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Abstract

Borehole stability and hydraulic fracture issues are a major concern in the economic development of
hydrocarbon reserves especially for deep targets which require drilling below well control. Characterizing
geomechanical properties along a wellbore provides understanding of the vertical heterogeneity in the
mechanical properties of the rocks, both in reservoirs and the bounding non-reservoir formations, and is critical
to the operational planning and design of stable wellbores to successfully drill, complete and exploit proven
hydrocarbon reserves even at shallow depths. In this work, velocity anisotropy, assuming vertical transverse
isotropy with vertical axis of symmetry, was utilized to evaluate important geomechanical properties which
include Young’s modulus and the Poisson’s ratio, in order to accurately determine rock strength and in situ
horizontal stresses using geophysical well logs obtained from some wells in the Sojuko field, shallow Niger
Delta offshore. The aim was to determine accurate parameters, by consideration of anisotropy, to aid well design
and prevent formation failure during future developmental drilling in the field, and the subsequent landing of
wells. The starting point was the estimation of the Thomsen’s delta anisotropic parameter from analysis of well
and seismic interval velocities at a well location, which then aided derivation of the epsilon and gamma
anisotropic parameters. The three anisotropy parameters were used in combination with bulk density and sonic
log data to determine stiffness constants for the estimation of the geomechanical properties, which subsequently
enabled the determination of rock strength and in situ stresses around the wellbore for analysis of rock failure
and mudweight requirements for safe and cost effective drilling of the well. Computed in sifu minimum
horizontal stress in the area varies with depth from 727 psi to 7,500 psi, with an average gradient of 0.69 psi/ft,
while the maximum horizontal stress is about 12.27% higher on the average. Minimum average safe drilling
mudweight for the well is 0.529 psi/ft, giving an average overbalance of 655 psi mud pressure which is relatively
higher in shale than sands. Predicted safe drilling mudweight window ranges from 0.529 psi/ft to 0.713 psi/ft.
Comparison of the results with geomechanical data computed with isotropic assumption shows that the non-
consideration of anisotropy results in under prediction of geomechanical data in subsurface formations where
velocity anisotropy is present. This has serious safety and cost implication during drilling as most of the Niger
Delta deep targets are located in geopressured formations where velocity anisotropy is a perennial problem.
Keywords: velocity anisotropy, geomechanical properties, geomechanical characterization, minimum horizontal
stress, maximum horizontal stress.
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1. Introduction
Knowledge of rock mechanical properties and wellbore stress regime is important for the economic development
of hydrocarbon resources. In addition to identification of target zones for optimizing hydraulic fracture
stimulation and well completion, characterization of geomechanical properties also aid safe and cost effective
drilling of petroleum wells. A number of wellbores have been lost in the past due to inability to overcome the
technical challenges of safe and cost effective drilling, identification of target zones for well placement and
borehole instability. Shear failure in the wall of the wellbore causes cavings, slackoffs, overpulls and even stuck
pipe events arising from mis-calculations of the mud weight used for the drilling (Konstantinovkaya et al., 2016).
Breakouts occur in intervals of unstable weak shales The combination of these factors cause cost and safety
issues during drilling and well placement. Geomechanical characterization provides a measure of assessing the
subsurface heterogeneity-related variability of well completion quality across an asset, and the evaluation,
modeling and monitoring of geomechanical data is key to wellbore stability assessment to assist in identification
of areas vulnerable to fracturing/faulting during developmental drilling and completion designs to mitigate risks
attributable to compactions, prediction of stress sweet spots for side-tracks or re-drill campaigns to reach targets
(Xiao et al., 2016) and safe and cost effective execution of the field life. Opportunity cost and the additional cost
due to well side-tracks or re-drill campaigns to reach target zones can be very impactful on the business (Mody
and Wang, 2008).

Rock’s mechanical properties are determined directly from measurements on core samples or inferred from
rock physics modeling of geophysical well logs. Measurements on core samples are thought to be more accurate,
but are limited to cost and sparsity of measurement points, in comparison to well log-derived geomechanical
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properties which can be available throughout a reservoir and the bounding formations. Consequently, well logs
are an ideal source of geomechanical data (Edlmann et al., 1998). Slota-Valim (2013) opines that some
geomechanical properties can also be determined directly from seismic data or a combination of seismic and
well logs. Well logs are more readily available for offset wells within a field, in contrast to core samples which
can become available for analysis only after the well has been drilled or when it is being drilled. Geomechanical
properties determined from well logs are dynamic mechanical properties. They are valid for small stress and
strains typically associated with seismic or sonic waves. They need to be transformed into static values which
valid for the analysis of the geomechanical behaviour of rocks under larger stress and strains. Empirical models
are used to convert the dynamic properties to static rock mechanical properties which are then related to rock
strength (Archer and Rasouli, 2012; Najibi ef al, 2015; Xu et al., 2016) and other static rock mechanical
properties. Rock strength is a measure of the ability of a rock to withstand deformation up to catashtrophic
failure. In this context, loading is the application of a force to the rock material. The empirical models are
premised on the belief that some of the rock properties which control the dynamic properties also influence the
static properties (Steiner, 1996).

Due to the sand-shale stratification in sedimentary basins, and preferential alignment of clay minerals in
shales during sedimentation, layered sediments are intrinsically anisotropic to elastic wave propagation. Other
factors which cause anisotropy are distribution of porosity and organic matter, and bedding parallel microcracks
(Vernik, 1994). More specifically, subsurface formations at depths are subjected to in situ anisotropic stresses
which act in the vertical and horizontal directions, and are due to the weight of the overburden and confined
lateral strain arising from the applied pressure, respectively. These stresses are in a state of equilibrium at in situ
conditions, but the action of drilling causes their re-distribution along the wall of the wellbore to re-establish
equilibrium (Bassey et al., 2011). This process may cause hole instability and rock failure especially in areas
with the highest stress concentration, unless a support pressure, which comes from the mud weight, is introduced
to maintain equilibrium. Inclusion of anisotropy in geomechanical characterization can significantly impact the
response of subsurface rocks to changes in stress and strain, and consequently influence the understanding of the
wellbore stability. Shales are known to account for about 90% of wellbore instability in the Niger Delta
(Dosunmu, 2014), probably due to the intrinsic anisotropy in shale formations. However, due to the complexity
in inclusion of anisotropy in the mechanical behavior of rocks, isotropic stratifications have been assumed for
subsurface layers thereby neglecting anisotropy in most field explorations (Higgins ef al., 2008; Zamiran et al.,
2018). Isotropic assumption makes well log-based characterization of the dynamic mechanical properties of the
rocks to be relatively easy and straightforward, but results in imprecise solutions of stress analyses (Higgins et
al., 2008; Thiercelin and Plumb, 1994). The ability to characterize the anisotropic mechanical behavior of rocks
using geophysical well logs allows for the characterization of the in situ state of stress, including mapping of
lithologic changes between wells and hydraulic fracture modeling, all of which influence wellbore stability
analyses.

A number of geomechanical reservoir evaluations carried out in the Niger Delta in the past have assumed
isotropy in deriving rock’s mechanical properties from well logs, for example, Harry et al., 2018, Abijah and
Tse, 2016, Lawson-Jack et al., 2018 and Davies et al., 2019. However, due to the presence of clay minerals in
shales and the potential for different fracture orientations, it is important to consider anisotropy in the
characterization of mechanical properties of rocks to aid exploration and economic development of proven
reservoirs in the Niger Delta. This is more so due to the evidently sequential sand-shale layering and the
presence of shale streaks in most of the reservoirs in the Niger Delta. Volume fraction sets computed from GR
logs in the study area (Figure 1) typically reveal thick layers of shale bounding the reservoirs which themselves,
are saddled with intra heterolithic shale members. Therefore, in this study, we carried out anisotropic
characterization of mechanical rock properties with the aim of precisely determining suitable parameters to aid
design of stable wells and for cost effective and successful drilling. Our focus in this study is the determination
of the anisotropic Young’s modulus and Poisson’s ratio which constitute the main parameters used to explain
elastic deformation (Igbal et al., 2017), and their transformation to formation strength and stress. Poisson’s ratio
and Young’s modulus are functions of the bulk and shear moduli, which in turn, are functions of the
compressional and shear velocity, and density. The Young’s modulus is a stress-strain relationship that describes
the stiffness of a material, while the Poisson’s ratio is the ratio of the lateral expansion of a material to the axial
shortening when the material is subjected to axial loading.
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Figure 1: Typical reservoirs in the study area
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2. Location and Geological Setting

The Sojuko field area is located in the shallow offshore depobelt in eastern part of the Niger Delta (Figure 2).
Reservoir sands in the area are in continual development but at present, are of the Late Miocene age. The
literature is awash of scholarly documentations on the petroleum system, structural styles and stratigraphy of the
Niger Delta (Short & Stauble, 1967; Burke, 1972; Avbovbo, 1978; Evamy et al., 1978; Ejedawe, 1981;
Whiteman, 1982; Doust & Omatsola, 1990; Reijers et al., 1997; Tuttle et al., 1999).
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Figure 2: Map of the Niger Delta showing the study area and the exploratory well locations.

3. Materials and Methods

3.1 Materials

Only well XP2, of the three (3) exploratory wells in the field, have the requisite data for this study, which
include compressional and shear sonic log, bulk density and GR logs, including well deviation data. The
remaining two (2) have no shear information. 3D pore pressure data was also provided from which pore pressure
profile was to be extracted along the well trajectory for the study.

3.2 Stiffness Constant Modeling
The Transverse isotropy with vertical axis of symmetry, known as vertical transverse isotropy (VTI), is the most
common type of anisotropy in sedimentary rocks (Jones et al., 2003). Characterizing the dynamic mechanical
properties of rocks in VTI media requires the determination of five independent parameters, which can be
stiffness parameters, elastic moduli or the Thomsen’s anisotropy parameters.
Using the Voigt’s two-index notation, Hooke’s law can be expressed as:

o; = Ci ]81 (1)
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where C;; is elastic stiffness tensor which relates the stress (0;) to strain (sj). Five independent parameters are
required to define the elastic stiffness tensor in a vertically transverse isotropic medium. These parameters are
associated with seismic velocities measured parallel and normal bedding, and at 45°, and are defined by:

Cii = Vp(90%)?%p (2)
Cz = Vp(0°)?%p )
Ca = Vs(0°)%p (4)
Ces = Vs(90°)%p (5)
Cio = V,(90°)%p — 2V5(90°)%p (©6)

Ciz = —Caq + V[4pVp(45°)* — 2pVp(45°)%(C11 + C33 + 2C44) + (Ciz + Cua)(Ca3 + Ca)] (7)

where Vp(0°), V5(0°) are velocities measured in the vertical direction, equivalent to compressional and shear
sonic velocities from the well, and V(90°),Vs(90°%) are compressional and shear velocities measured in the
horizontal directions.
The stress-strain relationship for rock deformation in the vertical and horizontal directions is given by the
dynamic Young’s modulus, E(0°, dyn) and E(90°, dyn), respectively. These are given as follows (Higgins et
al., 2008):

E0%dyn) = C* (Ci1 + Cip)7t (3)
E(90°, dyn) = [C * (C11 — Cip)] * [C11C33 - C132] ! )
where C = C33(Cyq + Cyp) — 2C;5°
The dynamic Poisson’s ratio is the ratio of transverse strain to longitudinal strain, but in a VTI medium it is
dependent on the orientation of the axial and radial strains relative to the vertical. The vertical and horizontal
dynamic Poisson’s ratio are given as follows (Higgins et al., 2008):

9(0°) = Cyz3* [Ciq + Cip] ™ (10)
9(90°) = (C12C53 — C132) * [C11C33 - C132] ! (11)
A major difficulty in the determination of the above anisotropic mechanical properties is the derivation of the
stiffness parameters C; 3 , C;; and C,g since the horizontal compressional and shear velocities (V»(90°), Vs(90°)
are not usually accessible (Jones, 2015). Assuming a weak transversely isotropic medium, Thomsen (1986)
defines the parameters € and y to describe the P-wave and S-wave anisotropy respectively, and the parameter §
is near vertical anisotropy describing seismic-to-well mistie. These are defined as:

e = (Ciqp— C33)* (2C33)7" (12)
Y = (Coe6— Caa) * (2C4a)7" (13)
8 = [(Ci3— Caa)® = (C33— Cua)?]* 2C33(C33 — Can)™" (14)
Re-arranging Eq. 14 gives:

Cz = p [ (VPZ(O) - VSZ(O)) * (VPZ(O) * (14 26) - VSZ(O) )]0'5 - PVS(O)Z (15)

We extracted seismic interval velocity function along well XP2 trajectory from the 3D PSDM interval velocity
volume covering the field. Following Ogagarue and Ebeniro (2018), we derived the delta anisotropy parameter,
6, by comparing the extracted seismic velocity function and checkshot-derived interval velocity at the well
location using Eq. 16. The computed delta anisotropy was then used in Eq. (15) to derive C; 3.

8§ = (Vseismic = Vwew) * Ver)™" (16)
Jones et al. (2002; 2003) and Jones (2015) report that the epsilon anisotropy typically varies between 1.56 and
2.04 in sedimentary basins. Fruehn ez al. (2007), using gridded tomography, derived delta and epsilon anisotropy
of 10% and 20%, respectively, for the overpressured shale unit of offshore Niger Delta. Consequently for this
study, we derived the Thomsen’s epsilon anisotropy using Eq. 17 and subsequently derived the stiffness
parameter, C;, using Eq. (12).

e = 20%6 17)
Wang (2002) relates S-wave anisotropy (y) to the P-wave anisotropy (Eq. 18), and utilizing this relation, we
derived the remaining unknown stiffness parameter, Cq¢, using Eg. (13).

y = —0.01049 + 0.9560¢ (18)
With the respective stiffness parameters derived, we finally determined the anisotropic mechanical rock
properties which are the dynamic vertical and horizontal Young’s moduli E(0)% E(90)° and the dynamic
vertical and horizontal Poisson’s ratio 9(0)°,9(90)° using Eq. (8 — 11). The Wang’s equation (Wang and Nur,
2000) is widely used in the industry for transforming dynamic Young’s modulus to static Young’s modulus in
soft rocks (Zamiran et al., 2018; Honour et. al., 2019). We used this equation (Eq. 19) to obtain static values
from the Young’s moduli.

Estqr = 0.4145E,,, — 1.0593 (19)
A number of laboratory evaluations carried out in the literature have revealed that there is no obvious
relationship between the dynamic and static Poisson’s ratio and as such, the dynamic Poisson’s ratio has largely
been assumed to be equivalent to the static Poisson’s ratio (Yale and Jamieson, 1994; Wang and Nur, 2000; Fei
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et al., 2016; Zamiran et al., 2018) in geomechanical characterization. Consequently, we have assumed in this
study, that:

Dstar = 19dyn (20)

3.3 Rock Strength Computations

Rock strength indicators are important in prediction of the response of formation rocks to the large values of
stress encountered during drilling and exploitation. The anisotropic geomechanical parameters derived in the
above section were utilized in computing two important rock strength indicators which include the initial shear
strength (ISS) and unconfined compressive strength (UCS).

Initial Shear Strength (ISS)

Using the results of Deere and Miller (1966), Coates and Denoo (1981) derived the now generally used empirical
relation to relate the dynamic Young’s modulus to rock strength. The Coates-Denoo relation, given in Eq. (21),

was used in the estimation of the initial shear strength in this study.
0.026 Egyn

ISS = T {0.008 Vgp,; + 0.0045 (1 — V)3 (21)
where,

ISS = initial shear strength

Cy = bulk compressibility in psi’!

Ver = volume of shale, derived from lithologic volume sets created from GR log

Egyn = dynamic Young’s modulus in psi

Unconfined Compressive Strength (UCS)
McNally (1987), emphasized in Chang et al. (2006), derived unconfined compressive strength from well log
compressional sonic velocity for fine grained, consolidated and unconsolidated sandstones with all ranges of
porosities for the Bowen Basin, Australia. The relation, given in Eq. (22), has been implemented by a number of
authors for the computation of rock’s unconfined compressive strength in the Niger Delta (Abijah and Tse, 2016;
Lawson-Jack ef al, 2019).
UCS = 1200 exp ~%036(A0) (22)
Horsrud (2001) derived unconfined compressive strength using compressional sonic log data from mostly
Tertiary shales with high porosity in the North Sea. Bassey et al. (2011) utilized the relation (Eq. 23) develop
mud weight prediction window for Aret well 1, Niger Delta.

304.8)%93
ves = 077 (32
where At is sonic interval transit time in usec/ft and UCS is in mega Pascal (MPa).
The focus in this study is to derive profiles of rock mechanical properties along hole to aid decision making.
Bearing in mind the thick shale layers bounding reservoirs in the study area and the fact that the reservoirs are
themselves shaley, we combined Eqs. (22) and (23) to obtain reasonable estimate of the unconfined compressive
strength using shale percentage as the delimiter. Consequently, we utilized Eq. (24) to estimate the unconfined
compressive strength in the respective lithologies to obtain an average unconfined compressive strength along
hole for this study.
IF Vg < 0.65THEN X ELSE 'Y END (24)

2.93
where X = 1200 exp ~0036(0 and v = 0.77 (3(::8)

(23)

Angle of Internal Friction ()

Angle of internal friction, in degree, for sand lithology was computed using the Weingarten and Perkins (1995)
relation (Eq. 25) while the Lal’s (1999) empirical relation (Eq. 26) was used to compute that for the shale
sections, respectively.

@ = 57.8—-105(0) (25)
_ ws—1 {VP—1000
¢ = Sin (Vp+1000) (26)

where @ is porosity in volume fraction.

3.4 Computation of Horizontal Stresses

One major use of geomechanical properties is the estimation of the minimum stress profile which is used as
input in hydraulic fracture simulation. Amadei et al. (1987) proposed a model which relates the minimum
horizontal stress to the vertical effective stress as a function of the anisotropic Poisson’s ratio and Young’s
modulus, assuming the horizontal stress is gravity induced. This model (Eq, 27) was used in this study to
determine the anisotropic minimum horizontal stress.
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where Ey ,Ey , PRy, and PRy are the vertical and horizontal Young’s modulus and Poisson’s ratio,
respectively, and oy, and Pp are the vertical effective stress and pore fluid pressure.

The vertical effective stress is the pressure exerted by the rock mass alone, excluding the contribution from
pore fluids. It is obtained by subtracting pore fluid pressure at a given depth from the overburden pressure,
defined as the weight of overburden above that depth in accordance with the Terzaghi’s principle. In this study,
we computed the vertical effective stress from an overburden pressure derived from integration of the bulk
density logs from the three exploratory wells, and pore pressure profile extracted along XP2 well trajectory from
a 3D pore pressure volume supplied for this research (Figure 3).

The maximum horizontal stress is known to be very difficult to estimate. In some cases, an arbitrary factor
is assumed and the minimum horizontal stress is multiplied by the factor to obtain a value for the maximum
horizontal stress. In a recent study, using stress polygon analysis at varying depths, Ramjohn et al (2018)
constrained accurate maximum horizontal stress profiles from minimum horizontal stress derived from leak-off
tests, for some wells in a sedimentary basin. The horizontal stress profiles were digitized and cross-plotted, and
the best-fit regression arising therefrom (Figure 4) was used to estimate reasonable estimate of the maximum
horizontal stress profile for this study.

(b)

Figure 3: Sojuko field 3D pore pressure: (a) Pressure cube (b) pore pressure along arbitrary seismic line across

well XP2.
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Figure 4: Maximum stress determination (a) minimum and constrained maximum horizontal stress (Ramjohn et
al., 2018) and (b) horizontal stress regression analysis
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3.5 Determination of Drilling Mudweight and Borehole Stability Analysis
The mudweight, determined by the pressure in the drilling mud, has both safety and cost implications in
exploratory and developmental drilling of petroleum wells, and accurate determination of the mudweight is
critical to the success of well drilling. There is usually a drilling mudweight window while drilling such that if
the mudweight is lower than the lower limit of the window, shear failure occurs and there is breakout or collapse
of the wellbore wall with subsequent influx of formation fluids into the wellbore. On the other hand, if the
mudweight is higher that the upper limit of the mudweight window, tensile failure occurs, causing fracturing of
the formation and subsequent leak-off of drilling mud into the formation. Safe and cost-effective drilling ensures
that neither of these conditions occurs during drilling and as such, the optimum drilling mudweight is such that
has been determined to keep the well safe by preventing both shear and tensile failure, and is ideally a value in-
between the lower and upper limits. In some cases, a given amount of pressure AP, is assumed and added to the
formation pore pressure to provide a safe drilling overbalance such that the minimum mudweight, M/, ; must be
equal or greater than the sum of the pore pressure plus the overbalance.
In this study, the minimum drilling mudweight, below which shear failure would occur, has been determined by
the application of the Mohr-Coulomb Failure Criteria, following Pandey (2017) using Eq. (28).
1 3+*SHmax — Shmin — UCS + (Kp — 1)*P
MW, = [Kp+1] *{ (D*1.422)/8.33 : P} (28)
where  Kjp is passive Mohr-Coulomb coefficient which is related to the Angle of Internal Friction (¢) by:
KP — 1+Sin(¢) (29)
1-Sin(e)
The upper drilling mudweight is not expected to be higher than the minimum horizontal stress. Therefore, the
safe mudweight drilling window in this study has been determined using the relation:
MWy, Shimin
(TVDss (ft)) Z MWoptimum < (TVDss (ft)) (30)
The depth, D, in Eq. (28) is in meters, and the mudweight is estimated in units of pounds per gram (ppg).

4. Results and Discussion

Analysis of interval velocity from sonic, seismic and checkshot data at the well location shows that the effect of
anisotropy is pronounced in the data from about 6,800 ft TVDss (Figure 5). From the figure, it is evident that for
the anisotropic interval, the computed stiffness constants hold the relation C;; > C33 > C;, > Ci3 > Cg >
C,4. This agrees well with the result of Wang (2002). The stiffness constants generally increase with depth in
the anisotropic interval. Table 1 shows typical stiffness constants computed for different lithologies and reservoir
tops in the anisotropic interval in well XP2.

Table 1. Typical stiffness constants at different rock types and well markers in the anisotropic interval in well
XP2

TVDss ~ Marker/ Cl1 C33 C12 C13 C66 C44
(v Rock type  (psi) (psi) (psi) (psi) (psi) (psi)

6846 RT 1 224E+07 221E+07 128E+07  1.25E+07 4792545.61 4821970.75
6981.5 Sand  1.70E+07 1.64E+07 8838646.24 8502046.66 4069649.79 4014676.77
7089.5 Sand  2.26E+07 2.13E+07 1.17E+07  1.11B+07 5447730.03 5259281.17
7307.5 RT 2  245E+07 2.18E+07 1.33E+07  1.23E+07 5568395.08 5076725.21
7365 Sand  2.25E+07 1.97E+07 1.34E+07  123E+07  4520862.5 4058018.39
7483 Sand  2.26E+07 1.90E+07 120E+07  1.07E+07  5309295.85 458769523
7587 RT 3 2.83E+07 231E+07 1.70E+07  1.49E+07  5688310.85 4752085.02
7759.5 RT 4  249E+07 1.92E+07 1.31E+07  1.12B+07 5883844.67 4677783.47
7935 Shale  2.36E+07 1.77E+07  1.32E+07  1.11E+07 522768322 4012799.16
8043 Shale  2.91E+07 2.13E+07  1.37E+07  1.16E+07  7692886.07 5781312.74
8102 Shale  2.63E+07 1.90E+07 1.41E+07  1.17E+07 61116253  4540424.43
8265 RT 5 295E+07 2.07E+07  LS0E+07  1.23E+07 7281247.31 5249498.78
83575  Sand  3.07E+07 2.12E+07 1.51E+07  1.24E+07 7785309.36 552864822
8506 RT 6  3.05E+07 2.09E+07 LSIE+07  1.23E+07  7674525.11 542464521
8583.5  Sand  3.56E+07 2.44E+07  1.52E+07  1.26E+07  1.02E+07  7184681.88
8800 Shale  3.68E+07 2.52E+07  1.77E+07  1.45E+07  9574004.19 6750273.75
8888.5 RT 7 4.53E+07 3.11E+07 1.65E+07  140E+07  1.44E+07  1.02E+07
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TVDss  Marker/ Cl1 C33 Cl12 Cl13 C66 C44
(ft) Rock type  (psi) (psi) (psi) (psi) (psi) (psi)

8996.5  Sand  3.28E+07 225E+07  1.35E+07  L.I3E+07  9644480.89 6816743.93
9114 Sand  3.31E+07 227E+07  1.43E+07  1.19E+07  9391620.57 6636179.54
9176.5 RT 8 4.44E+07 3.05E+07 1.98E+07  1.63E+07  123E+07  8691036.78
9254 Sand  3.93E+07 2.70E+07  1.58E+07  132E+07  1.17E+07  8306077.95
9361 Shale  3.57E+07 2.47E+07 1.70E+07  1.39E+07  9392646.88 6668397.35
9410.5 RT 9 4.99E+07 3.44E+07 2.17E+07  1.80E+07  1.41E+07  1.00E+07
9438 Shale  3.95E+07 2.72E+07 1.56E+07  1.31E+07  1.19E+07 8460406
9635 Sand  3.35E+07 2.32E+07  1.39E+07  1.17E+07  9793468.99 697897534
9645 Sand  3.20E+07 222E+07 1.ISE+07 98166288  1.03E+07  7327096.29
9841.5  Shale 3.47E+07 241E+07 1.64E+07  1.35E+07 9160746.04 6538703.24
9915 RT 10 4.30E+07 3.00E+07 135E+07  L.19E+07  148E+07  1.06E+07

Symbols: True vertical depth sub-sea, stiffness constants C11, C33, C12, C13, C66 and C44

The focus of the anisotropic analysis is to accurately model the two important rock mechanical properties,
the Young’s modulus and Poisson’s ratio, by consideration of vertical transverse isotropy in the modeling. The
workflow adopted in this study enabled the determination of these properties in the vertical and horizontal
directions thereby removing the assumption of isotropy in the geomechanical modeling. The essence is to
accurately estimate the two principal horizontal stresses and other parameters for the accurate prediction of the
drilling mudweight and analysis of borehole stability. Figure 6 shows the modeled compressional and shear sonic
interval velocities, and the Young’s modulus and Poisson’s ratio in the vertical (slow) and horizontal (fast)
directions. As expected, the modeled properties are approximate in the isotropic interval of the well, but different
in the anisotropic interval where they are generally higher in the horizontal than the vertical direction. The
horizontal compressional interval velocity is 0.05 to 17.2% higher than the vertical compressional velocity in the
anisotropic interval, while the horizontal shear interval velocity increased from 0.02 to 16.7% relative to the
vertical shear interval velocity.

The dynamic Young’s modulus computed for the dataset is generally about 60% higher than the static
value; the static Young’s modulus in the symmetry plane is about 0.06% at the onset of anisotropy to 32.9%
higher than that along the symmetry axis within the anisotropic interval. On the other hand, the horizontal
Poisson’s ratio is on the average 15.7% higher than the vertical Poisson’s ratio in the anisotropic interval.
Comparatively, the Young’s modulus appears to be more sensitive to the VTI anisotropy than the Poisson’s ratio.
Table 2 shows the anisotropic velocities and the geomechanical properties at key reservoir tops within the
anisotropic interval.
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Figure 5: Rock elastic properties and computed stiffness constants for XP2 well with well markers. Track 1:
GR; Track 2: Interval velocity from shear sonic (Green) and compressional sonic (Black), Seismic interval
velocity (Blue) and checkshot (Red); Track 3: RHOB; Track 4: C11(Red). C33 (Blue); Track 5: C66 *Red), C44
(Blue); Track 6: C12 (Red); C13 (Blue); Track 7: Delta anisotropy (Black), Epsilon (Blue) and Gamma
anisotropy (Blue); Track 7: Lithologic volume set.
Table 2. Anisotropic elastic and geomechanical parameters at reservoir tops in the anisotropic interval.

TVDss Top RHOB Vp(0) Vp(90) Vs(0) Vs(90) E stat(0) E stat (90) PR(0) PR(90)
(f (g/em3) (m/s) (m/s)  (m/s) (m/s) (psi) (psi)

6846 RT 1 24300 3014 3037 1409 1404 5312200 5306909 0.3551 (.3744
7307.5 RT 2 23004 3077 3261 1486 1556 5564007 6147208 0.3251 0.3649
7587 RT 3 23431 3139 3478 1424 1558 5379803 6422818 (0.3277 0.3946
7759.5 RT 4 2.0598 3057 3474 1507 1690 5068266 6466088 0.2960 0.3571
8265 RT 5 24031 2935 3506 1478 1741 5611078 7970142  0.2757 0.3459
8506 RT 6 2.1250 3138 3787 1598 1900 5768276 8367829 02699 0.3394
8888.5 RT 7 2.3584 3629 4385 2076 2473 10079288 14916151 (.2270 0.2604
9176.5 RT 8 24364 3537 4269 1889 2247 9034203 13202372 (.2545 0.3097
94105 RT 9 2.3877 3796 4570 2048 2431 10359318 15083374 0.2513 0.3030
9915 RT 10 23662 3527 4229 2095 2476 10199508 14899322 (2096 0.2304

Symbols: True vertical depth sub-sea, bulk density, vertical and horizontal compressional sonic interval
velocity, vertical and horizontal shear sonic interval velocity, vertical and horizontal Young’s modulus,

vertical and horizontal Poisson’s ratio.
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Figure 6: Anisotropic compressional and shear interval velocities, and Poisson’s ratio and Young’s modulus. The
blue colour in each track indicates the horizontally-derived velocity and mechanical constants, and the red colour
indicates the parameter derived in the vertical direction. (Track 1: Vp; Track 2: Vs; Track 3: Young’s modulus;
Track 4: Poisson’s ratio; Track 5: Lithologic volume set)

From the study, the horizontal Young’s modulus and Poisson’s ratio can be related to the respective vertical
components in the Niger Delta shallow offshore area (Figure 7) as follows:
Eqq (stat) = 1.6713 = E, (stat) — 1971555 (psi)
PRy, = 0.8603 * PRy + 0.079777
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Figure 7: Relationship between anisotropic rock mechanical properties in the area
Figure 8 shows the rock strength and in situ stress profiles along the vertical well direction. The maximum
Angle of Internal Friction (AIF) around the wellbore is approximately 50°, with an average of 26.2° and 33° for
the isotropic and anisotropic interval, respectively, indicating an overall increase in the Internal Friction Angle
with depth. The Unconfined Compressive Strength (UCS) around the wellbore varies from 512 psi to 8,837 psi,
with an average of 2,728 psi. The UCS also generally increase with depth, with an average of 1,887 psi and
4,191 psi in the isotropic and anisotropic interval, respectively. The Angle of Internal Friction and Unconfined
Compressive Strength in the area can be related (Figure 9 a) using the relation:
UCS = 335.4815 = (1.070999)4F (27)
The in situ minimum horizontal stress varies from about 727 psi to 7,500 psi, and it generally increases with
depth with an average of 4,107 psi, and average gradient of 0.69 psi/ft. The in sifu maximum horizontal stress is
12.27% higher than the minimum horizontal stress at every depth along the well, indicating an average gradient
of 0.713 psi/ft. The in situ stress values obtained are reasonable, compared to the average pore pressure and
vertical stress gradient of 0.435 psi/ft and 0.914 psi/ft, respectively. This suggests that the relationship between
the minimum and maximum horizontal stresses used for this study is reasonable and adequate for the study area.
The minimum horizontal stress can be related to the Unconfined Compressive stress in the area (Figure 9 b) by:

Shmin = 4.53668 x (UCS)0860385 (28)
TvDs=s ] Gen et x| Geaneral o x| Gene o x| General o1 x| Genera e EEEES
G (APD [Gamma (untless) | AIF_R [dengg WICS_F (psi SHrmax_F (pei ol _set
00=-1S0 0§00 — 055|007 =— 60000 — 1 Kol (i) = o 10000000 =10
Epzilon (unitles=s) Shnin_F (psi)
— ] (] = 100000
Detta (unitless) i OB (psil
(0.0 — 5 oo PP tpsh) 100000
00 100000
6000 —= | 1+ \ =
RT_1 I
7000 + E
RT_2
RT_3
RT_4 A 1
8000 | §
RT_5
RT_6
RT_7
9000 C a &
RT_S8
RT_9
RT_10 Il - +
4

Figure 8: In situ stress and rock strength profiles: Track 1 (GR); Track 2 (Delta — Black; Gamma — Green &

Epsilon anisotropy — Blue); Track 3: Angle of Internal Friction; Track 4: Unconfined Compressive Strength;

Track 5: (Pore pressure — Blue; Horizontal minimum stress — Black; Horizontal Maximum stress — Green &
Overburden stress — Red); Track 6: Lithologic volume set.
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Figure 9: Relationship between Unconfined Compressive Strength and Angle of Internal Friction.
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Rock strength parameters and in situ stress at key reservoir tops within the anisotropic interval are shown in

Table 3.

Table 3. Stress and mechanical rock property data at key reservoir tops reservoir tops in the anisotropic interval.
TVDss Top AIF UCS PP Shmin SHmax OBP
(ft) (deg) (psi) (psi) (psi)  (psi) (psi)

6846 RT_1 30.12 3698.72 2979.02 4839.26 5516.42 6259.80
7307.5 RT 2 30.63 3964.91 3178.85 5184.06 5909.52 6724.29
7587 RT_3 31.12 4232.30 3299.87 5696.02 6493.22 7007.52
7759.5 RT 4 27.06 3878.09 3374.56 5611.61 6396.97 7182.88
8265 RT 5 29.46 3380.06 3593.45 6047.33 6893.74 7699.95
8506 RT 6 33.07 4231.08 3697.80 6217.08 7087.27 7947.86
8888.5 RT 7 34.61 6669.72 3863.42 5898.13 6723.63 8343.10
9176.5 RT 8 34.00 6174.56 3988.12 6496.11 7405.39 8642.09
9410.5 RT 9 34.91 7612.59 4089.45 6607.61 7532.51 8885.75
9915 RT 10 33.94 6122.65 4307.89 6339.50 7226.85 9413.66

Symbols: True vertical depth sub-sea, Angle of Internal Friction, Pore pressure, Minimum horizontal stress,
Maximum horizontal stress, Overburden pressure (vertical stress)
Rock failure profiles estimated with the strength and in situ stress data are shown in Figure (10). The
minimum safe drilling mudweight below which rock shear failure would occur decreases with depth in the well;
the values range from 0.379 psi/ft to 0.684 psi/ft. with an average of 0.529 psi/ft in the well, giving an average
overbalance of 655 psi. The result shows that the overbalance is higher in the shale intervals than sands. On the
other hand, the maximum safe drilling mudweight above which tensile failure would occur is estimated to range
from 0.40 psi/ft to 0.783 psi/ft, with an average of 0.713 psi/ft. These figures suggest an average safe drilling
mudweight window of 0.529 psi/ft to 0.713 psi/ft (Figure 10b) with an average optimum drilling mudweight of

0.621 psi/ft.
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Figure 10: Rock failure and safe drilling analysis of XP2. (a) Track 1: (Pore pressure gradient, Blue; Minimum
mudweight, Grey; Maximum mudweight, Black; Overburden pressure gradient, Red); Track 2: Lithologic vole
set (b) Repeat plot emphasizing the safe mudweight window.

Finally, the results show that assuming isotropy for geomechanical characterization leads to under-
estimation of the rock’s mechanical properties in subsurface intervals where there is presence of velocity
anisotropy. As expected, the estimated in sifu horizontal minimum stress is approximately same for the
anisotropic and isotropic case, but is much lower for isotropic than the anisotropic case. Obviously, this has a
resultant effect on the horizontal maximum stress and subsequently the predicted safe drilling mudweight and its
window. Figure 11 a shows comparison of the minimum and maximum horizontal stress modeled assuming
isotropy and using the vertical transverse isotropy model, and Figure 11 b compares the mudweight and
minimum horizontal stress computed using the different models. The isotropic assumption resulted in the
prediction of a much lower safe drilling mudweight window. This has a serious safety and cost implication. The
results have underscored the need to consider velocity anisotropy in geomechanical characterization even though
the procedure is evidently tedious. The workflow presented in this study is applicable to other depobelts in the
Niger Delta and could be a good starting point for empirical modeling of rock’s mechanical properties which
could then be “ground-truth” with measured rock stress data. Table (4) shows comparison of the results of the
isotropically and anisotropically modeled stress and mudweiht data at the reservoir tops.
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Figure 11: Minimum horizontal stress and drilling mudweight for XP2: (a) Track 1: (Pore pressure, PP — Blue;
Isotropically modeled minimum horizontal stress (Shmin) — Black; Anisotropically modeled Shmin — Green,
Overburden stress (OBP) — Red; Track 2: PP — Blue; Isotropically modeled maximum horizontal stress (SHmax
—Black); Anisotropic SHmax — Green); Track 3: Lithology.
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Table 4. Comparison of anisotropically modeled rock stress and safe drilling mudweight to the isotropic model.

TVDss Top MW _ANIS MW ISO ShG_ANIS ShG ISO PP_Grad OBP Grad
(ft) (psi/ft) (psi/ft)  (psi/fY) (psi/f)  (psi/ft)  (psi/ft)
6346 RT_1 05096 05084 07069  0.7050  0.4351  0.9144
7307.5 RT 2 05093 05002 07094  0.6941  0.4350  0.9202
7587 RT3 05286 05120 07508  0.7224 04349  0.9236
7759.5 RT 4 05382 05145 07232 0.6871 04349  0.9257
8265 RT 5 05595 05275 07317  0.6797 04348  0.9316
8506 RT 6 05257 04952 07309  0.6754 04347  0.9344
8888.5 RT 7 04314 04027  0.6636  0.6088  0.4347  0.9386
9176.5 RT 8 04720 04425 07079  0.6526  0.4346  0.9418
9410.5 RT 9 04388 04106 07022  0.6476  0.4346  0.9442
9915 RT 10 04476 04192  0.6394  0.5862  0.4345  0.9494

Symbols: True vertical depth sub-sea, Mudweight (anisotropic), Mudweight (isotropic), Horizontal minimum
stress gradient (anisotropic), Horizontal minimum stress (isotropic), Pore pressure gradient, Overburden pressure
gradient

5. Conclusion

Majority of works on rock’s mechanical property modeling carried out in the Niger Delta have largely assumed
isotropy even though anisotropy is intrinsically present in the Niger Delta as a result of its geologic setting. In
the foregoing, we characterized geomechanical rock properties in an exploration well in the shallow offshore
depobelt of the Niger Delta, incorporating velocity anisotropy in the log-based modeling of the important
geomechanical properties, namely the Young’s modulus and Poisson’s ratio. The study shows that whereas the
shallow interval up to about 6,800 ft tvdss is isotropic, the deeper interval is anisotropic. The modeled
geomechanical properties are much higher in the horizontal direction than the vertical in the anisotropic interval,
but track in the isotropic interval. Rock strength and in situ stress data modeled and analyzed in this study show
that assumption of isotropy in geomechanical modeling results in under-estimation of rock strength and state of
stress in situ. This is particularly important as it has serious safety and cost implication during exploration or
production drilling. The results obtained from this study could assist the drilling engineer in planning safe and
cost effective drilling of the well. Accurate determination of the rock strength and stress state results in the
prediction of accurate safe drilling mudweight window to prevent shear and tensile failure with their resultant
unpleasant effects during drilling. The workflow presented is applicable to other depobelts in the Niger Delta and
could be a good starting point for empirical modeling of rock’s mechanical properties which could thereafter be
“ground-truth” with measured rock stress data.
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