299

BO

BO
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