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ABSTRACT

This study evaluates rock stiffness and deformability in the Niger Delta Basin using a log-based geomechanical
workflow applied to the WABI Field. Gamma ray and resistivity log correlation identified reservoir intervals in
six wells, with sonic data available for two (AKOS-009, AKOS-002). Dynamic elastic parameters—P-wave
velocity, S-wave velocity, Young’s modulus, bulk modulus, shear modulus, Poisson’s ratio, and unconfined
compressive strength—were derived from sonic and density logs to characterize mechanical properties. Results
show consistent depth-dependent increases in velocities and elastic moduli, reflecting compaction-driven
lithification, porosity reduction, and enhanced mechanical competence. Poisson’s ratio decreases with depth,
indicating a shift toward more brittle behavior. AKOS-002 displays broader property ranges and greater scatter
than AKOS-009, suggesting higher lithological heterogeneity, variable cementation, and differences in
consolidation. These variations highlight both regional compaction trends and lateral variability in rock
mechanical behavior, with implications for seismic-to-well calibration, fracture prediction, wellbore stability,
and reservoir geomechanical modeling.

Index Terms: Stiffness, Deformability, Reservoir, Elastic Parameters, Niger Delta
INTRODUCTION

The mechanical behaviour of reservoir rocks is a key factor in hydrocarbon exploration and production. It
influences wellbore stability, sand production, compaction, and the performance of stimulation techniques such
as hydraulic fracturing [1]. Two fundamental descriptors of this behaviour are rock stiffness, which is the
resistance of the rock to deformation under stress [2], and rock deformability, which is the ability of the rock to
change shape or volume when subjected to applied loads [3]. These properties are expressed through elastic
parameters such as Young’s modulus, shear modulus, bulk modulus, and Poisson’s ratio, which are essential
inputs for geomechanical modelling.

Elastic parameters can be determined through laboratory testing of core samples, known as static measurements,
or derived from well log data, known as dynamic measurements. Although static measurements are often
preferred for detailed geomechanical modelling, they are not always available due to the cost and limited
coverage of core acquisition [4]. This limitation is common in the Niger Delta Basin, where many wells lack
continuous core data. In such situations, dynamic elastic parameters derived from well logs provide a practical
alternative for reservoir characterisation and preliminary geomechanical evaluation.

Dynamic elastic properties are commonly estimated from conventional wireline logs such as compressional
sonic velocity (V) and bulk density (py) using established rock physics relationships. While the absolute values
of dynamic parameters differ from those obtained in the laboratory, they reliably reflect relative variations in
mechanical properties [5]. These variations can be used to identify stratigraphic and lithological changes as well
as zones with contrasting mechanical behaviour, which is critical for reservoir stability assessment.

The Niger Delta Basin is a prolific hydrocarbon province characterised by thick successions of interbedded
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sandstones and shales deposited in deltaic to shallow marine environments [6, 7]. The WABI Field, located in
the central part of the basin (Figure 1), contains clastic reservoirs with significant heterogeneity in lithology and
mechanical behaviour. Understanding these variations is important for optimising drilling programmes, reducing
non-productive time, and managing production risks.
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Fig. 1: Location map of study area

This study assesses the stiffness and deformability of reservoir rocks in the WABI Field by deriving dynamic
elastic parameters from well logs using empirical models. Petrel software is used for data preparation, depth
matching, lithology interpretation, and computation of elastic parameters. Microsoft Excel is employed for
empirical modelling, cross-plotting, and statistical analysis. The workflow includes data quality control,
computation of elastic moduli, zonation of mechanical properties, and interpretation in the context of reservoir
stability.

METHODOLOGY

Data Acquisition
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Fig. 2: Position of the well in the field
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The available dataset consists of a suite of well logs, including Gamma Ray, Resistivity, Density, and Sonic logs.
The spatial locations of these wells are presented in Figure 2. For reference purposes, the wells have been
assigned general identifiers: AKOS-002, AKOS-003, AKOS-005, AKOS-006, AKOS-009, and AKOS-013.

Well Log Correlation

Well log correlation was carried out to identify and differentiate lithologies within the reservoir interval using
gamma ray and resistivity logs. The gamma ray log was used to estimate shale content, with lower readings
indicating cleaner sandstones and higher readings reflecting shalier zones. Resistivity logs were then compared
against the gamma ray trends to refine lithology interpretation, as clean sandstones typically exhibit higher
resistivity due to hydrocarbon saturation, while shales and water-bearing zones show lower resistivity. This
correlation provided a reliable basis for defining reservoir and non-reservoir units prior to the computation of
dynamic elastic parameters.

Velocity Computation

P-wave velocity was calculated from the transit time recorded on the sonic log using the empirical relationship
provided by Asquith et al. (2004), as presented in equation 1.

V, = Atp! 1

To maintain consistency, the compressional wave velocity (V,,) obtained from sonic transit time was multiplied
by 1,000,000 to convert from the unit derived from transit time in ps/ft to ft/s. This value was then divided by
3.2808 to convert from ft/s to m/s, based on the relationship 1 m/s = 3.2808 ft/s.

Reservoirs in the Niger Delta are typically classified as shaley sandstones [8]. Consequently, the shear wave
velocity (Vs) in m/s for the reservoir interval was estimated using the clay-adjusted form of the standard inverse
Castagna equation for shaley sandstones, as presented by Davies et. al. [9] and shown in equation 2.

Vs = 0.804V, — 1032 2
Elastic Parameter Estimation

The theory of elasticity describes the relationship between applied forces and the resulting deformation of a rock,
assuming the material is elastic, isotropic, and homogeneous. Under these conditions, stress and strain are
linearly related, and the deformation is fully recoverable once the force is removed. The proportionality constant
in this relationship is Young’s modulus, which reflects the stiffness of the material [10]. In this study, the
dynamic Young’s modulus (Eqyn) of the reservoir was calculated using empirical relationships that incorporate
compressional wave velocity (Vp), shear wave velocity (Vs), and bulk density (p) derived from the density log,
as presented in equation 3.

G\
d =
" TV

The bulk modulus represents a reservoir rock’s resistance to uniform compression, which directly relates to its
stiffness and its capacity to deform under stress. In geomechanics and reservoir engineering, this property is
essential for evaluating how rocks respond to changes in pore pressure and confining stress, both of which
influence stability and production performance [11]. In this study, the dynamic bulk modulus (kqyn) was
estimated to quantify the stiffness and deformability of the reservoir units. The calculation was based on the
empirical relationship between elastic wave velocities and bulk density proposed by Mavko et al. [12], as
expressed in equation 4.

4
Kdyn = p(vlg _§VSZ> 4
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The dynamic shear modulus, or modulus of rigidity, reflects the ability of a reservoir rock to resist shear
deformation and is directly related to its stiffness and deformability. It influences how the rock responds to shear
stress, which affects its seismic response, mechanical stability during drilling, and behaviour under enhanced
recovery operations [13]. In this study, the dynamic shear modulus (Ggyy,) of the reservoir interval was calculated
using the empirical relationship proposed by Mavko et al. [12], incorporating density values and shear wave
velocity to quantify the rock’s mechanical behaviour for geomechanical assessment, as seen in equation 5.

Gdyn = pVS2 5

Poisson’s ratio is a key elastic parameter that links rock stiffness to its ability to deform laterally when subjected
to axial stress. It reflects the balance between rigidity and deformability, influencing how stresses are distributed
within the reservoir and affecting fracture initiation, propagation, and seismic wave response. Accurate
estimation of Poisson’s ratio is therefore important for evaluating mechanical stability and optimising drilling,
stimulation, and reservoir management strategies. In this study, dynamic Poisson’s ratio (vgqyn) was calculated
from elastic wave velocities using the relationship described by Archer and Rasouli [14], as presented in the
corresponding equation.

_VE -2V
T 2VE V)

Unconfined compressive strength (UCS) represents the maximum axial load a rock can withstand without lateral
confinement and is a key indicator of rock stiffness and deformability. Accurate UCS estimation supports
wellbore stability analysis, hydraulic fracturing design, sand production prediction, and overall reservoir
management [15]. In this study, UCS (in MPa) was derived from dynamic Young’s modulus (in GPa) using an
empirical model developed for shaley sandstones by Chang et. al. [16], as shown in equation 7, providing a link
between log-derived elastic properties and the mechanical strength of the reservoir rock.

UCS = 0.6Eqyn — 2 7
Data Analysis

The estimated parameters will then be plotted against depth in their respective wells, showing vertical variation
of the computed parameters

RESULTS AND DISCUSSION
Results

The results obtained from the analysis are shown below.

Fig. 3: Delineated reservoirs from well logs
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Table 1: Average Values of estimated relative permeability for both reservoirs from the five well logs

WELL NAME RESERVOIR DEPTH RANGE (ft)
AKOS-009 9406-9854
AKOS-005 9560-9820
AKOS002 9385-9980
AKOS-006 9310-9860
AKOS-013 9290-9970
AKOS-003 9370-9530
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Fig. 4: P-wave velocities plotted against depth in AKOS-009
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Fig. 5: P-wave velocities plotted against depth in AKOS-002
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Fig. 6: S-wave velocities plotted against depth in AKOS-009
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Fig. 7: S-wave velocities plotted against depth in AKOS-002
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Fig. 8: Dynamic Young’s Modulus plotted against depth in AKOS-009
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Fig. 9: Dynamic Young’s Modulus plotted against depth in AKOS-002
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Fig. 10: Dynamic Bulk Modulus plotted against depth in AKOS-009
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Fig. 11: Dynamic Bulk Modulus plotted against depth in AKOS-002
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Fig. 12: Dynamic Shear Modulus plotted against depth in AKOS-009
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Fig. 13: Dynamic Shear Modulus plotted against depth in AKOS-002
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Fig. 14: Dynamic Poisson ratio plotted against depth in AKOS-009
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Fig. 16: Unconfined Compressive Stress plotted against depth in AKOS-009
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Fig. 17: Unconfined Compressive Stress plotted against depth in AKOS-002
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DISCUSSION

The well log correlation done with the available well logs (figure 3) revealed a reservoir unit at depth intervals
that are shown in table 1 in the study area.

Assessing the stiffness and deformability of the reservoir rock in the study area was done by carrying a
geomechanical analysis of the WABI Field reservoir relative to sonic and density log data which was used to
derive dynamic elastic parameters, which are direct indicators of rock stiffness and deformability. Since sonic
log data were available only in two wells (AKOS-009 and AKOS-002) out of the six wells in the study area, the
analysis and subsequent interpretation of stiffness and deformability variations were restricted to these wells

The depth versus p-wave velocity plots for wells AKOS-009 and AKOS-002 (figures 4 and 5) show a clear
increase in P-wave velocity with depth, consistent with compaction-driven lithification and porosity reduction
in sedimentary formations. In AKOS-009, velocities rise from about 2200 to 3300 ms™ ! between approximately
9400 ft and 9900 ft, following a typical compaction trend according to Salah et. al. [17]. Scatter in the data is
likely due to lithological variability, interbedded sand and shale units, fluid effects, or logging conditions [18].
In AKOS-002, velocities range from 2226.44 to 3674.95 ms ! over depths of 9385 to 9980 ft, also showing a
positive depth trend. The broader range and higher upper values in AKOS-002 suggest the presence of more
competent lithologies or stronger cementation at greater depths. The scatter observed in both datasets reflects
local heterogeneities in lithology, fluid saturation, or microstructure. Combined, these results, according to
Fawad et. al. [19] support a regional model of depth-dependent mechanical strengthening and acoustic velocity
enhancement, which is important for seismic-to-well ties, time—depth conversion, impedance modeling, and
reservoir characterization.

Depth versus S-wave velocity plots for AKOS-009 and AKOS-002 (figures 6 and 7) show a clear increase in
velocity with depth, reflecting progressive sediment compaction, lithification, and increased mechanical
competence. In AKOS-009, velocities rise from about 800 to over 1700 ms™' between approximately 9400 ft
and 9900 ft, consistent with reduced porosity, enhanced grain contacts, and stiffer formations under greater
overburden stress [17, 20]. Scatter in the data indicates lithological heterogeneities such as alternating sand—
shale layers, fractures, or fluid variations. Since S-wave velocity is sensitive to shear rigidity and less affected
by fluid type, according to Quintal et. al. [21], the trend confirms increasing consolidation with depth. In AKOS-
002, velocities range from 758.06 to 1922.66 ms™! between 9385 ft and 9980 ft, showing a similar positive depth
trend with greater scatter and a broader range than AKOS-009. This suggests more variable lithology, mineral
composition, clay content, or cementation [13, 22]. The comparison supports a regional compaction trend while
indicating lateral variability in elastic properties, which is important for geomechanical modeling, fracture
prediction, and seismic attribute analysis.

Depth versus dynamic Young’s modulus plots for wells AKOS-009 and AKOS-002 (figures 8 and 9) show a
general increase in stiffness with depth, reflecting compaction-driven porosity reduction, improved grain contact,
and enhanced elastic properties. In AKOS-009, values range from about 6 GPa to over 20 GPa between 9400 ft
and 9900 ft, matching corresponding increases in P-wave and S-wave velocities and indicating improved rock
competence [23]. Scatter in the data reflects lithological variation, pore fluid differences, and microfractures
[24]. In AKOS-002, dynamic Young’s modulus ranges from 3.81 GPa to 21.21 GPa between 9385 ft and 9980
ft, also increasing with depth but showing more pronounced scatter. The broader range in AKOS-002 suggests
greater lithological variability or differences in cementation and consolidation, with lower values likely from
clay-rich or compliant layers and higher values from better-consolidated sandstones or carbonate-rich facies
[25]. Together, these results confirm a regional trend of increasing stiffness with depth and point to lateral
variations in mechanical properties, which are important for reservoir geomechanical modeling, elastic property
mapping, and wellbore stability assessments.

The dynamic bulk modulus for well AKOS-009, between 9400 ft and 9900 ft, ranges from 14.47 to 24.10 GPa
and shows a clear depth-related increase with some scatter (figure 10), reflecting progressive compaction and
consolidation that enhance resistance to volumetric deformation under confining pressure [26]. This trend
indicates decreasing compressibility with depth, consistent with porosity reduction and improved grain-to-grain
contact from lithostatic loading, while scatter likely reflects lithological heterogeneity, variable fluid saturation,
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or microstructural features such as fractures [27]. Well AKOS-002, between 9385 ft and 9980 ft, shows a similar
upward trend (figure 11), ranging from 10.44 to 23.82 GPa, but with greater variability that suggests more
pronounced lithological heterogeneity, possibly from interbedded sands, shales, or carbonates, and differences
in cementation or fluid content [28]. These findings align with P-wave, S-wave, and dynamic Young’s modulus
trends, supporting a regional model of depth-dependent mechanical strengthening. The results are significant for
seismic impedance modeling, fluid substitution analysis, and assessing reservoir integrity under production-
induced stress changes.

In AKOS-009, the dynamic shear modulus between 9400 and 9900 ft ranges from 3.32 to 8.20 GPa, showing a
general increase with depth despite noticeable scatter (figure 12). This trend indicates progressive enhancement
in shear rigidity due to compaction and lithification under increasing overburden stress [29], consistent with S-
wave velocity trends in the same interval. Scatter likely reflects heterogeneities such as interbedded lithologies,
clay variability, microfractures, or changes in pore fluid composition, all influencing shear stiffness at localized
scales [30]. In AKOS-002, values range from 1.33 to 8.08 GPa over depths of 9385 to 9980 ft, also increasing
with depth (figure 13) but with a lower minimum modulus, suggesting more compliant or clay-rich intervals at
shallower depths [31]. The greater scatter in AKOS-002 points to higher lithological and mechanical variability
from factors like variable cementation, natural fractures, and fluid-filled pores. Since dynamic shear modulus
relates directly to S-wave velocity and rock matrix stiffness, these results highlight depth-dependent mechanical
strengthening across the field while revealing localized differences in rock fabric and composition, with
implications for stress modeling, borehole stability, and seismic interpretation.

Dynamic Poisson’s ratio for the reservoir interval in well AKOS-009 (9400-9900 ft) ranges from 0.31 to 0.38,
showing a consistent decrease with depth and minimal scatter (figure 14), indicating increased rigidity and a
shift toward more brittle behavior as compaction reduces porosity and lithology transitions to more consolidated
formations [32, 33]. This trend aligns with increasing shear modulus and reduced fluid influence at greater
depths, suggesting improved mechanical competence and higher fracturing potential [34]. In well AKOS-002
(9385-9980 ft), Poisson’s ratio ranges from 0.31 to 0.43, also decreasing with depth but with greater scatter
(figure 15), reflecting more pronounced lithological heterogeneity, variations in mineralogy, consolidation, pore
pressure, or microfracturing. Higher shallow values (>0.40) in AKOS-002 indicate more compliant or fluid-rich
units, while lower deep values mark a transition to stiffer, compacted rock. Comparison of both wells confirms
a regional trend of decreasing Poisson’s ratio with depth while highlighting local variability, providing insights
into rock brittleness, fracture propagation potential, and depth-dependent geomechanical evolution relevant to
reservoir characterization and wellbore design.

The unconfined compressive strength (UCS) for the reservoir interval in well AKOS-009 (9400-9900 ft) ranges
from 3.51 to 10.93 MPa, showing a depth-dependent increase (figure 16) that reflects progressive strengthening
and consolidation due to overburden stress and compaction [35]. This trend aligns with increases in dynamic
elastic moduli and indicates a transition from weaker, less consolidated formations to more competent rock units.
Scatter in the data likely results from variations in lithology, cementation, fractures, or grain alignment, which
influence rock integrity. In well AKOS-002 (9385-9980 ft), UCS values range from 0.28 to 10.72 MPa, also
increasing with depth but with greater scatter and a broader range, suggesting mechanically weaker zones at
shallower depths, possibly due to less consolidated lithologies, higher clay content, or elevated pore pressure
[1]. The differences between the wells highlight lateral variability in rock mechanical properties, driven by
heterogeneity in mineral composition, cementation, and structural features. Collectively, these results provide a
detailed geomechanical framework for strength classification, borehole stability modeling, fracture propagation
assessment, and site-specific well planning.

CONCLUSIONS

The log-based assessment confirms a strong depth-dependent increase in stiffness and reduction in deformability
across the reservoir interval, driven by compaction and lithification processes. P-wave and S-wave velocity
trends, coupled with rising dynamic elastic moduli, indicate progressive strengthening of the rock framework
with depth. The observed decrease in Poisson’s ratio suggests increasing brittleness, enhancing the potential for
fracture propagation in deeper, better-consolidated units. Lateral variations between AKOS-009 and AKOS-002
reflect differences in lithology, mineral composition, clay content, and cementation, which must be accounted
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for in field-scale geomechanical models. These findings provide a quantitative basis for predicting rock
mechanical behavior, improving seismic interpretation, optimizing drilling strategies, and managing reservoir
integrity during production
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