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Abstract: This work efficiently incorporated geomechanical characteristics into a 3-D geostatic model of a
reservoir in the Niger Delta basin, Nigeria, for the assessment of deformability and rock strength utilizing well
logs and 3D seismic data. Unconsolidated sandstone and compacted shale were characterized and assessed
through the determination of elastic moduli (Poisson ratio, Young's modulus, Bulk modulus and Shear modulus)
and Unconfined Compressive Strength (UCS) utilizing sonic logs and petrophysical analysis. Correlations and
cross plots were employed to compare the evaluated reservoir strength and physical properties (including
modulus, porosity, and velocity) of the five delineated zones from five vertical wells in the studied reservoir for
validation purposes. The integration of elastic characteristics and unconfined compressive strength into the 3D
static model of the analyzed reservoir was executed to account for significant lateral variability of rock elastic
moduli and strength in zones lacking well control, particularly from the well points. The findings indicate that
the average parameters of the poorly cemented sand exhibit a decreased Poisson ratio, Young modulus, Bulk
modulus, Shear modulus, and Unconfined compressive strength (0.26, 2.1GPa, 11.05GPa, 7.21GPa, and
13.91MPa, respectively), with elevated porosity (0.25). Conversely, the compacted shale exhibits increased
Poisson ratio, Young modulus, Bulk modulus, Shear modulus, and rock strength, quantified as 0.37, 17.95GPa,
20.79GPa, 52.92MPa respectively, with reduced porosity, measured at 0.06. A significant enhancement in rock
strength and elastic moduli occurs with a corresponding reduction in porosity. The mechanical failure in the
NNW direction of the reservoir will be comparatively less severe than in other zones, as analyzed using the 3D
earth model. This research will yield valuable information that will facilitate the management of reservoir stress
and strain throughout development, optimize reservoir performance, and reduce risk.

Keywords: Poisson ratio, Young modulus, Bulk modulus, Shear modulus unconfined compression strength and
Niger delta

1. Introduction

Technological revolution is at the heart of deepwater oil operations, allowing us to explore, drill and produce oil
in some of the world’s most challenging environments. In contrast to conventional reservoirs, unconventional
reservoirs have heightened geological complexities that complicate drilling and well design, resulting in
increased drilling time, production cost, and operational risk. The nature of these operations is influenced by
factors such as faulting and fracturing, which could result in unstable wellbores, lost circulation, and challenges
in accessing the target reservoir. Additionally, heterogeneous rock properties, including variations in porosity,
permeability, and rock strength, can impact drilling rates, wellbore stability, and reservoir performance. Besides

the problems of drilling and well placement, evaluating the distribution, volumetric, and net-to-gross ratio of the
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unconventional reservoir is a significant obstacle. The complicated compartmentalization of the reservoir makes
its production much more expensive, and it is only sustainable if there exists a substantial reserve that can
support exploitation over a prolonged period. Nonetheless, unconventional reservoirs may provide greater long-
term profitability compared to conventional reservoirs because they are closer to the surface and have increase
longer depletion span. The need for unconventional hydrocarbon sources remains necessary, since their
availability facilitates production growth and reduces dependence on conventional crude oil production.
Understanding the geomechanics of a hydrocarbon field is essential for the optimal economic exploitation of an
unconventional reservoir. Geomechanical issues, including pore pressure prediction, fault/seal integrity, well
stability, permeability heterogeneity assessment, and sand production forecasting, benefit from precise
measurement and evaluation of geomechanical parameters. Predicting safe and economical operation depends
critically on a thorough knowledge of the stress state and fluid-rock interaction conditions in porous media
before different scenarios including drilling, stimulation, and production of hydrocarbon reservoirs. The
paramount significance resides in assessing the three-dimensional spatial distribution of geomechanical
properties and petrophysical parameters at the reservoir scale within such a challenging environment.
Consequently, the 3D seismic-driven geomechanical model will increase the knowledge of the complicated
geometry, presenting precise scaling and proportional identification and quantification of essential reservoir
properties, including porosity, permeability, fluid saturations, lithology, and geomechanical properties. These
characteristics determine the reservoir's capacity to store and produce hydrocarbons, affecting productivity,
recovery efficiency, and economic viability [33].

The reservoir's 3D static geological model includes a 3D volume structure [9,46,47,48]. A three-dimensional
static model of the reservoir defines the structure, stratigraphy, and rock characteristics at a given time [3,47].
One of the most difficult aspects of reservoir modeling is accurately representing reservoir geometry, such as the
structural framework and precise stratigraphic strata [35,41]. The static reservoir model is built from many data
sources, including well logs, cores, well testing, and production data [12]. The reservoir model is created in two
stages: construction modeling and petrophysical modeling, in which geostatistical techniques distribute reservoir
features across the reservoir structure [16]. Geostatistical approaches such as deterministic (such as Kriging) and
stochastic (such as Sequential Gaussian Simulation) methods are omen used to develop reservoir models [47,
48] A reservoir model plus a geomechanics model make up the static reservoir geomechanical modeling system.
As stated, geostatistical approaches can be used to develop the static reservoir model. Furthermore, the
geomechanical characteristics model can be built using geostatistical approaches in the same way that the static
reservoir model is modelled. Numerical modeling, particularly the reservoir geomechanical model, is a
dependable tool that integrates diverse data, including geological, geophysical, and engineering data, to analyze
multiple scenarios over the reservoir's lifespan [14,22,25,45,18]. A 3D seismic-driven geomechanical model is
an outstanding tool for evaluating temporal and lateral variations in petrophysical and mechanical parameters,
particularly in complex, heterogeneous, and unconventional reservoirs.

The dependability of seismic-derived elastic characteristics and pore pressure is intrinsically connected to the
precision of seismic velocities [11,39]. Seismic data provides critical information on the structure, stratigraphy,
petrophysical, and geophysical features of the subsurface, which may be examined to derive significant elastic
mechanical parameters of the reservoir rock. Initially, the seismic data must be calibrated using well logs and, if
feasible, with core data to enhance its predictive efficacy. The seismic data will thereafter be inverted using
suitable inversion software. Well logs have shown significant use in predicting elastic geomechanical
characteristics, particularly due to the availability of many crucial empirical equations that correlate distinct
elastic rock moduli with the Lame parameters. Logs such as sonic, density, resistivity, and gamma are valuable
for calculating the elastic characteristics of rock.

A comparable study on Geomechanical Characterization was conducted in Wabamun Lake and the Nisku
formation in Canada by [45,47], utilizing core samples and a 2D methodology, although with the constraint of
oversimplifying geological structures. This study employs a 3D seismic-driven geomechanical model technique
to thoroughly analyze and integrate the geomechanical properties of a reservoir into a 3D earth model, using
well logs and seismic sections to map and interpolate changes in rock deformability and strength. Cross plots
and correlation analyses of rock mechanical characteristics and petrophysical parameters were conducted to
validate their connection; nevertheless, reserve calculation and reservoir producibility are outside the scope of
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this study. Rock strength and other characteristics are derived from data acquired via well logs, since most
variables influencing rock strength concurrently impact elastic modulus and petrophysical parameters
ascertainable from geophysical measurements [23,24]. More accurate reservoir models and better reservoir
management methods follow from a thorough knowledge of reservoir properties and heterogeneities made
possible by the integration of petrophysical and geomechanical study in 3-D model utilizing geostatistical
simulation techniques. Thus, the objective of this study is to evaluate Poissons ratio, Bulk modulus, young
modulus, Shear modulus, compressibility, unconfined compressive strength (UCS) and porosity of a deep-water
reservoir in the Niger Delta using well-log data. The advantages for more precise well and field development
planning in structural complicated reservoir like the Niger Delta basin will be shown by the synergy of 3D
geological model with mechanical parameters and rock strength. This will minimize downtime, enhance
productional efficiency, improve overall production, and maximize return rate of economic assets.

2. Theoretical Background

Two petrophysical logs that are crucial for predicting geomechanical parameters and characterizing reservoirs
are density and sonic (both compressional and shear waves) [20]. Dynamical properties are geomechanical
parameters that are computed using petrophysical logs. An estimate of the geomechanical characteristics
throughout the reservoirs, not only the tested depths, is obtained by determining the dynamic properties.
Compressional and shear wave velocity

Practically every equation that has been presented for determining rock strength and elastic moduli from
geophysical logs uses either compressional velocity (Vp), transit time (us/m), or porosity, according to
[7,23,24,29,32]. Lithology, interstitial fluid, porosity, clay content, depth, density, temperature, and other
elements all have an impact on seismic velocities. Lithology influences velocity (P-wave and S-wave). The
velocity at which acoustic waves penetrate rocks is influenced by porosity since pores are among the weakest
and most deformable parts of rocks [8, 9]. In 1950, Wyllie et al. created equations that demonstrated the
connection between porosity and velocity.

At = gAt, + (1-@)At,, ()]
where At, At,, At = specific transit time (slowness), pore fluid, rock matrix respectively, ¢ = Porosity

In terms of velocity, equation (10) can be re-written as:

14,09 o

VoV, Vg

where, V = Bulk density V, = Velocity of the fluid Vv, = Velocity of rock matrix.

Shear and compressional wave velocities are other properties of reservoirs that should be properly determined.
Equation may be used to determine the compressional wave velocity based on the travel time obtained from
sonic logs. (1):
V, =1/ DT ®3)

Vp denotes the compressional wave velocity, whereas DT represents the compressional wave travel time. For
zones where travel time was unrecorded, DT was approximated using density travel time correlation and
porosity data. Several correlations have been established to estimate shear wave velocity, like the calculation of
compressional wave velocity. These include the Han correlation [21], Castagna correlation [8] Multiple
regression method [2] and Brocher correlation [5,6], as detailed in Table 1, where Vs and Vp denote shear and
compressional wave velocities, respectively. NPHI denotes neutron porosity, whereas RHOB represents density.

Table 1: Proposed correlations for shear wave velocity calculation

Correlation Eq. no

Han correlation V; = 4060 - 62800 4
Castagna Vs=(km/s) = -0.05509 V%, + 1.0168V, -1.0305 5
correlation
Multivariate V; =17.0885 + 0.4068 x Vp - 2.1907 x NPHI2 x 1.1794 - NPHI - 3.2747 x 6
model RHOB? + 15.3587 x RHOB
&) [
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Brocher Vs =0.7858 — 1.2344x V, + 0.7949 xV?, -0.1238 xV3, + 0.0064 xV4 7
correlation

Petroleum Geology of the Study Area

The research location, the oil-rich Niger Delta region, is situated within the offshore depo belt of the Niger Delta
basin in Nigeria (Figure 2). This sedimentary basin is characterized by a clastic environment mostly composed
of sands and shales. The Niger Delta Province encompasses a singular recognized petroleum system known as
the Tertiary Niger Delta (Akata-Agbada) Petroleum System. The region is a sedimentary basin, with three
primary formations: Akata, Agbada, and Benin Formations. The Akata consists of dense shale formations and
functions as a prospective source rock. It is considered to have originated due to the movement of terrestrial
organic materials and clays to deep seas during the beginning of the Paleocene. The thickness of this deposit is
believed to be around 7,000 meters, and it is situated under the whole delta with significant overpressure. The
Agbada Formation serves as the principal oil and gas resource of the delta. It functions as a transition zone and
comprises an intercalation of sand and shale (paralic siliciclastics), with a thickness of 3700 meters, representing
the deltaic segment of the Niger Delta sequence. The Agbada Formation is overlain by the Benin Formation.
The Benin Formation consists of sands around 2000 meters in thickness [27].
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Figure 1: Map of the Niger Delta Basin showing Study Area (Onuorah et al., 2014).

3. Materials and Methods

The material used for this work consists of digitize conventional logs (GR, Sonic, Resistivity, Compensated
Density, and Neutron Porosity Logs) in LAS format, digitize 3D seismic data (in Seg-Y data format), Check
shots, Schlumberger Petrel, interactive petrophysics, and MS Excel somware for the analyses and interpretation
of these data. Core samples of the reservoir's overburden formation are not readily available for geomechanical
laboratory testing in this project, hence the assessment of the 3D earth mechanical property model is based on
data gathered from well logs and 3D seismic volume.

Seismic interpretation and petrophysical analysis.

Detailed 3D seismic interpretation and petrophysical analysis were carried out using the Schlumberger Petrel.
This includes loading available data (seismic and logs) into the somware, generating a synthetic seismogram to
determine the horizons or picks of interest to be interpreted on the seismic profile, fault and horizon
interpretation, creation of fault polygons, zapping/interpolation/smoothing of horizons, generation of depth
converted contour maps, and generation of geomodels. The Petrel somware was used to verify data at the time
of input to ascertain its compliance with the dataset's minimum and maximum limits. The availability and
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uniformity of the GR and Sonic logs for all five wells were identified as vital for lithological delineation and
compression velocity generation; the logs were standardized to prevent erroneous readings. Three-dimensional
seismic data and well log data were used for stratigraphic correlation and reservoir structure identification. This
was accomplished by highlighting surfaces of interest from the five wells on a well correlation panel. The
reservoir's boundary and geometry were defined using seismic data. This facilitated the assessment of the
reservoirs' geometry both laterally and in depth. The 3D seismic volume served as the basis for constructing the
3D geomechanical models of the reservoirs.

The 1D and 3D reservoir geomechanics modeling

The 1D geomechanical and 1D petrophysical (reservoir) properties modeling are two components of the one-
dimensional modeling of reservoir geomechanics. We use log data from the five wells to analyze 1D
petrophysical and geomechanical parameters. By calculating the elastic moduli (Poisson ratio, Young modulus,
Bulk modulus and Shear modulus) and the unconfined compressive strength (UCS) using sonic logs and
petrophysical analysis, 1D geomechanical modeling provides a continuous numerical representation of
geomechanical properties. Upscaling the well log, interpreting the data, geocell modeling, and petrophysical
modeling are the steps involved in the study of petrophysical and geomechanical data. The 3D geomechanical
model and the 3D static reservoir model are two components of the three-dimensional modeling of reservoir
geomechanics. Each model includes 3D structural and property representations of the reservoir's geology,
structure, stratigraphy, sublayers, and faults. The high-resolution structural/geological model is used to
construct the 3D static geomechanical model. Geostatistical techniques based on the 1D geomechanical models
from the log data are used to distribute the 3D geomechanical properties. The 3D geomechanical model is filled
using geostatistical techniques like the Kriging and Gaussian (Sequential Gaussian Simulation (SGS))
approaches. To capture significant lateral variation of rock elastic moduli and strength into locations where well
control may not exist, particularly off the well locations, the mechanical and petrophyical parameters, rock
strength, and structural characteristics were finally analyzed on a 3D geomechanical model of the reservoir. This
shows the reservoir's structural limitations, rock strength, and lateral extent of deformability around the well
environment.

Graphical analysis of petrophysical and geomechanical parameters

Cross plots were used to graphically analyze the connection between the estimated elastic moduli, unconfined
compressive strength, and petrophysical characteristics. In terms of a formation rock strength (UCS), there is a
definite correlation between its mechanical and petrophysical characteristics, according to [23,51]. The
suggested relationship between the reservoir rock unconfined compressive strength and the geomechanical
analysis that was assessed from the lithological units in the formation under study is justified in this work by a
graphic report or cross plot. When required, the visual analysis of these cross plots would provide a foundation
for compromise or a quality check, particularly in cases when statistical findings may be misleading.
Determination of Rock Geomechanical Properties

The mechanical parameters of the field were assessed using wireline logs. These elastic parameters include the
Poisson ratio, young modulus (E), shear/rigidity modulus (G), bulk and matrix/grain moduli (Kb and Km). Bulk
and grain compressibility (Cb, Cr) Biots coefficient (a), and inelastic prosperity, unconfined compressive
strength (UCS).

Young's modulus (E) is a measure of the property of the rock to resist deformation. It is the ratio of
compressive/ tensile strength to compressive/tensile strains which for a rock that has similar properties and
identical in all direction, homogenous, and elastic the modulus is given as:

_ 9GK,

=—2— 8
3K, +G ©®

Poisson Ratio (v)

The log-derived Poisson ratio was calculated from acoustic measurements, specifically the sonic log, which is
typically presented in terms of slowness. This slowness is the reciprocal of velocity, represented as interval
transit times (AT) measured in microseconds per foot. The ratio of the slowness of compressional waves (AVp)
to the slowness of shear waves (Vs) is utilized to calculate the Poisson ratio [34].
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OISW ©)

The theoretical maximum value of v is 0.5

Where 'V, =compression wave velocity and Vg =shear wave velocity

Shear Modulus (G)
The Shear modulus is the ratio of the Shear stress to the Shear strain which for a homogeneous and elastic rock
is given by equation (13) [43].
a
G= _9Pp (10)
V(AT,)
Where coefficient a = 13464, p, = Bulk density in g/cni3, A Ts = Shear sonic transit time in us/m. vV =

Poisson ratio. The unit of G is 106 MPa.

Bulk Modulus (K, ) is a static modulus but an equivalent dynamic modulus can be computed from the sonic

and density logs. The relationship is given in below:
1 4

AT? 31’

S

Kb = a_pb (11)

where coefficient a =13464, P, =Bulk density in g/c m? , AT and ATs = change in compression and shear

wave respectively in us/m. The unit of K, is 106 MPa.

Unconfined compressive Strength (UCS) and Porosity(¢)

Of the various empirical relationships suggested for sandstone, shale, and limestone rocks, equation (12) is most
applicable to fine-grained, both consolidated and unconsolidated sandstones across all porosity ranges in the
Niger Delta basin, while equation (13) for shales was utilized for comparative analysis.

Table 2: Relations between UCS and porosity in reservoir rocks

Lithology Relationship Formula Applicable Conditions Eq. no

Sandstone UCS =277 exp(—100) 2MPa < UCS < 360MPa ; 0.002 < ¢ <0.33 12

Shale UCS = 1.001¢p —1.143 UCS > 79MPa ; ¢ UCS > 79MPa ; ¢ <0.1 13
<0.1

Limestone UCS = 135.9 exp(—4.8¢) 10MPa < UCS <300MPa ; 0 <9 <0.2 14

VVolume of Shale
The volume of shale is the Bulk volume of the reservoir composed of clay minerals and clay hound water. Vshaie
was determined using Larinov (1962) equation (15)

V.., =0.083(2*" —1)[Larinov,1962] (15)
Where 1gr is the shale index (gamma ray index) which is defined in (16)
GR GR

_ log min
T ~Ap P
GRmax _GRmin
Where, GRiog= measured gamma ray log reading at depth (z), GRmin minimum gamma ray log in clean sand,
GRmin= maximum gamma log reading (in clean shale) Vsnae Volume of shale in the formation at depth z.

(16)
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Porosity

Porosity is the total volume of a rock occupied by pores both connected and unconnected. It is the ratio of the
pore volume to the Bulk volume expressed as fraction %. Porosity is determined from density, sonic, neutron
logs.

The total porosity was determined from density log data which are weighted average densities of the rock and
pore fluid using equation

0, = (Pra=Ps) 17
(Pra—Pn)
Where 6p = total density porosity, p,. density of rock matrix, p, =measure density and o = density of

fluid.

Result Presentation

This section presents detailed results from the study, which include reservoir mapping, petrophysical evaluation,
geomechanical analysis, graphical (cross plots) evaluation of rock strength against rock mechanical and
petrophysical parameters and 3D geomechanical model analysis.

Reservoir Mapping

The first stage involved reservoir mapping through the delineation of five wells: OSA_01, OSA 02, OSA 03,
OSA _04, and OSA _05 within a well correlation panel at depths of 9400ft to 9900ft. The evaluation of
petrophysical properties and logs was conducted to determine the physical properties and quality of the reservoir
in relation to its elastic properties and rock strength. Following careful geological examination of the five wells
and correlation of the reservoir sand and shale sequences, the lithological and stratigraphic analysis of the
reservoir utilizing GR log indicates that the geological units are primarily composed of sand and shale, showing
an increasing trend in the sand/shale ratio. This confirms that the area of interest lies within the Agbada
formation of the Niger Delta [19], as illustrated in Fig. 2. Differential subsidence variation from compaction of
sediments and the presence of growth faults, as indicated in the Niger Delta [50], strongly control the lateral
variation in reservoir thickness, which tends to be thickest at Law 004. The correlation showed five stacks of
sand units in the reservoir, namely horizon A, B, C, D, E, and F across the five wells with thicknesses of
approximately 82ft, 98ft, 104ft, 93ft, and 123ft respectively.

Horizon A

Horizon A

Horizon B >

Horizon C &
Horzon D

Horzon E

AL ,"-,"w i

£ B se | |owe
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Figure 2: Well logs from well OSA_01, OSA_02, OSA_03, OSA_04, and OSA_05 showing delineated horizon of
the studied reservoir using GR log

Horzon F &

Determination of Petrophysical Properties:

A hydrocarbon reservoir is a subsurface rock characterized by effective porosity and permeability, typically
containing economically viable quantities of hydrocarbons; these features are interrelated with mechanical and
rock strength parameters [1]. The formation study involves using geophysical logs for evaluating various
features of the reservoir. The clay content, porosity, water saturation, compressional velocity, and shear velocity
influence the elastic moduli and rock strength of a reservoir. The porosity in this work was derived using density
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data, the shale volume was inferred from GR data, and the compressional and shear velocities were computed
using acoustic sonic data, as seen in Fig. 3. The petrophysical evaluation of the examined reservoir was essential
as it confirms rock strength and predicts sand production analysis.
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Figure 3: Petrophysical logs of OSA_01 and OSA_04 showing the physical properties of the reservoir rock as
delineated with Gamma ray (GR), Resistivity (IIs) volume of shale (Vsh), compressional (Vp) and Shear velocity
(Vs), and porosity

Determination of Geomechanical Parameters

The Poisson ratio, shear modulus, bulk modulus, Young's modulus and unconfined compressive strength of the
five sand units intercalated with shale in the studied reservoir were computed at each well to determine the
variation in sand and shale throughout the reservoir and the correlation between the elastic moduli and the rock
strength of the formation under investigation. The geomechanical parameters were obtained by necessary
empirical methods in Microsoft Excel and then loaded into Schlumberger Petrel software version 2013 to create
and analyse mechanical property and unconfined compressive strength logs, as seen in Fig. 4 and Table 1.
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Figure 4: Lithological delineation with Poisson’s ratio (v), Bulk modulus (K), Shear modulus (G), Young
modulus (E), the unconfined compression strength (UCS), Bulk compressibility (Cb), effective porosity,
compression velocity (Vp) of the OSA_02.
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Table 3: Summary of Elastic Parameters, Porosity and Unconfined Compressive Strength for Sand and Shale
Units of the Five Well of the Studied Reservoir.

Well Parameter Shale Sand Reservoir Sand Average  Reservoir Shale Average
OSA_01 Poro (@) 0.04 - 0.07 0.21-0.26 0.24 0.06
\% 0.39-0.46 0.19-0.29 0.27 0.41
G (Mpa) 7.98-9.10 834-18319 1.97 8.79
E (Mpa) 20.09 - 22.09 5.90-7.80 6.50 21.09
K (Mpa) 17.82-19.02 8.78-10.48 9.78 18.02
USC (Mpa) 54.83-57.03 12-447 15.01 55.93
OSA_02 Poro (9) 0.03-0.08 0.21-0.28 0.26 0.05
\% 0.21-0.36 0.23-0.38 0.24 0.38
G (Mpa) 8.70 - 10.30 1.90 -2.53 2.10 9.10
E(Mpa) 19.28-21.28 6.00-7.31 6.22 20.98
K(Mpa)  17.44-19.14 9.78-11.10 10.21 18.34
UCS (Mpa) 51.97-59.62  13.20-15.20 14.20 56.67
OSA_03 Poro (9) 0.05-0.09 0.197 -0.28 0.25 0.07
V (Mpa) 0.21-0.29 0.23-0.38 0.25 0.36
G (Mpa) 7.82-9.10 2.05-2.68 2.35 8.92
E (Mpa) 20.73-22.03  4.99-6.21 5.98 21.23
K (Mpa) 17.92-19.08  9.90- 11.04 10.10 18.52
UCS(Mpa) 53.98-56.44  12.58-14.99 13.98 55.98
OSA_04 Poro (@) 0.03-0.07 0.19-0.23 0.22 0.05
\% 0.2-0.39 0.25-0.39 0.23 0.33
G (Mpa) 7.67-9.99 0.20-0.31 0.22 8.87
E (Mpa) 20.85-22.00 5.50-7.88 6.57 21.35
K(Mpa) 17.39-18.98 8.59-11.02 9.99 18.33
UCS (Mpa) 54.08-58.01 13.80-15.44 14.30 56.09
OSA_05 Poro (@) 0.05-0.08 0.21-0.24 0.23 0.07
\% 0.12-0.35 0.14 - 0.47 0.26 0.39
G (Mpa) 7.63-9.97 0.22-0.26 0.23 8.93
E (Mpa) 19.43-22.01 6.90- 8.66 7.20 20.99
K (Mpa) 17.91-19.34  9.44-12.02 10.30 18.11
UCS (Mpa) 55.47-57.22  13.27-15.45 14.32 56.47

Cross Plots of Geomechanical Parameters, Rock Strength, Petrophysical properties and Depth
The proposed relationship between the unconfined compressive strength of the reservoir rock and the
geomechanical parameters is substantiated by the graphic report or cross plot in this work, as indicated by
[23,51]. The visual examination of these cross plots also provides a basis for compromise in situations where the
statistical results may be misleading, such as when the cross plot clearly predicted low values while the
statistical results in correlation rank high. The formation established a significant increase in unconfined
compressive strength with Young modulus, Bulk modulus, and Shear modulus, as illustrated in Fig. 5.
Conversely, the formation declared a decrease in unconfined compressive strength with Poisson ratio. To verify
the relationship as depicted in Figs. 6, the increase in unconfined strength is a function of the decrease in
porosity and acoustic travel time, cross plots of unconfined compression strength were also conducted against
petrophysical parameters (porosity and acoustic travel time). The parameters' relationship with depth is
illustrated in Fig 7, where the parameters increase as the depth increases.
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Figure 5: OSA_03 Cross-Plot Demonstrating the Correlation Between the Unconfined Compressive Strength
(UCS) of the Reservoir Sand Units and the Shear Modulus, Young Modulus, and Bulk Modulus.
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Figure 6: The relationship between the petrophysical parameters of OSA_02, which include porosity and
acoustic sonic and the unconfined compressive strength (UCS) of the Reservoir Sand Units
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Figure 7: The relationship between depth, shear modulus, young modulus, bulk modulus, and unconfined
compressive strength of the reservoir for OSA_05
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Depth structure map and 3D geomechanical model of the researched reservoir:

A depth structure map was used to generate a south-west dipping (basinward) anticlinal structure of the study
reservoir. This structure includes major faults (F1 & F2) and the various fault blocks depicted in Fig. 7. The
northern and middle fault blocks represent the foot wall, while the southern fault block represents the hanging
wall. A 3D mechanical earth model was created to depict the lateral distribution of the rock mechanical
properties and rock strength (UCS) of the reservoir under investigation. The Poisson ratio, Young modulus,
Shear modulus, Bulk modulus, and unconfined compressive strength (UCS) were simulated in a 3D static model
of the studied reservoir to investigate the spatial variation of rock strength and deformity, as illustrated in the
following figures.
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Figure 8: South-west dipping anticlinal structure with major faults and blocks displayed on the horizon A in the
studied reservoir

Figure 9: 3D Geologic model and penetrated wells with inserted map of studied reservoir showing spatial
distribution of Poisson ratio with highest Poisson ratio zone on the reservoir top identified with a white circle in
the northwest direction
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Figure 10: 3D Geologic model and penetrated well inserted map of the studied reservoir showing spatial
distribution of Young modulus with highest Young modulus zone on the reservoir top identified with a white
circle in the northwest direction.
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Figure 11: 3D Geologic model and penetrated wells with inserted map of studied reservoir displaying spatial
distribution of Bulk modulus with highest Bulk modulus zone on the reservoir top identified with a white circle
in the northwest direction
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Figure 12: 3D Geologic model and penetrated wells with inserted map of the studied reservoir showing spatial
distribution of Shear modulus with highest Shear modulus zone on the reservoir top identified with a white
circle in the northwest direction.
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Figure 13: 3D Geologic model and penetrated wells with inserted map of the studied reservoir showing spatial
distribution of Unconfined compressive rock strength (UCS) with highest UCS zone on the reservoir top
identified with a white circle in the northwest direction.

4. Discussion and Interpretation of Result

Reservoir Mapping

The reservoir under investigation, which spans from 9400ft to 9900ft, revealed a south-west basin ward
anticlinal structure with main faults (F1 and F2) that divide the field into northern, middle, and southern fault
segments. F1 has a high propensity to slip or dilate downward with respect to the footwall due to the instability
of the hanging wall, as proposed by E. M. Anderson. The Northern and middle fault blocks represent the
footwall (upthrown), while the Southern fault block represents the hanging wall (downthrown), as illustrated in
Fig. 7. Depletion is anticipated to result in changes in the in-situ stress field, which could lead to reservoir
compaction and fault reactivation. In the five wells (OSA_01, OSA 02, OSA 03, OSA_04, and OSA_05), the
lithologic units are consistent, and the units primarily exhibit a parallic sequence of interbedded sandstone and
shale (Fig. 2). A formation with sandstone and shale strata deposited in almost equal proportion is described by
the depth of interest, with a significant portion of the sandstone being nearly unconsolidated. Comparisons
between the correlation derived and other existing correlations in the industry are consistent with the lower
section of the Agbada formation in the Niger Delta region [19, 27, 36].

Geomechanical, Petrophysical Properties and Rock Strength Evaluation

Table 1 and Figure 3 illustrate the elastic properties, petrophysical parameters, rock strength (UCS), and logs of
OSA_02 that were derived using empirical relationships to characterize the sand and shale of the different units
of the reservoir under investigation. The properties of the shale and the sand exhibit substantial variation in all
wells. In Table 1, the average sand parameters are as follows: a lower poisson ratio (0.26), a higher porosity
(0.25), and a lower Young, Bulk, Shear modulus, and unconfined compressive strength (2.1GPa, 11.05GPa,
7.21GPa, and 13.91MPa, respectively). These parameters indicate that the sand is more brittle and has a high
potential for tensile failure. In contrast, the shale exhibits a higher poisson ratio, Young, Bulk, Shear modulus,
and rock strength (0.37, 17.95GPa, 20.79GPa, 52.92MPa, respectively), as well as a lower porosity (0.06). This
makes the shale more ductile due to its clay content, stiffer (high moduli), and less compressible than the
unconsolidated sand. Rock strength (UCS) is a function of elastic modulus; consequently, the greater the elastic
modulus of a material, the greater the rock strength [10]. The maximum average rock strength value of the shale
is 52.92MPa, which is the utmost force that can be applied to the shale unit without causing it to shatter or
collapse completely under compression. This indicates that a greater vertical tension or pressure is required to
induce deformation in the shale than in the sand (13.91MPa). The shale fracture stimulation barriers are also a
result of these properties. Consequently, the sandstone of the reservoir under study will fracture earlier than the
shale in a hydraulic fracture process under the same fracture gradient, while the shale will create a closure to the
fracture growth. This is one of the primary causes of separated reservoir compartmentalization, in which
impermeable shales separate a series of permeable sands [38]. The outcome also indicates that sand has a high
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porosity, while shale has a very low porosity, which results in shale being denser and stiffer. Pores are among
the most deformable and fragile components of rocks; consequently, an increase in porosity leads to a reduction
in the elastic moduli and rock strength of the units.

Graphical (Cross Plots) Evaluation of Rock Strength against reservoir Parameters.

The graphic report (cross plot) for the five wells (Fig. 5 and 6) was used to further justify the properties of the
investigated reservoir and their relationship with the rock strength (UCS). According to [23,40,51], there is a
definite link between poisson ratios, Young modulus, and Bulk modulus, as well as Shear modulus in relation to
a formation's unconfined compression strength. The unconfined compressive strength exhibits a significant
increase in conjunction with elastic properties, despite the significant dispersion in data for each elastic modulus
in the formation due to the anisotropic effect. The cross-plots demonstrate that the higher elastic moduli values
are indicative of a more compacted or consolidate unit, which represents the shale units in the formation under
investigation. Additionally, cross-plots of unconfined compression strength were conducted in relation to
petrophysical parameters (porosity and acoustic travel time). Pores are among the most deformable and fragile
components of rocks; consequently, an increase in porosity led to a reduction in rock strength and elastic
moduli. As stated by [8, 9], the reduction in porosity and the reduction in acoustic travel time are the
contributing factors to the increase in unconfined strength. Additionally, the elastic and inelastic properties
exhibit a significant increase with depth, as illustrated in Figure 7. This is a result of the expulsion of fluids, the
expansion of grain contacts, the increase in density is a result of compaction caused by overburden loading
under effective stress conditions.

3D Gemechanical model of studied reservoir

The Geomechanical characterization of the units in the researched reservoir was confirmed further by the
building of a 3D mechanical earth model reflecting the lateral variation in the studied reservoir's rock
mechanical parameters and strength, as illustrated in Fig.8-12 for horizon B. Variations in rock strength and
elastic properties were identified and compared throughout the reservoir's top. The elastic moduli and
unconfined compressive strength (UCS) are of greater magnitude in the NNW direction of the reservoir, as
evidenced by a visual examination. Consequently, the mechanical failure or behavior in the NNW direction of
the studied reservoir (horizon B) will be relatively lower than in other areas due to fracturing or permanent
deformation during drilling operations and the production phase, which is caused by compression (stress). This
integration will help build a drilling program that focuses on the best targets in the field while optimizing
recovery. Potential well bore trajectories could possibly be developed and refined using brittleness, rock stress,
and lateral information.

5. Conclusion and Recommendation

Using high-resolution 3D seismic data and well records, this software-based analysis establishes an appropriate
multivariate statistical relationship between the geomechanical and petrophysical properties of interest. This
geophysical measurement, an alternate and trustworthy technique in the absence of core data, was utilized to
successfully complete the paper's final deliverables. This paper aims to evaluate the deformability and rock
strength (Poisson ratio, Young modulus, Bulk modulus, Shear modulus, compressibility, and unconfined
compressive strength) at the well point and around its environment with the involvement of a 3D
Geomechanical model of the studied field in the Niger Delta, correlate the determined parameters to
petrophysical properties of interest for validation, and analyze the lateral variation of these elastic moduli and
rock strength with the aid of 3D static modelling method. The examined reservoir consists primarily of
unconsolidated sandstone, which is more brittle, and compacted shale, which serves as fracture stimulation
barriers; thus, in a hydraulic fracture process under the same fracture gradient, the sandstone will fracture first,
while the shale will form a seal to the fracture growth. It also results in reservoir compartmentalization, in which
permeable sands are divided by impermeable shales [38]. As a result, the compacted shale strata in this research
had greater rock strength than the unconsolidated sandstone units that had higher porosity. The 3D
geomechanical model also establishes a relationship between physical rock parameters and their lateral variation
in the studied reservoir.

Geomechanical property correlation at the well level, as well as spatial variation at inter-well and undrilled
zones of the reservoir, were successfully evaluated in this study employing petrophysical assessment and 3D
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numerical modeling approaches. Because of spatial heterogeneity caused by time-dependent and non-time-
dependent anisotropies in rock strength, elastic properties, and in situ stresses [15], it is concluded that a
seismic-driven 3D Geomechanical model can adequately analyze multiple well trajectories for optimal well
placement and other reservoir applications during appraisal and development field studies. However, much like
the geophysical measurement approach, it must be calibrated with core measured (Geomechanical laboratory
testing) data to fully evaluate in situ conditions and maximize the producibility of the examined reservoir. It is
imperative to perform calibration prior to any utilization.
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