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Abstract: Wellbore failure reportedly accounts for more than 10% of drilling non productive time in the Niger
Delta. Rock mechanical properties critical to wellbore stability, well design, fracking, sanding prediction and
production planning were evaluated in 3 wells in an onshore field, western Niger Delta using 4-arm caliper,
gamma ray, density and sonic logs, leak off tests and seismic data in an onshore field, Eastern Niger Delta. The
stratigraphic units between 2000 and 3000 m depth investigated are the typical interlayered, normal to
abnormal pressured shales and sandstones of the Agbada Formation. Wellbore breakouts were predominant in
shales and weak shaly sandstones across the lithologic units.The vertical stress magnitude ranges from 23.08 -
25.57 MPa/km, minimum effective horizontal stress from 13.80 - 14.03 MPa/km, and maximum effective
horizontal stress from 16.06 - 17.65 MPa/km inferring a normal fault stress regime. The minimum horizontal
stress orientation varies from 015° - 033° forming the most stable azimuth for geosteering a directional well
while the maximum horizontal stress orientation is N60°E - N123°E which is in agreement with the regional
fault orientations in the Niger Delta. ENE — WSW, WNW — ESE and other maximum horizontal stress
orientations suggest multiple sources of stress and in situ stress rotation across faults suggests wellbore
instability. Structural evolution depicts NE — SW and NW-SE trending faults in the direction of the maximum
horizontal stress. These data will be useful in the planning of well drilling in the field.
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I.  Introduction

Oil and gas field development planning requires placing wells correctly, whether vertical, deviated or
horizontal in order to maintain a safe and stable wellbore and achieve optimum production. [1] reported that
common oil production problems in the Niger Delta includes water coning, wellbore instability, sand
production, wax deposition and high gas/oil ratios. Geomechanical analysis and modeling are tools employed to
generate data for the design of a stable wellbore. Drilling a borehole in the earth introduces fluids into a stable
formation causing formation pressure changes, re-orientation of in situ stresses and concentration of stresses on
the wellbore wall creating a differential between the wellbore and far field stresses that could exceed rock
strength and causing failure. This phenomenon is responsible for several changes that can result in wellbore
instability, poor hydraulic fracture initiation and propagation, casing collapse, perforation failure, sanding, sub-
optimal production, fault reactivation amongst others [2, 3, 4]. Geomechanical properties of reservoir rock
include Poisson’s ratio, total minimum horizontal stress, and bulk, Young, and shear modulus.Principal stress
profile of an oil and gas reservoir depends highly on the rock geomechanical properties. Geomechanical
evaluation, modeling and monitoring enables predicting and mitigating the effects of stress and pressure changes
and the resultant strains on the reservoir, wellbore and completion in the formation. Having access to
geomechanical data can assist engineers and geoscientists during geomechanical modeling, hydraulic fracture
treatment design, and reservoir simulation in hydrocarbon fields [5,6].The magnitude and orientation of the
stresses, their effect on the rock properties and wellbore and their impacts on the field under the in situ stress
regime are fundamental in predicting and managing rock deformation through design, drilling and production to
prevent drilling problems.

Wellbore instability indicators includes breakout, collapse, undergauged hole, cavings at surface,
excessive volume of cuttings and cavings, increased circulating pressures, unscheduled sidetracks, or even
abandonment etc [7, 8, 9, 10, 11]. Designing and maintaining a stable wellbore requires acquisition of
geomechanical properties data from drilling cores or from wireline logs[12, 13]. Using wireline logs for
estimating geomechanical properties of rocks achieves satisfactory results because the logs are always run in the
entire section of reservoir rocks. They give direct measurements of the petrophysical properties, and hence have
become an ideal medium for obtaining geomechanical data [14]. Core samples of overburden formations where
compressive shear failures occur, give better results but are never available for testing prior to commencement
of drilling. In order to predict and design a solution to these problems, geomechanical evaluation and modeling
are performed based on empirical correlations from measurable physical properties obtainable from wireline
logs normally available for all offset wells within the field for pre-drilling analysis, modeling and design [3, 15].

DOI: 10.9790/0990-041199111 www.iosrjournals.org 99 | Page



Geomechanical Evaluation Of An Onshore Oil Field In The Niger Delta, Nigeria

These empirical relations are derived based on the fact that the factors that affect the formation parameters such
as velocity, porosity and elastic moduli equally affect rock strength and other geomechanical properties.

The high costs and complexity of wells both in terms of geometry, high-pore-pressure, low
permeability, anisotropic and high stress regimes demandproactive pre-design geomechanical modeling of rock
strength, deformation and stress for economic success of field developments. It is estimated that the minimum
cost of instability of wells in the Niger Delta is 10% of the total cost per year, also the cost of non-productive
time during drilling varies from a minimum of 60 days and sometimes up to 140 days with shales accounting for
90% of instability [16]. Poor understanding of a field’s geomechanics including the rock elastic properties, rock
strength, in situ stress and wellbore stresses around the wellbore wall is a major contributory factor to poor well
design and suboptimal production leading to collateral problems including severe wellbore collapse, lost
circulation, blow outs, sidetracking and even well abandonment especially in directional and extended reach
wells. This demands wellbore stability analysis during the planning phase of a field.This study is aimed at
carrying out geomechanical and wellbore stability analysis of wells in a field in the Niger Delta to determine
rock mechanical properties for geosteering a stable wellbore, hydraulic fracture orientation in directional wells
and general pre-drilling planning.

I1. Geologic Setting

The study field is located in the onshore coastal swamp of the Niger Delta basin (Fig. 1). The tectonic
evolution of the Niger Delta was controlled by Cretaceous fracture zones formed during the triple junction
rifting and opening of the south Atlantic. The stratigraphic succession in the basin consists of three
lithostratigraphic units . The oldest unit is the basal Akata Formation, Paleocene to Holocene in age and
comprisingshales thought to be the source rock, was deposited under marine conditions. The Akata is overlain
by the paralic sandstone/shale layers of the Agbada Formation which is the reservoir rock. Capping the sequence
is the continental sand and sandstones of the Benin Formation which is the regional aquifer. These rock units are
time transgressive, and they range in age from Tertiary to Recent [17]. Petroleum reservoirs in the Niger Delta
are basically sandstone and unconsolidated sands in the Agbada Formation. The primary seal rocks are the
interbedded shales within the Agbada Formation. Both structural and stratigraphic traps are common. The
structural traps consist of growth faults and roll over anticlines which developed during synsedimentary
deformation of the Agbada paralic sequence due to the instability of the under-compacted, over-pressured Akata
shale [18, 19]. The interbedded shale within the Agbada Formation provides sealing units.
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Figure 1: Map of the study area.
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I11. Methods Of Study

Data for this study included wireline logs (sonic, density, gamma ray, resistivity, and neutron porosity
logs), 3D seismic data and Leak off tests (LOT) for 3 wells codenamed WABI 05, 010 and 011 for proprietary
reasons. The wells lie in an east-west direction. These were available in well log American Standard Code for
Information Interchange (ASCII) standard files formats. They were subjected to quality checks and converted
to true vertical depth and thereafter loaded into the Schlumberger Petrel 2011 software to analyse and isolate the
breakout zones. Stress induced wellbore failure zones known as breakouts were isolated from non-stress induced
wellbore enlargements such as keyseats and washouts using 4-arm caliper and gamma ray log using the criteria
for their identification in a well as outlined by[20, 21, 22]. Determination of rock mechanical properties
including elastic and inelastic  properties was carried out using density and sonic compressional (AT¢) and
shear (ATs) transit times as described in detail by [23, 6, 14]. The elastic properties included Poisson ratio (v),
elastic modulus (E) shear/rigidity modulus (G), bulk and matrix/grain moduli (K, and Kp,), bulk and grain
compressibility (Cp and C,), and Biot’s coefficient. The inelastic properties determined were fracture gradient
and rock strength which include Uniaxial compressive strength, tensile and cohesive strengths, and frictional
angle. Poisson’s ratio and Young’s Modulus (E),Shear Modulus (G), Bulk Modulus (Kp) and Matrix/Grain
Bulk Modulus (K.,) were obtained from the wireline logs using empirical relationships as described by [24, 25,
26]. Poisson’s ratio and Young’s modulus were determined from P- and S- wave velocity.

Where shear transit times data were not available like in well Wabi 05, interval transit time of the
shear wave (ATs) was estimated and used to derive the shear wave velocity (V) This was achieved using the
[27] relationships in equations (1), (2), and (3).

304878

Vo = ATc @
Vs _ 304878 @)
ATS
Vi = (0.804 x V) — 0.856 3)

Poisson Ratio (v)

Poisson ratio (v) was computed from acoustic measurements including the slowness of the compressional wave
(AT,) and shear wave (ATs) ratio using the [28] and [2] methods (equation 4) expressed as

v = 05(0)° — 75— 1 (4)

G2

Shear Modulus (G)
The shear modulus (G) which is the ratio of the shear stress to the shear strain was estimated from
the[29]formula (equation 5)

G = o 5)
where coefficient a = 13464, p,= bulk density, ATs = shear sonic transit time.
Bulk Modulus (Kp)

The bulk modulus (K,) was was computed from the sonic and density logs using equation 6

_ 1 4
Ko - apb(ATcz " 3ATS 2) (6)

where AT denotes sonic transit times for compressional and shear waves.

Matrix/Grain Bulk Modulus (K,)

This was determined from the empirical relationship in equation 7

K = KS prmal (1/ATcma” - 4/3ATsma’) (7

Young’s Modulus (E)

Young’s modulus or modulus of elasticity was determined from shear modulus and Poisson’s ratio as in
equation (8).
E

= 2G (1+v) (8)
Bulk Compressibility (C,) with porosity was determined by the relationship in equation 9
Cb = 1/Kb (9)
Rock Compressibility (C,) zero porosity was obtained from equation 10 as
C = 1/(apiog(1/ ATcma” — 4/3 ATsma’) (10)

Biot Constants

Biot’s poroelasticity describes the coupling between pore pressure and stress in rocks. When pore pressure
changes and stresses are coupled, fluid diffusion plays an important role making stability time-dependent
[30]Biot constant (o) was determined from the[31] method in terms of bulk and grain modulus using the
expressions in equations 11 and in terms of compressibility (equation 12) as

a = 1-Ky/Ky (11) where
Ky and ky, are skeleton bulk and solid grain moduli respectively
o = 1-C/C, (12)

where C, and C, are grain and bulk compressibility respectively.
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Unconfined Compressive Strength (UCS)

Among the several empirical relationships proposed for application in sandstones, shales and carbonate
rocks, the [32]relationship (equation 13) for fine grained, consolidated and unconsolidated sandstones with all
porosity ranges suitable for the Niger Delta was adopted while [33] equation for shales was used for comparison
of results as in equation 14.

ucs = 1200 exp® *04T0 (13)

ucs = 10(304.8/ATc — 1) (14)

where UCS = unconfined compressive strength, ATc = compressional wave transit time.
Shear Strength

The initial shear strength (1) and in situ rock’s tensile strength (T,) were determined using the
empirical relationships by [34] in equation 15

Ti = 0.026E/Cy, x 10°{0.008V4, + 0.0045(1-Vy,) (15)
where E = Elastic modulus, C, = bulk compressibility and V4, = volume of shale
and
Insitu rock Tensile strength, T, = Co/12 (16)

where C, = cohesive strength = 5(V, — 1)/0.5(V,)

Determination of in situ stresses magnitudes and orientation

Vertical stress (c,) was determined by integrating the density (pyy of the materials from surface to the
depth of interest as in equation 17 where
oy = Ipu(2) gz (17)
The poroelastic equation which shows the relationship between vertical stress and minimum horizontal stress,
Poisson’s ratio and pore pressure (py)was used together with leak off test to calculate the minimum horizontal
stress (on ) according to equation 18
on =K (oy_apy) + apy (18)
Where o is Biot’s coefficient and p,, is mud pressure.
Maximum horizontal stress (Symax) Was calculated using the [11]relationship in equation 19

SHmax = Shmin + tF*(SV- Shiin) (19)
Where t; is tectonic factor. The direction of Sy« Was measured from the existing borehole breakout data.
The orientation of maximum and minimum horizontal stresses was interpreted from wellbore breakouts and
drilling induced tensile fractures using formation image logs and from breakout analysis using multi arm caliper
logs as described by [35 and 22]Using the criteria proposed by [20] and [36]. Breakout data were ranked in
accordance with the World Stress Map quality ranking system [22]. Breakout orientation data were analyzed
statistically using equations by[37] and data ranked after the World Stress Map breakout quality ranking system
described by [38].

Fracture gradient
[39] distinguished between fracture gradient which is practically the minimum horizontal stress and the most

likely fracture gradient duringdrilling as presented (equation 20)
_ 3v
Pee - 20— (v aPp) aPp (20)
where Pgp = most likely fracture pressure gradient, ¢, = vertical stress, oo = Biot’s constant,P, = pore pressure

gradient.

Minimum mud weight

Wellbore stability analysis was carried out by determining the minimum and maximum mud weights
required to prevent compressive shear failure and unwanted tensile fracturing. The minimum mud weight, the
collapse pressure or shear failure gradient is the pressure required to drill safely below which shear failure will
occur causing breakout and instability. It is derived from the [29]formula in equation 7 based on Mohr-Coulomb
criterion for critical wellbore pressure which is

Pc = {1.5 Shmax — 0.5 Opmin app (1-20/1-v) — 1.7327} 1 — 0.50(1-2v/1- v) (21)
where 7; the initial shear strength
1= 22 X 10%{0.008V + 0.0045(1-Vy) (22)

where E = Elastic modulus C, = bulk compressibility, Vg, = volume of shale, v = Poisson ratio, o = Biot’s
coefficient, 6ymax = maximum horizontal stress, Ghmin = Minimum horizontal stress and p, = Pore pressure

IV. Results And Discussion
The studied rocks interval range in depth from 2 to 4km in the subsurface. It falls within the Agbada
Formation whose stratigraphic succession consists of interbedded sandstones and shales. A correlation of the
lithologic logs of the 3 wells delineated eight reservoir sand unitslabelled A to Has shown in Fig. 2. Typical
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elastic and rock strength properties derived from empirical relations are summarized in Tables 1 and 2. The
mechanical properties of the rocks are displayed on the well logs in Fig. 3 showing variation of the elastic
properties, the rock strength and volume of shale. There are significant variations in properties between the cap
rocks and the reservoir sand units across the field (Table 3). The cap rock which is shale, has high average
Poison ratio, elastic, bulk and rigidity moduli of 0.40, 23,466.1 MPa, 253,312.8 MPa, and 8,717 MPa,
respectively. However, lower bulk compressibility and rock strength makesthe shale more ductile, stiffer, less
compressible and more prone to compressive shear failure (Fig. 4), but better fracture stimulation barriers.
Conversely, sandstones, the main reservoir rocks, have relatively lower Poisson ratio, elastic, bulk and rigidity
moduli buthigher compressibility and rock strength making them maore brittle (Fig. 5) with higher potential for
tensile failure. Thus, sandstone will fracture before shales in a hydraulic fracture stimulation process under the
same fracture gradient while shales will form the barrier to fracture growth. Low rock strength accounts for the
occurrence of wellbore failures in shales and weak shaly sandstones. Correlation of the properties across the
field shows higher values of elastic, bulk and rigidity moduli in the east. Lateral decrease in the magnitude of
the rigidity modulus from WABI 10 well on the eastern flank to WABI 11 well on the west implies a decrease in
present day deformation eastward. There is a general decreasing trend in the modulus of rigidity, bulk and
matrix moduli and an increase in elastic modulus of the rocks with depth.

Compaction equilibrium during diagenesis under anoxic conditions depicted by normally pressured
shale sourcebeds favoured hydrocarbon accumulation with the shale smears on the faults and caps on the sand
tops providing the traps. The increase in rock compressibility with effective vertical stress and effective porosity
and decrease in compressibility with depth and decrease in effective porosity with bulk compressibility further
support equilibrium compaction. Increase in effective overburden stress due to sediment loading and fluids
expulsion causes grain sliding in shear and compactional deformation with reduction in the bulk and grain
compressibility and pore volume of the sediment with increasing depth. Grain to grain contact destroys the
cement bonds and closes packing of individual grains by elastic distortions and strains. This mechanism is
responsible for generation of over pressures since impermeable sediments such as shales saturated with an
incompressible fluid will not deform elastically and when there is disequilibrium compaction, abnormal pore
pressures will form as reported in most fields in the Niger Delta [40, 41]. Young tertiary sedimentary rocks
deform primarily by compaction resulting in progressive loss of porosity with increasing depth of burial [42].

In Situ And Wellbore Stress Magnitude

The in situ and wellbore stress magnitudes (Table 4) are displayed on the logs in Fig. 6. These vertical
stress gradients indicate a variation across the field with magnitudes ranging from 23.08 MPa/km at 2km to
25.57 MPa/km at 4km in WABI 10, to 21.50 MPa/km at 2km to 22.63 MPa/km in WABI 11. There is a general
increase in vertical stress with depth of burial due to increase in overburden loading. The magnitudes of the
maximum and minimum horizontal stresses follow the trend of the vertical stress. Estimating the minimum
horizontal stress in a well provides the lower limit of the fracturing pressure and puts a limit on the allowable
injection pressure in a well. While the minimum horizontal stress varies from 14.03 MPa/km at 2km to 14.48
MPa/km at 4km true vertical depth s, the maximum horizontal stress ranges from 17.65 MPa/km at 2km to
16.06 MPa/km at 4km. The decrease in maximum horizontal stress magnitudes with depth of burial is due to
variations in the bulk densities of the subcrustal rocks across the delta with a gradual increasing trend in easterly
direction. Variations in crustal rock bulk density across the field could be caused by the deposition of
siliciclastic materials derived from weathering of rocks in the hinterland during the rifting and uplift of the
adjoining lower Benue Trough in the Late Jurassic to the Middle Cretaceous [43]. This was accompanied by
post rifting gravity tectonic deformation and induced deformation due to shale mobility during depositional
episodes [1]. Variation in vertical stress magnitude, pore pressure and the tectonic stress factor also accounts for
the differences in the magnitudes of the horizontal stresses [44].
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Figure 2 Litho-correlation of the wells showing the reservoirs
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Table 1. Rock elastic properties

Well Depth Rock | v Ko G (Mpa) Ky (Mpa) Kn(Mpa) | E (Mpa) Cy(Mpa) C: (Mpa) o
(m) type

WABI | 2000 Sh 0.33 | 0.49 | 7000.77 18,455.3 18,644.8 258x10° | 5.96x10* 1

10 2500 Sh 0.34 | 052 | 8,717.91 253,312.8 23,466.1 1.87x10° | 5.96x 10" 1
3000 Sh 0.33 | 050 | 7,262.97 19,500 19,382.5 244x10° | 5.96x10% 1
3500 Sst. 0.21 | 0.27 | 2,877.3 4,112.19 7,003.8 1.15x10° | 5.96x 10 1
4000 Sst. 0.27 | 0.37 | 4,845.13 8,947.59 12,312.9 531x10° | 6.0x10* 1
1500 Sh 0.35 | 052 | 69.8 188.4 18.86 53,037.6 252x10° | 2.45x10% 0.9
2000 Sh 0.34 | 052 | 69.38 186.4 19.43 51,412.95 354x10* | -3.1x10° 0.9

\é\éABI 2500 Sh/ 033 | 048 | 68.13 180.99 20.72 54,769.9 3.33x10° | -9.65x107 0.9

Sst

3000 Sst. 0.26 | 0.35 | 58.86 148.42 23.68 55,167.5 291x10° | -1.31x107 0.9
3500 Sst. 0.22 | 0.29 | 58.99 145.1 26.13 55,413.4 264x10° | -1.72x107 0.9
4000 Sst. 0.27 | 0.37 | 59.96 152.49 23.22 55,390.5 2.97x10° | -0.0344 0.9
1500 Sh 0.37 | 060 | 2.43x10° | 55x 10 51,169.5 6.69 x 10° 86,773.1 5.95x 10™ 1
2000 Sh 0.35 | 055 | 3.3x10° | 8.8x10° 51,745.4 9.03x 10° 545,787.1 5.95 x 10 1

WABI | 2500 Sh/ 0.32 | 047 | 56x10° | 1.7x10° 54,790.7 1.47 x 10 27,320.3 5.95x 10™ 1

11 Sst
3000 Sst. 0.27 | 037 | 9.2x10° | 47x10° 55,206.9 2.34x10° 13,380.6 5.95 x 10 1
3500 Sst. 025 | 033 [ 1.1x10° | 6.2x10?° 55,143.1 2.89x10° 9,992.7 5.96 x 10™ 1
4000 Sst. 0.18 | 0.23 | 1.2E-8 6.2 x 107 48914.4 | 2.96x10° 7,749.2 5.96 x 10 1

Sh = shale Sst = sandstonev = Poisson’s ratio, G = Modulus of rigidity, E = Young’s modulus, k, = Bulk

modulus, K= Bulk modulus C, = Bulk compressibility, C, = Volume compressibility, o = Biot coefficient

Table 2: Rock strength profile across the wells

Well Depth(m) Rock strength parameters Petrophysical parameters
Rock type | UCS | C, T, Ti Fa (NPHI) | Fa (Vp) | Ve Degr
MPa | MPa | MPa | MPa (deg) (deg) (frac) (frac)
2000 2495 | 6.45 | 2.08 | 8.60 28.0 14.5 0.60 0.22
2500 2068 | 651 | 1.72 | 1.99 x10® | 20.87 15.5 0.27 0.10
3000 2399 | 6.78 | 1.99 | 1.43x10" | 27.11 14.8 0.54 0.20
WABI [ 3500 89.03 | 6.89 | 7.42 | 1.05x10® | 22.02 0 0.43 0.07
10 4000 53.06 | 752 | 4.42 | 3.99x10™ | 20.8 7.4 0.42 0.0008
1500 2021 | 5.8 168 | 7.17x10™ | 22 16 0.19 0.26
2000 2478 | 6.14 | 2.06 | 1.95x10" | 22 17 0.59 0.23
2500 3211 | 659 | 2.69 | 451x10% | 33 13 0.05 0.10
WABI [ 3000 3879 | 714 | 289 | 1.78x10% | 22 7 0.33 0.12
11 3500 7844 | 735 | 6.64 | 3.4x10° | 28 4 0.64 0.09
4000 5733 | 745 | 478 | 519x10" | 22 2 0.59 0.17
2000 1539 | 9.99 [ 1.28 | 552x10° | ND 87 0.02 0.25
2500 28.84 | 10.34 | 2.40 | 5.0x107 ND 87 0.11 0.33
WABI [ 3000 52.32 | 10.34 | 436 | 4.27x107 | ND 88 0.17 0.09
10 3500 67.22 | 9.99 | 5.60 | 4.5x107 ND 88 0.05 0.21
4000 57.13 | 9.99 | 476 | 4.93x107 | ND 88 0.24 0.11
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UCS = Unconfined compressive strength, C, = Cohesion, T, = Tensile strength,z = Shear stress, Fa= Angle of
friction, Vg, = Volume of shale @ = Effective porosity ND = not determined

Orientation Of The Horizontal Stresses.

The wellbore breakout orientation data in Fig. 7 indicating the breakout zones and relative bearing data
Table 5) imply that compressive shear failure was dominant in shales and weak shaly sandstones. This shows
that failure is lithology independent, rather, it depends on the rock strength, degree of compaction and in situ
stress concentration. Therefore, low rock strength accounts for the occurrence of wellbore failures in shales and
weak shaly sandstones evident on the breakout logs. Breakout azimuths plotted on Rose diagram shown in  Fig.
8 consists of breakout zones with more than 4 orientations. These fall in the World Stress map breakout quality
classes A and C [22, 38] are ranked as breakouts of acceptable quality. The minimum horizontal stress azimuth
ranges from 015° - 033° while the maximum horizontal stress orientation is N60°E - N123°E.Breakouts in the
wells show orientation of the maximum horizontal stress in the ENE — WSW, NNW — SSW, NW — SE
directions which suggest multiple sources of stress.The ENE — WSW orientation is parallel to the Romanche
fracture zone and the NE — SW orientations of the regional fault in the Niger Delta have been suggested as the
major lines of weaknesses separating the North and South Atlantic [45]. The structural style of the field infers a
NW-SE and NE-SW trending fault (Fig.3) consistent with the direction of the maximum horizontal stress. This
indicates that WABI 05 well was the infilling depocenter and WABI 11 and 10 wells are upthrown blocks. [46]
have suggested that repeated earth tremors are the effects of continental crust reactivation linking the onshore
faults along major lineaments.

Table 3 Comparison of rock mechanical properties of wellbore breakout zones and in-gauge sections.

Parameter Breakout zone In gauge section
Rock type Shale Sandstone Shale /sandstone
Poisson ratio 0.34— 0.40 0.220 - 31 0.12-0.35

Elastic modulus (MPa) 12,990.1 —78,508.4 16,131.51 —22,351.44 8,639.74 — 40,915.03

Rigidity modulus (MPa) 5,068 — 27,158.9 6,150.71 — 8509.57 -4.69E-5 — 27,158.2

Bulk modulus (MPa) 8.8 x10™°- 37,308.7 14,251.89 — 25,351.44 3374.6 —14,537.9

Grain modulus (MPa) 18.86 — 55,206.9 4394.0 - 76,221.6

Bulk compressibility (MPa) 2.58 x10°-545,787.1 1.88 x10° —3.34 x10° 2.62 x10°-3.63 x10°®

Grain compressibility (MPa) -9.65 X107 — 6.0 x10” 5.95883 _ 5.95884 x10° -46.75 — 5.96 X107

Unconfined Compressive strength | 2.23 —44.0 19.21 - 32.86 45.0 - 1200.3
(Mpa)
Cohesive strength (Mpa) 70-74 6.4229 — 6.67442 7.2-42.8
Shear strength(initial) (Mpa) 4.74 x10° - 7.07 x10® 9.51 x10— 2.41 x10™ 2.0 x10°— 7.1 x10*
Tensile strength (Mpa) 0.19-3.92 1.60144 — 2.7387 3.0-41.0
Friction angle (deg.) 2.90 - 15.83 12.65 — 15.82 7.4-88
Fracture gradient (Mpa/km) 11.53-16.4 13.07 — 14.65 9.0-184
Table 4 Typical in situ and wellbore stress profile
Well Depth | Far field stress Wellbore stresses
No (m)
Vertical Maximum Minimum Maximum Minimum Maximum Minimum
stress (oy) horizontal horizontal ~ stress | Hoop stress hoop  stress | axial stress axial stress
(M Pa-/km) stress (GHmax) (Ghmin) (Goomax) (Goomin) (Gzzmax) (Gzzmin)
(MPa/km) (MPa/km) (MPa/km) (MPa/km) (MPa/km) (MPa/km)
2000 | 23.08 17.65 14.03 15.84 11.99 25.57 20.59
2500 23.53 15.61 14.03 LOT 16.97 21.95 26.48 22.18
Wabi | 3000 | 22.86 16.52 14.96 | 13.80@ | 19.24 20.82 2331 20.82
10 3500 [ 23.54 16.29 14.48 | 1503m 22.40 1.36 24.21 22.86
4000 25.57 16.07 14.48 20.59 -0.68 29.42 21.72
Wabi 1500 21.05 17.65 15.38 LOT 24.44 4.53 22.85 19.46
11 2000 21.50 18.10 14.93 25.1 24.89 4.07 19.91 19.91
2500 23.54 14.93 12.67 @ 3km 24.44 3.17 22.18 21.95
3000 23.54 14.93 12.67 24.44 3.17 22.18 21.95
3500 23.99 15.39 11.99 25.57 2.72 22.40 22.18
4000 | 22.63 12.45 12.22 19.46 2.94 21.95 21.95
Wabi 2000 21.90 19.24 14.94 LOT 37.33 13.57 22.63 18.56
05 2500 | 20.14 19.46 15.39 18.10 38.01 12.89 22.85 15.84
3000 | 23.30 16.75 13.58 @ 2km 29.87 14.03 26.25 22.17
4000 | 23.76 14.94 11.32 33.03 7.46 22.63 21.72
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Table 5 WABI field wellbore breakout data.

Break out | Break out | Breakout Loglengt | Holedeviati | Breakout MeanBreak | Standard WSM Ghmin OHmax
top(TVDSS | bottom(TV length (m) h analyze | on Azimuth outAzimut | deviation rankin | direction direction
) (m). DSS) (m) (m) ©). © h () g
WABI 10
2052.7 2054.7 2 0.80 26
2070.7 2089.2 18.2 0.70 4.75
2350.6 2351.1 0.5 2.7 225
2359.2 2360.3 1.1 24 225
2874.3 2886.5 12.2 0.73 13.70
2902.3 2903.5 1.2 0.75 12
3082.8 3083.9 1.1 1.0 48
3134.9 31354 0.5 14 18
33125 3313.2 07 2,060.4 13 35 15.89 0.59 A 015° 060°
3454.2 358.5 4.3 2.9 55.5
3463.3 3464.1 0.8 3.0 57
3555.3 363.9 8.6 3.09 53.8
3586. 3586.8 0.8 2.9 51
3675.7 3689.4 13.7 3.37 475
37194 3722.9 3.5 3.22 38.25
WABI 011
39914 3998.2 6.8 0.52 70.29
4000.5 4001. 0.5 137.9 0.4 63
4004.8 4021.6 16.8 1.45 69
4041.9 4042.7 0.8 1.8 64 3331 9.72 C 033¢ 123
4053.6 4054.6 1 1.7 64

Mud weight window for wellbore stability

Wellbore stability analysis involves determining the minimum mud weight (shear failure gradient)
required for drilling without causing shear failure and the maximum mud weight required not to cause
unintentional tensile fracturing. Maintaining a stable wellbore during drilling requires a mud weight window
that is between the shear failure gradient and the fracture gradient. Normal overbalance drilling requires
maintaining the mud density above the pore pressure and below the fracture gradient limit. Drilling at mud
weights lower than the pore pressure may result in borehole splintering or washout and fracturing will occur if
the mud weight is higher than the fracture gradient. Equally drilling at a mud weight lower than the shear failure
gradient will cause shear failure. This therefore requires that a safe mud weight window be predicted for safe
drilling [39]. The optimum mud weight is the average between the minimum and maximum mud weights. Fig.
9 shows predicted mud weight window for the wells for drilling without borehole collapse and unintentional
fracturing of the formation based in isotropic formations. Mud weight window varies with depth across the field
due to heterogeneity and anisotropies. A mud window range of 5.0 — 19.0ppg is predicted across the field. In
some sections of the wells, the minimum mud weight exceeds the maximum mud weight. The drilling mud
weight at such sections should be maintained at fracture gradient limit to avoid the risk of unintentionally
fracturing the formation with attendant mud losses which is more dangerous than the breakout formation due to
excessively low mud weights. Weak sections with very low shear strength may be strengthened to prevent
collapse.

Drilling trajectory

Geosteering the optimum well path requires the most stable trajectory not to cause stress re-orientation,
increase the wellbore hoop (tangential) stress and risk of wellbore instability. A vertical well will be most stable
in isotropic formations. However, in anisotropic formations where a horizontal lateral section is required to
intersect natural fractures and enhance the effective permeability and hence producibility, the minimum
horizontal stress direction is recommended.In this study field, the direction of the minimum horizontal stress
azimuth of approximately 024° is the most stable. This means that fractures will form and propagate in an
orthogonal plane in a northwest- southeast direction. Drilling across the fault could cause anisotropies,
reactivation, slip and rotation of the in situ stresses thereby causing instability. Under this condition, the well
path will be more stable if drilled in the differential stress (6, — o3) direction as suggested by [16]) rather than
the minimum horizontal stress azimuth.
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Figure 9 Mud weigh window for wells across the field

Hydraulic fracturing

The fracture gradient predicted for wells in the field can be applied in stimulation pressure design for
hydraulic fracturing to improve permeability and optimize production. Weak sections with very low shear
strength may require gravel packing to prevent sanding and propant selection should be based on
compressibility data. Hydraulically stimulated fractures in horizontal laterals are recommended to be placed
vertical and perpendicular to the minimum horizontal stress direction.

V. Conclusion

Knowledge of in situ stress, mechanical properties of reservoir and cap rocks, pore pressure and fault
system are key in designing stable and productive wells to optimize production and enhance recovery. In this
study, the vertical stress increases vertically and laterally across the field due to variation in the density of sub-
crustal materials, while the moduli of rigidity, bulk and matrix volume, bulk and grain compressibility decreases
with depth. Generally, there is an increase in elastic modulus of the rocks with depth due to increase in
confining stress. Mud weight window varies between 5.0 to 19.0ppg with depth across the field due to
heterogeneity and anisotropy. The direction of the minimum horizontal stress was approximately 024° azimuth
in a general northeast-southwest implying that fractures will form and propagate in an orthogonal plane in a
northwest- southeast direction. Results of the work may be used as a guide in drilling planning and production
optimization.
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