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Abstract: Hydraulic fracturing has become a critical technology for hydrocarbon extraction from unconventional reservoirs, yet
persistent challenges in stimulation effectiveness limit recovery factors and economic viability. This review synthesizes peer-reviewed
literature to address gaps in understanding the interplay between in-situ stress mechanics, perforation design, and cluster efficiency. The
analysis reveals that stress anisotropy—defined as the difference between maximum (6H) and minimum (ch) horizontal stresses—
fundamentally governs fracture geometry and propagation patterns. High anisotropy environments, such as the Haynesville Shale,
promote planar fractures, while lower anisotropy in the Eagle Ford Shale leads to complex networks. Perforation alignment with oH is
shown to reduce initiation pressures by 20-40% and minimize near-wellbore tortuosity, with field studies demonstrating 22% lower
breakdown pressures and 15% higher 30-day production in stress-aligned wells. Near-wellbore stress effects, including stress cage
phenomena and perforation tunnel geometry, further influence fracture initiation mechanics. Cluster efficiency remains a key challenge,
with 30-40% of clusters contributing <5% of production due to stress shadowing and reservoir heterogeneity. Mitigation strategies, such
as limited entry perforating and engineered spacing, have improved uniformity, as evidenced by Permian Basin case studies. This review
underscores the necessity of integrating geomechanical principles with real-time diagnostics to optimize completion designs and enhance
recovery in unconventional plays.
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Introduction
Historical Development of Hydraulic Fracturing

Hydraulic fracturing, first implemented in 1947 by Stanolind Oil (now ConocoPhillips) in the Hugoton field, Kansas, revolutionized
hydrocarbon extraction by enabling economic production from low-permeability formations (Montgomery & Smith, 2010). Early
applications focused on vertical wells in conventional reservoirs, where fractures were created to bypass near-wellbore damage and
enhance flow rates (Economides & Nolte, 2000). The technique gained prominence in the 21st century with the advent of horizontal
drilling and multi-stage completions (Figure 1), unlocking the vast potential of shale gas and tight oil reservoirs (King, 2010). The
U.S. Energy Information Administration (EIA, 2021) estimates that shale resources account for 50% of U.S. crude oil production
and 70% of natural gas production, underscoring the critical role of hydraulic fracturing in global energy markets. Innovations such
as slickwater fracturing, high-rate pumping, and advanced proppant technologies further expanded the applicability of hydraulic
fracturing to ultra-low permeability formations like the Marcellus and Eagle Ford shales.
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Figure 1: Numerical Simulation of Near Wellbore Fracture propagation in heterogeneous medium (Ater Qin, 2023).
Role in Unconventional Reservoirs

Unconventional reservoirs, such as shale and tight sandstone, are characterized by ultra-low permeability (typically <0.1 mD),
necessitating stimulation to achieve economic flow rates (Zoback, 2010). These formations require hydraulic fractures to create
conductive pathways (Figure 2), connecting the wellbore to the reservoir matrix and overcoming the "damage zone" around the
wellbore caused by drilling and completion activities (Economides & Nolte, 2000). The success of plays like the Marcellus, Eagle
Ford, and Permian Basin hinges on optimized fracture networks, which depend on perforation design, fluid selection, and proppant
placement (Weng et al., 2011). For instance, the Marcellus Shale’s low permeability (0.001-0.01 mD) demands extensive fracture
networks to achieve commercial production, while the high clay content in the Eagle Ford necessitates careful fluid chemistry to
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Figure 2: An Illustration depicting horizontal drilling and hydraulic fracturing operations (After Chen et. al. 2019)
Problem Statement
Current Challenges in Stimulation Effectiveness

Despite advancements, industry-wide recovery factors for shale oil remain below 20%, with gas recovery rarely exceeding 50%
(EIA, 2021). Suboptimal stimulation manifests in:
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Uneven Fracture Growth: Stress shadowing and reservoir heterogeneity lead to asymmetric fracture propagation, reducing the
stimulated reservoir volume (SRV) (Fisher et al., 2004). For example, in the Barnett Shale, stress shadow effects have been shown
to reduce fracture lengths by up to 30% in adjacent clusters.

High Initiation Pressures: Misaligned perforations require 20—40% higher breakdown pressures, increasing hydraulic horsepower
(HHP) requirements and operational costs (Hossain et al., 2000). A 2018 study in the Permian Basin reported that misaligned wells
consumed 15% more energy per stage.

Cluster Inefficiency: In multi-stage completions, only 60—-70% of perforation clusters contribute to production, wasting capital and
energy (Miller et al., 2011). Production logs from the Haynesville Shale revealed that 40% of clusters contributed less than 5% of
total output.

Economic and Environmental Implications

Inefficient stimulation directly impacts project economics. For example, a 10% reduction in cluster efficiency in a 30-stage
horizontal well can result in $2—$3 million in lost revenue over the well’s lifetime (Slocombe et al., 2013). Environmentally,
excessive water usage (2—10 million gallons per well) and greenhouse gas emissions from suboptimal completions exacerbate
sustainability concerns (Vidic et al., 2013). A 2020 lifecycle analysis found that wells with poor cluster efficiency required 25%
more water per barrel of oil equivalent, increasing both costs and environmental footprint.

Scope of the Review

The systematic review includes 5 core areas of focus essential to describe and further maximize the performance of hydraulic
fracturing within unconventional reservoirs:

Stress Fundamentals: Stress tensormoduli, observational methods and anisotropy are discussed (Zoback, 2010; Fjaer et al., 2008).

Phasing Optimization: It examines both theoretical and empirical observations that support perforation optimization to be zoned
according to the cH (Behrmann & Elbel, 1991; Weng et al., 2011).

Near-Wellbore Effects: Investigates stress redistribution mechanism, concentration mechanism and initiation mechanism (Fjaer et
al., 2008; Hossain et al., 2000).

Cluster Efficiency: Concentrates on the approach to quantification and has strategies of mitigation (Miller et al., 2011; Slocombe
etal., 2013).

Emerging Technologies: Scientific areas that are pursued are diagnostics (DAS/DTS) and numerical modeling (et al., 2020).
Objectives

1. Conduct a synthesis of peer-reviewed studies to define the best practices of designing perforations.

2. Assess how stress shadowing has influence on cluster contribution.

3. Assess the potential of real-time diagnostics for adaptive completion designs.

Methodology

A systematic review of 150+ peer-reviewed papers relating to the review objectives was conducted following PRISMA guidelines
to ensure methodological rigor (Moher et al., 2009). The review focused on experimental studies, numerical modeling approaches,
and field case histories relevant to hydraulic fracturing optimization in unconventional reservoirs. Quality assessment was
performed using a modified Newcastle-Ottawa Scale adapted for engineering studies (Wells et al., 2014). The synthesis process
involved thematic analysis to identify patterns, contradictions, and consensus across the literature, with findings organized
according to the structural framework for this review.
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Fundamentals of In-Situ Stress and Rock Mechanics
Principal Stresses in Sedimentary Basins

The in-situ stress state in subsurface formations is defined by three orthogonal principal stresses (Figure3)

(Max horizorgal)

* (Overburden)

y
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Principal Stresses
X == ov - Vertical

=== oH - Max horizontal
===_gh - Min horizontal

Figure 3: Three Orthogonal Principal Stresses in Subsurface Formations

e Vertical Stress (6v): Represents the overburden stress due to the cumulative weight of overlying rock. Calculated by
integrating bulk density (p(z)) with depth (z) using:

Op = / p(z) - gdz
0

where g = gravitational acceleration (-9.81 m/s?). In sedimentary basins, ov typically ranges from 0.8—1.1 psi/ft (18-25
MPa/km), depending on lithology (Zoback, 2010). For example, in the Gulf Coast, ov increases by -1 psi/ft due to high
shale content.

e 2. Maximum Horizontal Stress (cH): The largest horizontal stress, often aligned with tectonic forces (e.g., plate
collisions) or basin subsidence. In the Sichuan Basin, cH exceeds ov due to active thrust faulting.

e 3. Minimum Horizontal Stress (ch): The smallest horizontal stress, influenced by tectonic regime and pore pressure. In
the Bakken Shale, ch is -0.7 psi/ft due to low tectonic compression.
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Figure 4: Conceptual diagram of perforation orientation in a wellbore (After Schlumberger 2012)
Vertical Stress (6v): Represents the overburden stress due to the cumulative weight of overlying rock
Stress Regimes

The relative magnitudes of ov, cH, and ch define three primary stress regimes (Anderson, 1951):

Normal Faulting (6v > 6H > 6h): Common in extensional basins like the Gulf Coast, where crustal stretching reduces horizontal
stresses.

Strike-Slip (6H > ov > oh): Observed in regions like the Sichuan Basin, where tectonic compression increases cH.

Reverse Faulting (6H > oh > ov): Typical in compressional settings such as the Canadian Rockies, where horizontal stresses
dominate.

Measurement Techniques
Accurate stress characterization is critical for perforation design. Key methods include:

Breakout Analysis: Wellbore wall failures (breakouts) indicate ch direction. Resistivity or acoustic image logs detect these features,
with breakouts forming perpendicular to cH (Bell & Gough, 1979).

Leak-Off Tests (LOTs): Measure fracture initiation pressure during drilling to estimate ch. A pressure-volume plot identifies the
leak-off point, which correlates with ch (White et al., 2002).

Diagnostic Fracture Injection Tests (DFITs): Involve injecting fluid to create a small fracture, then monitoring pressure decline.
The closure pressure approximates ch, while the fracture reopening pressure relates to cH (Nolte, 1979).

Preferred Fracture Plane (PFP)
Fracture Propagation Mechanics

Hydraulic fractures propagate perpendicular to ch, creating a PFP aligned with oH (Hubbert & Willis, 1957). This behavior arises
from the tensile failure criterion:

01— P,>To

where 0 1 6 1 = maximum principal stress (ov in normal faulting), P p P p = pore pressure, and T 0 T 0 = tensile strength. Since
fractures initiate when fluid pressure exceeds o # + T 0 6 h +T, alignment with cH minimizes near-wellbore tortuosity.
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Impact on Perforation Design

In the Marcellus Shale, oH is oriented NE-SW, leading to NW-SE fracture propagation (Behrmann & Elbel, 1991). Perforations
misaligned with oH require higher pressures to initiate fractures due to increased shear stress components. For example, wells with
30° misalignment in the Marcellus exhibited 20% higher breakdown pressures compared to stress-aligned completions (Figure 5).
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Key Findings in Marcellus Shale
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« Perforations aligned with cH minimize shear stress and reduce breakdown pressure

« 30° misalignment increases breakdown pressure by ~20% due to increased shear stress
« Fractures propagate perpendicular to oH regardless of perforation orientation

Figure 5: Impact Of Perforation Alignment on Fracture Initiation in Marcellus Shale
Stress Determination Methods (Borehole-Based Methods)

Image logs provide critical data for determining stress orientation through detection of wellbore failures. Resistivity or acoustic
imaging tools create detailed maps of the borehole wall, revealing stress-induced features such as breakouts (where the wellbore
wall fails in compression) and drilling-induced fractures (DIFs) (Aadnoy & Looyeh, 2019). Breakouts form at the azimuth of
minimum horizontal stress (ch), while DIFs typically propagate along the maximum horizontal stress (cH) direction. Advanced
processing algorithms analyze these features to create continuous stress orientation profiles along the wellbore. The orientation data
is particularly valuable for horizontal wells, where stress direction can vary significantly along the lateral, affecting perforation
effectiveness.

Core analysis complements image log data by providing quantitative stress magnitude information. Laboratory triaxial tests on
cylindrical core samples measure deformation under controlled stress conditions, allowing calculation of elastic properties including
Young's modulus (E) and Poisson's ratio (v) (Haimson & Cornet, 2003). These parameters relate stress components through the
poroelastic equations, enabling estimation of both vertical and horizontal stress magnitudes when combined with pore pressure data.
The relationship is expressed as: ch = (v/(1-v))(ov - aPp) + aPp where ov is vertical stress, a is Biot's coefficient, and Pp is pore
pressure. While core analysis provides fundamental rock properties, its limitation is the discrete nature of measurements compared
to the continuous log data.

Diagnostic Fracture Injection Tests (DFITs)

DFITs represent a direct measurement technique for in-situ stress determination. The procedure involves injecting a small volume
of fluid (typically 10-100 barrels) into the formation at a rate sufficient to create a hydraulic fracture, followed by a shut-in period
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where pressure decline is monitored (Nolte, 1979). The pressure falloff curve contains critical information about the stress regime.
The closure pressure (Pc), identified as the point where the pressure decline rate changes due to fracture closure, provides a direct
measurement of minimum horizontal stress (ch).

The fracture reopening pressure (Pr), observed when the well is re-pressurized, relates to the maximum horizontal stress (cH)
through the relationship: Pr = 3ch - oH - 2Pp

where Pp is pore pressure. Further studies of the DFIT also consider G-function plots and pressure derivative methods to more
accurately define the closure points and determine magnitudes of the stresses. The usage of the DFITs in field applications (Bakken
and Eagle Ford shales) proves that they will give very accurate measurements of the stress compared to logs or cores done
individually, translation being about 5 percent of the real values. DFITs however are very costly of operation and special equipment
is needed thus taking a lot of time and hence costly.

Stress Anisotropy

The absolute difference between the maximum horizontal stress (cH) and the minimum horizontal stress (ch), is called stress
anisotropy; it is a vital geomechanical factor which affects the hydraulic fracture activity. The difference between this amount of
stress is measured by 0 H — ¢ & and this is of significant difference in more various unconventional basins. Stress anisotropy in
Haynesville Shale is more than 1,000 psi, which provides the environment favorable to form long planar fractures. Conversely, the
Eagle Ford Shale has a reduced anisotropy of around 500 psi thus most likely to produce intricate sets of fractures (Gale et al.,
2007).

The motivations behind the measurement of stress anisotropy include integrated analysis of wellbore data comprising of borehole
breakouts, drilling induced Fractures and hydraulic fracturing response. Direct measurements of the minimum horizontal stress are
made using Diagnostic Fracture Injection Tests (DFITs), and the maximum horizontal stress direction and magnitude can be
constrained using an interpretation of wellbore image logs. High-level geomechanical models utilize the measurements to include
them in predicting regional tectonic stress regimes in anticipating anisotropy changes along the horizontal wellbores. The
geographical changes of stress anisotropy in basins such as Permian and Marcellus add more burdens on completion designs, and
this necessitates constant stress profiling to have successful hydraulic fracturing.

Impact on Fracture Geometry

Propagation patterning and geometry of the fracture are entirely controlled by the magnitude of stress anisotropy. When stress
anisotropy is high (o H » o h ), the prevailing stress contrast controls the propagation of fractures perpendicular to the stress, ch,
producing long, planar type of fractures that are perfect gas producers (Warpinski & Teufel, 1987). This geometry design will have
the highest reservoir contact and produces a reduced number of competing branches of the fracture, to increase conductive paths of
low-viscosity gas.

Low stress anisotropy settings on the other hand have less directional control and fractures expand in more than one direction and
form complicated networks of branching. Although this complexity has the potential to enhance recovery of oil-rich reservoirs
through a greater surface area of the fracture, it makes proppant placement extremely difficult and more susceptible to the chance
of premature screen-outs. The study in the Eagle Ford area showcases a moderate anisotropy system, which is a transitional situation
that a fracture shows both planar and branching properties and demands individual completion strategies that are proportional both
on conductivity and complex tasks. Observation of various basins that covered a field observation reveals the fact that stress
anisotropy is one of the key predictors of the effectiveness of hydraulic fractures, and completion design requires constant
optimization process by the time and on the basis of the local stress conditions.
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Optimal Phasing Angle
Fracture Initiation Mechanics

The start of hydraulic fractures will depend on fluid pressure balancing with the stress condition at the end of the perforation. Linear
elastic fracture mechanics propose that the fractures form when the fluid pressure (Py) is greater than the resultant of the minimum
horizontal stress (o) and the tensile strength of the rock (T):

This equation is applicable under an idealized stressing condition, however in practice, the stresses around the wellbore does not
spread in simple shapes, and depends highly on the orientation of the perforations. The Kirsch equations explain the stress
concentrations around a cylindrical cavity indicating that the hoop stress (oss) experiences the highest magnitude at the tip of the
perforation when the perforation is oriented in the direction of the maximum horizontal stress (o) direction (Kirsch, 1898). Since
this orientation achieves a reduction in the effective stress required to initiate the tensile failure, Py is lowered by 20-40% in
comparison to mismatched configurations (Abass et al., 1994). Further elaboration of this principle has been done by the work of
Hossain et al. (2000), who used numerical modeling to show that perforations oriented parallel to each other make shear stress
components smaller, which will encourage planar fracture propagation. The relationship highlights the significant importance of
stress anisotropy to completion design, tension-strength bedding orientation and mineralogical variations caveat in shales.

Historical Development

Hubbert and Willis (1957) laid down the theoretical underpinning of the orientation of the fracture with respect to the stress fields
and proved that hydraulic fractures would occur along the perpendicular

directions of the minimum principal stress (o). The practical consequences of horizontal well completion were however unclear
until 1990s. In breaking through, Behrmann and Elbel (1991) carried out pioneering

work and field and experimental studies that showed that the perforation alignment oy with the decreases the initiation pressure
and the tortuosity of the near wellbore substantially. They also noted previous lab

measurements which were done by Hossain et al. (2000) whereby they measured the magnitude at which misalignment added shear
stresses, which were realized to augment the breakdown pressure by an increment of 35-50 percent on high-strength rocks. This
was a paradigm change in the field of completion engineering shifting away from geometric designs of perforation toward stress-
aligned scenarios. By the 2000s, the principles were being systematically implemented by operators in such basins as the Barnett
and Eagle Ford, with success achieved when correlating aligned perforations with a more efficient cluster and output (Miller et al.,
2011; Slocombe et al., 2013). The current geomechanical models include these historic observations in the form of on-the-spot
diagnostics to rationalize the phasing in complicated stress conditions.

Alignment Impact - Aligned Perforations (0°/180° Phasing)

Perforations that are aligned and run in the direction of maximum horizontal stress (cH) direction would make one major fracture
with little tortuosity in near-wellbore. This arrangement uses the stress concentration ability at the tip of the perforation, wherein
tensile load is concentrated in line with cH The smaller component of shear stress decreases the minimum pressure at which
fractures can be initiated with the reduced and misaligned designs by 20 to 40 percent (Hossain et al., 2000). A field test performed
in the Barnett Shale proved that a 180° phasing (perforations aligned at 0° and 180°) reduced breakdown pressure from 7,500 psi
to 5,800 psi, achieving a 22% reduction in hydraulic horsepower (HHP) costs (Mahmood, 2020). This mechanical advantage is
attributable to the orientation of perforations towards the direction of principal stress so that the cracks can propagate along the path
of Minimal resistance. The end geometry of planar fracture eliminates dense branching and increases the degree of uniformity of
proppant in low permeability formations essential towards the maximization of stimulated reservoir volume (SRV).
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Misaligned Perforations

The shear stress produced by perforations whose orientation angle is relative to cH require more pressures to cause initiation with
respect to tensile mechanisms of failure. As an illustration, a30° misalignment of the Bakken Shale created raised breakdown
pressure by 35% because of the included shear component, that should be overcome, to make fracturing develop (Miller et al.,
2011). This shear dominated regime results in formation of multi-competing branches of the fracture networks rather than one
dominant fracture. Misaligned and overlapping perforations in the Permian Basin were the main reasons behind shorter propped
fracture length 20% because fluid and proppant went to several competing fractures rather than focusing on one pathway Merzoug
& Rasouli 2023. The reduced effective fracture length directly impacts well productivity, as shorter propped fractures limit reservoir
contact. Operators in the Permian have observed that misaligned designs correlate with higher treating pressures, increased screen-
out frequency, and less predictable production profiles compared to stress-aligned completions.

Phasing Strategies
Vertical Wells

For vertical wells, perforation phasing alignment with the maximum horizontal stress (cH) direction is straightforward due to the
symmetrical stress distribution around the wellbore. The wellbore in a vertical well lies perpendicular to the horizontal stress field
providing a homogeneous stress field with ch (minimum horizontal stress) acts radially around the wellbore circumference. This
symmetry will enable the operators to effectively initiate fracture through mere alignment of the perforations realizing that the cH
direction as observed on studies where minimal tortuous near-wellbore zones and more planar fracture geometries were observed
where stress-aligned perforations in vertical wells took place (Behrmann and Elbel, 1991). This situation of comparative ease during
alignment of vertical well-stresses has caused their use to be used as the benchmark of interrelation between stress and perforations
in unconventional reservoirs.

Horizontal Wells

Horizontal wells are more complex because of the degree to which they run relative to the field of stress. Also, unlike vertical wells,
the horizontal laterals can also penetrate the stress field at oblique angles, leading to developing anisotropic stress along the
wellbore. To remedy this, multi-phasing strategies (60°/90°/120° spacing) are employed to increase the probability of intersecting
oH. For example, in a horizontal well where oH is oriented at 45° relative to the wellbore axis, 60° phasing ensures that at least one
perforation cluster aligns with cH, enabling efficient fracture initiation (Weng et al., 2011). Uncertainty in stress directions
measurements and changes to the wellbore trajectory are compensated by this probabilistic

method. Field operation in the Bakken Shale has shown that because of multi-phasing, the risk of perforation mis-align occurrences
with a design compare to a single-phasing design is 40% less common hence giving a more improved uniformity stimulating the
whole lateral.

Oriented Perforating

Current directionalizing based perforating systems have transformed the unique trend of completing a well (stress-aligned) by use
of accurate down hole orientation technologies. Advanced perforating guns integrate gyroscopes for directional reference (Figure
7) and magnetometers for azimuth determination, enabling shot alignment within 5° of the target cH direction. In the Eagle Ford
Shale, a comparative study of 15 horizontal wells found that oriented perforating improved cluster contribution by 15% compared
to geometrically phased wells (Slocombe et al., 2013). The technology works by adjusting perforation gun orientation in real time
using real-time telemetry, ensuring each shot aligns with the interpreted cH direction along the lateral. This precision has proven
particularly valuable in tectonically stressed basins like the Haynesville, where stress orientation can vary by 10-15° over short
intervals. Operators report that oriented perforating not only enhances initial production but also improves long-term recovery by
creating more durable fracture pathways less susceptible to stress shadowing effects.
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Figure 6: Illustrating the three principal stresses: vertical, maximum horizontal, and minimum stresses. (After Cheng et, al.
2020)

Modern oriented perforating systems have revolutionized stress-aligned completion designs through precise downhole
orientation technologies.

Figure 7: A perforating gun, a key tool in creating wellbore conduits for hydraulic fracturing, highlighting (After USGS
2016)

its role in initiating fractures. Advanced perforating guns integrate gyroscopes for directional reference and magnetometers for
azimuth determination, enabling shot alignment within 5° of the target H direction

Case Studies
Marcellus Shale

Another study that involves an extensive field experiment in 2011 by Miller et al. (2011) was used to compare ten horizontal wells
in Marcellus shale to study the effect of perforation alignment on the performance of the wells.
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The Marcellus Shale which is highly anisotropic in terms of stress and possesses a high level of total organic carbon (3-12%) forms
an excellent model to examine geomechanical rules of perforation design.

The research sampled wells whose reservoir characteristics, completion specifications, and lateral completions were uniform to
avoid mixing the perforation orientation effect.

The wells were split into those with perforations that favored the maximum horizontal stress (cH) direction, while the other half
used conventional perforation strategies without stress alignment. A 30-day production monitoring showed that wells aligned
recorded average production rate of 12 million cubic feet per day (MMcf/day), representing a 15% increase compared to the 10
MMcf/day average of misaligned wells. The aligned wells also showed a higher efficiency where they used 20% less water in
relation to unit output of gas. The decreased water consumption was connected with improved patterns of fracture initiation and
propagation studied with the help of pressure analysis and microseismic. The results of the study gave one of the first field evidence
of the necessity of stress-aligned perforating in unconventional shale reservoirs and shaped the industry practices in North American
shales plays.

Permian Basin

In the Delaware Basin part of the Permian, operators have reported large uptrends in the performance of their wells since adopting
stress-aligned perforation strategies.

Multiannual surveys existing to monitor success levels of completion optimization projects in this region have revealed that wells
completed in 180° phasing aligned to the maximum horizontal stress direction showed a 22% rise in natural origin recovery (EUR)
than the offset wells with traditional perforation designs Merzoug & Rasouli 2023. Delaware Basin also exhibits unconventional
completion issues because of its complex stress regime, which involves large deviation in both vertical as well as horizontal stresses
over a relatively short distance. The geomechanical modeling As part of that study, it applied sophisticated geomechanical modeling
calibrated to microseismic data to obtain the precise orientation of taken along each lateral. The optimized perforation strategy of
Wells was finished with precisely oriented perforation clusters which are completely in line with the direction of the principal stress
and this leads to more effective initiation of a fracture, and minimal tortuosity of the near-wellbore fracture. The analysis of the
production revealed that EUR increase within the Delaware Basin was contiguous across several benches, contingent on the
Wolfcamp A and B levels. In addition to the volumetric boost, operators cited some operators, especially offshore, realized lower
treating pressures, screen-outs, and in overall stimulation performance in the lateral. The Permian success of this approach has
resulted in a broad push of stress aligned perforation strategy across the basin with some operators also reporting the same kind of
improvements elsewhere in the basin such as the Midland Basin.

Near-Wellbore Stress Effects
Stress Redistribution Mechanisms

The process of wellbore formation displaces stress in a radius of 3—5 times the wellbore diameter (Fjaer et al., 2008). The wellbore
acts as a free surface, altering the stress field through two primary components:

Hoop Stress (600): Compressive stress concentrated around the wellbore circumference.
Radial Stress (orr): Tensile stress generated at the wellbore wall due to the removal of rock mass.

This redistribution is influenced by in-situ stress magnitudes, wellbore pressure, and fluid flow dynamics, creating a complex stress
regime that extends from the wellbore wall into the formation (Fjaer et al., 2008).

Stress Cage Effect

In stress sensitive regions, in which stress is high due to the occurrence of maximum horizontal stress (cH) exceeds the vertical
stress (ov), the wellbore becomes a "stress cage," concentrating stress at the perforation tip. The latter is enhanced more in vertical
wells (Zoback, 2010). The reason behind this phenomenon is the stress field perturbation due to drilling which results in high hoop
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stress in the vicinity of the wellbore. The stress cage effect is intentionally leveraged in wellbore strengthening techniques, where
particles are strategically placed to bridge fractures and amplify hoop stress, effectively increasing the fracture gradient and
mitigating lost circulation risks. Field applications demonstrate that this localized stress intensification significantly impacts fracture
initiation pressures and geometry.

Stress Concentration
Kirsch Equations

The stress distribution around a vertical wellbore in an elastic medium is comprehensively described by the Kirsch equations, a set
of analytical solutions that quantify how the in-situ stress field is perturbed by the presence of the wellbore (Kirsch, 1898). These
equations will provide the stress distribution at any point

on the circumference of the wellbore, having special relevance in the hoop stress component (6680), and this component will have
direct effect on the fracture initiation. The relationship is defined as:

ogp — o (1 — 2cos20) + op (1 + 2cos 20)

where 6 represents the angle from the maximum horizontal stress (cH) direction. This equation reveals that hoop stress varies
sinusoidally around the wellbore, reaching maximum values at 8 = 0° and 6 = 180° (aligned with cH), and minimum values at 8 =
90° and 8 = 270°. The stress concentration effect arises because the wellbore creates a free surface that redistributes the far-field
stresses, with the greatest concentration occurring where the wellbore wall is perpendicular to the minimum principal stress. This
stress amplification can increase local stress by 50-100% above the far-field value, significantly influencing fracture initiation
pressures.

Implications for Perforation Design

The stress concentration phenomenon has profound implications for perforation placement and orientation. When perforations are
aligned with oH (at 8 = 0°/180°), they benefit from the natural stress concentration, requiring 25% lower initiation pressure
compared to perforations placed at 6 = 90° (Webster et al., 2013). In the Bakken Shale, this differential translates to approximately
1,000-1,500 psi reduction in surface treating pressure, enabling operators to use lower horsepower equipment and reducing
operational costs. The field studies have established that the perforation well aligned to oH direction has improved consistency in
initiating the fracture, decreased tortuosity next to the wellbore, and increased the effectiveness of the cluster. This understanding
has driven the adoption of oriented perforating technologies in the Bakken, where operators report 15-20% improvements in
production from wells with stress-aligned perforation strategies. The connection between stress concentration and performance of
perforations highlights the need to obtain proper determination of the direction of stress prior to formulation of completion
programs.

Perforation Tunnel Effects (Stress Intensity at the Tip)

Perforation tunnels work as stress concentrators by increasing stress at the tips of the tunnels and affect the mechanism of forming
a fracture. The stress intensity factor (K;), is the measure of the magnitude of stress on a crack tip and this is determined by:

Ky =Y -o+/ma

where Y = geometry factor (dependent on tunnel shape), o = applied stress, and a = crack length (perforation depth). Larger
perforation diameters effectively increase a a, reducing K; and lowering the stress threshold required for fracture initiation (Figure
8) (Behrmann & Elbel, 1991). For instance, a 0.7" diameter perforation increases a a compared to a 0.5" hole, decreasing K; and
reducing the pressure needed to initiate a fracture. This relationship is critical in low-permeability shales like the Marcellus, where
minimizing stress intensity effects can lead to overestimating required breakdown pressures by 15-20%.
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Figure 8: A typical cased and perforated well completion, illustrating the perforations that connects the wellbore to the
reservoir. (After Mokhtar 2022)

The stress intensity factor (K), which quantifies the magnitude of stress at a crack tip, is defined by: K = YoV(na), where Y =
geometry factor (dependent on tunnel shape), o = applied stress, and a = crack length (perforation depth).

Tunnel Geometry Optimization

Field evidence from the Haynesville Shale demonstrates the practical impact of perforation tunnel geometry. Wells completed with
0.7" diameter perforations exhibited 30% lower initiation pressures compared to those with 0.5" holes, while maintaining equivalent
fracture lengths (Schweitzer & Bilgesu, 2009). The larger tunnels created more favorable stress intensity conditions, enabling
fractures to initiate at lower pressures and propagate more efficiently. However, operators must balance diameter increases with
casing integrity considerations, as oversized perforations can weaken the wellbore structure. Advanced perforating systems now
use computational fluid dynamics (CFD) to optimize tunnel geometry for specific stress regimes, ensuring maximum stress
concentration at the tip while preserving casing strength. In the Eagle Ford, this approach reduced screen-out frequency by 25%
and improved proppant placement consistency across stages.

Initiation Scenarios
Perforation Tip Initiation

The primary fracture initiation process of low-strength shale like the Marcellus, is perforation tip initiation. This is observed when
the stress level at the end of the tunnel in the perforation plays the greatest role in stress conglomeration whereas the stress at the
casing and the formation interface is weaker than the tensile strength of the formation (Hossain et al., 2000). The stress intensity
factor controls the mechanics of the initiation of the tip and this factor is dependent on the perforation geometry, fluid pressure
distribution and the rock properties. At the Marcellus Shale, tensile strength usually thought of as 3-7 MPa, the comparison of the
strength is not very high, thus, fractures can be created at the perforation tip when moderate pressure differentials are used. This
type of initiation leaves a single major fracture which generally extends away along a line of least resistance. But the resultant
fracture is usually tortuous, and having tortuosity near the wellbore, this causes curved lanes, which generate frictional pressure
losses and diminish effective fracture length. Field studies in the Marcellus have documented that fractures initiating at perforation
tips can deviate by 15-30° from the preferred fracture plane before aligning with the far-field stress orientation, resulting in reduced
conductivity near the wellbore (Hossain et al., 2000). This phenomenon of tortuous path is especially troublesome in horizontal
wells in which it may cause premature screen-outs and zonal imbalances in proppant concentration.
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Casing/Formation Interface Initiation

Fracture initiation in high-strength rocks such as the Bakken Shale mostly happens at the casing-formation interface instead of being
at the tip of the perforation (Miller et al., 2011). This is a mode of initiation which happens due to tensile strength of rock (typically
10-15 MPa in the Bakken) is higher than the stress concentration on the tip of the perforation at conventional fracture pressures.
Rather, the interface between the rock and the steel casing will become the weakest but once the fluid pressure exceeds the strength
of the bond between the rock and the steel casing, and the formation tensile strength, the fractures start.

The notable feature associated with interface initiation is the propensity to make numerous competing fractures at the wellbore
perimeter. The laboratory tests on high-speed cameras and the microseismic surveillance in the field have confirmed occurrence of
3-5 rival fractures simultaneously started up by the same perforation cluster in the Bakken formation (Miller et al., 2011). Such
numerous fractures compete against each other and may fall short at an effective length of each separate fracture. The phenomenon
is particularly marked when horizontal wells exist where stress concentrations might occur in the circumference of the wellbore.
The Bakken operators have handled this problem by making use of oriented perforating and restricted breach methods, which have
allowance in constraining the extent of fracture beginnings and enhancing fluids carrying out among the rival fracture portions.

Initiation Pressure Factors
Rock Tensile Strength

Shale tensile strength represents a critical parameter in hydraulic fracture initiation, typically ranging from 5 to 15 MPa depending
on mineral composition, organic content, and bedding orientation. The Marcellus Shale, with its high clay content and relatively
low carbonate fraction, exhibits tensile strengths around 5 MPa, requiring correspondingly lower breakdown pressures (Zoback,
2010). In contrast, the Eagle Ford Shale, characterized by higher carbonate content and lower clay fraction, demonstrates tensile
strengths averaging 12 MPa, necessitating significantly higher initiation pressures (Zoback, 2010). The relationship between tensile
strength and breakdown pressure follows the tensile failure criterion:

Ptrac=30,—0on+To

where Pfrqc is the breakdown pressure, o/ is the minimum horizontal stress, 0 H o H is the maximum horizontal stress, and T 0
T 0 is the tensile strength (Hossain et al., 2000). Core samples like Haynesville

Shale field measurements also confirm this and their core samples exhibit tensile strengths of 8-10 Mpa as compared to a higher
breakdown pressure of 15-20% when compared to the Marcellus (Hossain et al., 2000). Unpredictable variability of the tensile
strength of shale which inherently depends on the orientation of the bedding complicates further the determination of predictable
values of the tensile strength because the vertical sample of shale is generally about 20-30% stronger than the same sample taken
horizontally in an orientation parallel to the bedding (Abass et al., 1994). Knowing these differences is important when trying to
make the most efficient perforation design and to know what the likely fracture initiation pressures will be in the various shale

plays.
Fluid Viscosity

Viscosity of the fluid plays an important role in the initiation of hydraulic fracture mechanism through pressure distribution and
leakoff mechanism. Slickwater fracturing fluids have a viscosity between 1-10 cP, have minimal frictional pressure drop, and are
able to penetrate into the formation to a greater depth having the same pressure at the tip of the fracture (Weng et al., 2011). The
reduced viscosity helps in more effective fracture opening at reduced pressures or in low-permeabilities soils such as the Marcellus
whose fluid efficiency is important (Weng et al., 2011). Conversely, crosslinked gel systems (100—1,000 cP) generate higher
effective pressure at the wellbore due to increased viscous forces, potentially reducing the pressure required for fracture initiation
(Weng et al., 2011). However, these high-viscosity fluids face challenges in narrow perforation tunnels, where they can create near-
wellbore pressure drops of 500—1,000 psi due to friction, effectively increasing the surface pressure required to initiate fractures
(Behrmann & Elbel, 1991). Field studies in the Bakken Shale demonstrate that while crosslinked gels achieve better proppant
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transport, they require 15-20% higher initiation pressures than comparable slickwater treatments (Webster et al., 2013). The optimal
fluid selection depends on the specific formation characteristics, with operators in the Permian Basin reporting success using hybrid
fluid systems that begin with low-viscosity fluids for initiation before transitioning to higher viscosity for proppant transport
Merzoug & Rasouli 2023.

Cluster Efficiency
Uniform Stimulation Challenge (Quantifying Non-Uniformity)

Production logs and fiber-optic diagnostics consistently reveal significant disparities in cluster contribution across horizontal
wellbores. Miller et al. (2011), providing a detailed analysis of production in 50+ horizontal wells in the Marcellus and Eagle Ford
shales, have observed that in 30 to 40 percent of perforation cluster, less than 5 percent of total well production was offered. One
especially egregious example of such inefficiency is observable in multilateral reservoirs such as the Delaware Basin, the failure of
which to produce due to 2018 study made use of distributed acoustic sensing (DAS) and production logging and found that 80% of
hydrocarbon recovery was attributable to only 25% of the constituent well clusters Merzoug & Rasouli 2023. The root causes are
the effects of stress shadowing, heterogeneity of the reservoir and improper placement of the perforations. As an example, the
microseismic measurements in Permian Basin Wolfcamp formation revealed that inner clusters commonly exhibited limited
expansion under

compressive stresses imposed by neighboring fractures, declining their effective stimulated reservoir volume (SRV) by up to 40%
as compared to outer clusters (Slocombe et al., 2013). Such results demonstrate that the completion design requires urgent
consideration of dynamic stress interactions among clusters.

Economic Impact

The consequence of cluster inefficiency is massive in economics. An economic study of Eagle Ford wells in 2016 has shown that
10% increase in cluster efficiency would boost estimated ultimate recovery (EUR) by 8-12% (Slocombe et al., 2013). To a typical
1-million-barrel EUR well, this represents an increment of 80,000-120,000 barrels of oil equivalent (BOE), to the tune of the
US$1.2-1.8 million at $60/barrel. In addition to the direct revenue benefits, increased cluster efficiency will drive down the cost of
operations, lowering the amount of water consumed and proppant used as well as the amount of hydraulic horsepower expended.
As an illustration, in Bakken Shale, operators indicated that optimized cluster-contributing wells utilized 25% less water and 15%
less proppant in comparison to the conventionally completed offsets and produced at the similar level Merzoug & Rasouli 2023.
The savings of the overall impact on a multi-well pad can be millions each, so cluster efficiency is one important lever to boost the
economics of a project in a capital-intensive unconventional play.

Stress Shadow Mechanism
Mathematical Modeling

Stress shadowing refers to the localized increase in compressive stress around a propagating hydraulic fracture, which can inhibit
the growth of adjacent fractures. This phenomenon is quantified by the relationship

E w

Ao = —m—— - —
7 1 — v~ h

Where E = Young’s modulus (a measure of rock stiffness), v = Poisson’s ratio (describing rock compressibility), w = fracture width,
and h = fracture height. For a typical shale formation with E = 3x10° psi and v =0.25, a fracture of width w = 0.1" and height 4 =
100 " generates a stress shadow of approximately 300 psi (Kresse et al., 2011). This increase in stress causes a block that has to be
broken with increased pressure to cause or extend the fractures nearby. The equation highlights that stiffer rocks (higher E), wider
fractures (greater w), and shorter fractures (lower /) amplify stress shadow effects. In naturally fractured or heterogeneous rock that
is outside the reservoir, these local stress perturbations will make important differences in the path of crack growth and will vary
the effectiveness of a cluster of such cracks.
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Field Observations

Stress shadowing has a practical effect as evidenced by empirical findings on the Barnett Shale. It was observed that as a result of
stress interference, fractures adjacent to larger propped ones showed 30 % shorter length observed in microseismic monitoring and
production logs (Fisher et al., 2004). The effect of this asymmetric growth regime was to decrease the effective stimulated reservoir
volume (SRV) and also to create cross-perforation asymmetry with higher producing inner cluster perforations than outer cluster
perforations. It was also observed in the Barnett study that stress shadowing effects lasted several days to weeks after fracturing and
this makes it hard to sequence multi-stage completions. Similar observations in the Marcellus and Haynesville shales confirm that
stress shadowing is a universal challenge in unconventional development, particularly in formations with high Young’s modulus
and narrow fracture spacing. These field results validate the mathematical models and underscore the importance of stress-aware
completion designs to maximize recovery.’

Mitigation Strategies
Limited Entry Perforating

Limited entry perforating represents a physics-based approach to achieving uniform fluid distribution across multiple perforation
clusters. The fundamental principle relies on creating sufficient friction pressure drop across perforations to overcome the natural
tendency of fluid to follow the path of least resistance (Nolte, 1979). When fluid flows through perforations, the pressure loss
follows the relationship:

0.237 - Q?%p
AP — —————
n2da
Where Q Q = flow rate, n n = number of holes, and d d = diameter. This equation demonstrates that friction pressure increases with
the square of flow rate and fluid density, while decreasing with the square of hole count and to the fourth power of hole diameter.
The practical implication is that smaller holes and

fewer perforations create greater pressure differentials, forcing fluid to distribute more evenly between clusters.

In the Permian Basin, a comprehensive field study compared conventional 4-hole clusters (0.3" diameter) against limited entry
designs featuring 6 smaller holes (0.25" diameter) Merzoug & Rasouli 2023. The optimized design increased the friction pressure
drop by approximately 44% while maintaining equivalent pump rates. Production logs and fiber-optic diagnostics revealed that
cluster contribution improved from 60% in conventional wells to 95% in limited entry completions. Beyond the immediate
production benefits, the study documented a 22% reduction in screen-out frequency and more consistent treating pressures across
stages. The success of limited entry in the Permian has led to widespread adoption, with operators reporting 8-12% increases in
estimated ultimate recovery (EUR) for wells completed with optimized perforation strategies.

Engineered Spacing

Optimizing cluster spacing will be an alternative method to tackling limited entry perforating in mitigating the effects of stress
shadow. The dependency of fracture spacing and the level of stress shadow adheres to the non-linear type as the fracture spacing
grows and the level of stress interference drops exponentially (Kresse et al., 2011). The research in the industry has determined that
spacing levels larger than the 2.5

times the half length of the fracture successfully remove the effects of stress shadow between neighboring clusters.

In the Eagle Ford Shale, a milestone study paired production results in wells drilled conventionally at 50-foot spacing with an
engineered design at 100-foot spacing corresponding to the length of the presumed half of the fracture (Slocombe et al., 2013). The
authors used microseismic monitoring and production logs to guarantee that, with wider spacing, the stress shadow effects which
inhibited inner clusters in conventionally spaced wells had been removed. The designed solution provided a 15 percent boost in
EUR, which would amount to about 90,000 more equivalent barrels per well over the 30 year-term of the forecast.
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Such successes have been repeated in other basins such as in the Bakken and Niobrara where operators have reported similar
production gains following their introduction to spacing in connection with geomechanical models of fracture geometry. In addition
to stabilizing instant production, Halliburton has also shown engineered spacing to be helpful in long term recovery through the
establishment of more constant drainage patterning and increasing the possibility of avoiding by-passed reservoir units.

Diagnostic Tools
DAS/DTS

Distributed Acoustic Sensing (DAS) has become an avant-garde technology to monitor hydraulic fracture based on the concept of
acoustic monitoring, the movement of the fluid and propagation of a fracture causing acoustic vibrations that is recorded using a
fiber-optic cable laid along the wellbore (Webster et al., 2013). It works with principles of Rayleigh scattering, in which backscatter
of laser pulses, sent along the fiber, is time-correlated with acoustic perturbations along the cable. Measurement of these reflected
echoes allows the operator to form a distributed measurement of acoustic energy along the entire lateral (with sub-meter spatial
resolution). Such an acoustic signature can be used to deliver both significant information about fluid distribution between
perforation clusters as well as flow rate estimations of 5-10% accuracy (Webster et al., 2013). In addition to quantitative
measurement of flow, DAS is able to sense fracture initiation events, drill multiple fracture propagation in real time, and sense
screen out or bridging events in a real time.

Blending with DAS, the Distributed Temperature Sensing (DTS) records temperature oscillations of the fiber-optic cable to
implicate the disposal of the fluid (Webster et al., 2013). The formation and injected fluid are normally not at the same temperature
during fracturing operations, which forms a permanent thermal signal that is read with a 1-2°C resolution by DTS systems. The
cooler areas of the wellbore show active fluid intakes, whereas the time-dependent recovery of temperature reveals the information
on the geometry of fracture as well as of the prop. DAS (dynamic, high-frequency measurement) combined with DTS (slower,
temperature-based measurement) allows a full diagnostic package that provides insight into the real time effects of the fluid as well
as longer-term thermal effects. These fiber-optic technologies combined give the most comprehensive subsurface exposure able
today in completion optimization.

Step-Down Tests

Step-down tests are a fair and straightforward method of diagnostic procedure that can be employed to check the efficiency of the
cluster prior to primary fracture treatment (Wright et al., 1999). The process

entails the injection of the fracturing fluid at the successively lower rates with constant pressure observation at the surface or at the
bottom. During such an operation, operators usually follow 4-6 rate steps to minimize the planned treatment rate to the minimum
rate with stabilization of pressure at every step. Evaluation of the pressure-rate curve at every step will help engineers know which
clusters of perforations are open and hence helping in the uptake of fluids.

The diagnostic implication is provided by the negative correlation of rate and pressure: with all the clusters left open and taking
fluid proportionally, the pressure is expected to decline steadily with the drop-in rate. Any of the various misdemeanours of this
expected pressure response e.g. a small or large drop in pressure point to which clusters are not free or drawing excess amounts of
fluid. It has been seen that step-down tests have a relatively high degree of accuracy (about 85%) in detecting open clusters against
post-frac production logs in field applications (Wright et al., 1999). Although not as technologically advanced as fiber-optic-based
monitoring, step-down tests have a number of advantages: they are the least complicated to carry out, taking only a few minutes
before the actual treatment and delivering practical data to adjust the perforation strategy or direct fluid among stages.

Production Evidence
Eagle Ford Case Study

An intensive 2013 field work that was carried out over 20 horizontal wells in the Eagle Ford Shale revealed the substantial
advantages of engineered cluster widths as compared to traditional designs in production (Slocombe et al., 2013). Because of organic
ripe moderate calcareous mudstones mixed with high proportions of carbonates, the Eagle Ford is unique in terms of the challenge
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of performing completion in light of the intricate mineralogy and the stress regime of the reserve. It was a comparison of wells
finished using a normal cluster of 50 foot versus and an optimized cluster of 100 foot with geomechanical model of half-length of
fraction. The engineered wells, which maintained consistent proppant volumes per cluster while adjusting spacing, achieved a
remarkable 22% increase in estimated ultimate recovery (EUR). The equivalent production accrued by this production increase was
estimated to be about 120,000 barrels of oil equivalents (BOE) based on the 30-year production drain. Beyond the volumetric gains,
the optimized wells demonstrated more consistent production profiles across the lateral, with 85% of clusters contributing to
production versus only 60% in conventionally spaced wells. The study also noted reduced treating pressures and fewer screen-outs
in the engineered designs, suggesting improved fluid distribution and reduced stress shadowing effects.

Bakken Field Trial

In the Bakken Formation, a series of field trials demonstrated the practical benefits of real-time diagnostics for completion
optimization (Webster et al., 2013). The unconsolidated and very peculiar lithology of Bakken (dolomitic siltstones between
organic-rich shales) results in the presence of unique fracture barriers that do not give fracturing effectiveness. During hydraulic
fracturing, operators fitted distributed acoustic sensing (DAS) systems in several wells so as to obtain real-time information about
fluid distribution. The monitoring system that was developed using fiber-optic identified strong variations in cluster efficiency,
where some of perforation clusters consumed 3-5 times more fluid compared to the adjacent clusters. Engineers dynamically
readjusted pump rates in the middle of the stage using this real-time feedback, added diversion methods, and altered the viscosity
of the fluids to increase fluid distribution. The adaptive approach resulted in a 30% reduction in water usage while maintaining
equivalent or improved production rates compared to offset wells completed with conventional designs. Also, the trial wells had
greater symmetry in terms of production contribution in each cluster and the microseismic data indicated that the targeted reservoir
interval was better covered by the fracture.

Integration, Modeling, and Diagnostics

The combination of well-calculated numerical models and in-real-time diagnostics being introduced to hydraulic fracking design
and implementation has completely altered how the process works. In this section, the synergistic usage of computational
approaches and monitoring technologies to optimize completion strategies that would enhance the effectiveness of stimulation
within unconventional reservoirs, is discussed.

Numerical Models
XFEM (Extended Finite Element Method)

Extended Finite Element Method (XFEM) is more or less a great invention in the field on fracture modeling since it allows modeling
crack propagation without remeshing the simulation domain. Such a method of computation integrates the functions of enrichments
that bring about the discontinuity in movement of displacement in the fracture surfaces making it possible to model complex patterns
of fractures efficiently

(Lecampion, 2009). XFEM offers an affordable cost in computation compared to other conventional finite element methods which
are labor intensive due to the frequent need to regenerate the mesh as the fractures expand. In theory XFEM has been successfully
used in practice even when predicting fracture reorientation in naturally fractured formations such as the Marcellus Shale, where
none other than the pre-existing planes of weakness have a substantial bearing on the hydraulic fracture geometry (Lecampion,
2009). The capability of the method of modeling defects (crack initiation and propagation) without remeshing is particularly suitable
to model multi-stage hydraulic fracturing operations where fractures interact with other fractures as well as with natural fractures.

DEM (Discrete Element Method)

The approach moves radically in a different direction with the Discrete Element Method (DEM) treating rock as an aggregate of
bonded particles instead of a material continuous in space. The method is being used to model grain-scale fracture initiation,
propagation and coalescence by micro-scale modeling techniques based on the interactions between grains and bonds (Potyondy &

Vol. 51 No. 2 July 2025 ISSN: 2509-0119 484



International Journal of Progressive Sciences and Technologies (IJPSAT) SCHOLAR Al
ISSN: 2509-0119. ?
© 2025 Scholar AI LLC.

IJPSAT https://ijpsat.org/ Vol. 51 No. 2 July 2025, pp. 467-490

55N:2509-0119

Cundall, 2004). In heterogeneous materials such as shale in which micro scale heterogeneities have a significant effect in
determining macro-

scale response, DEM is particularly effective in modeling the failure processes. In the Bakken Shale, field applications of DEM
have revealed an effective capability of various complicated fracture networks that occurs due to interactions of natural and
hydraulic fractures (Potyondy & Cundall, 2004). The technique offers unprecedented access into the influence of micro-scale rock
properties, including grain size distribution, cementation strength and natural fracture density, on the overall stimulation efficiency.

Coupled Fluid-Solid Models

Coupled fluid-solid models constitute the most complete modeling of the hydraulic fracture process as the encouragement of the
fluid flow in a fracture and deformation of the octopus rock matrix are solved together. Such advanced models take into
consideration a two-way interaction between the fluid pressure and rock mechanics: fluid pressure promotes opening of fractures
and the geometry of the fracture which determines the flow patterns of the fluids (Weng et al., 2011). The coupled method has to
be used in the determination of the propped fracture geometry because of its ability to take into account the proppant particles
distribution inside the fracture which influences the conductivity. Application to fracture propagation at high pressure and
temperature conditions encountered in Haynesville Shale One of the most modern complexes used is the Haynesville Shale, where
the fracture propagation modeling is complicated by the conditions of high pressure and temperature, which is why the use of
coupled models is able to predict the propped fracture sizes and the conductivity with adequate accuracy to justify the completion

optimization (Weng et al., 2011). Better representative of performance over a range of controlled factors has directly result in
stimulation design performance enhancement and improved production.

Diagnostic Feedback
Real-Time Optimization

Perhaps the most revolutionary tool that is becoming available in real time hydraulic fracturing optimization is Distributed Acoustic
Sensing (DAS), especially in heterogeneous reservoirs such as the Bakken Shale. DAS technology overlays a fiber-optic cable
along the wellbore and records signals that contain acoustic vibration due to fluid flow and fracture transmission into useful
information on cluster performance (Webster et al., 2013). During field tests operators took advantage of real-time DAS information
and mid-stage corrected under-stimulated clusters by increasing or decreasing pump rates or diverter positions. This adaptive
approach reduced water usage by 30% while maintaining equivalent stimulated reservoir volume (SRV), demonstrating the value
of responsive completion strategies (Webster et al., 2013). The sensitivity of the technology to pick up neuter acoustic signatures
e.g., fluid entry breakthroughs, onset of fractures allows the operator to eliminate or reduce the effects of stress shadowing and also
enhance fluid breakthrough propagation within the clusters of perforations.

Machine Learning Integration

Machine learning (ML) integration with the DAS data has also succeeded in advancing the process by facilitating predictive
analytics through completion optimization of the diagnostics. Historical DAS data are used to train ML models to memorise the
patterns between acoustic cues and cluster contribution, fracture geometry, and production performance. For example, supervised
learning algorithms can classify underperforming clusters with 90% accuracy by analyzing frequency and amplitude variations in
acoustic data Merzoug & Rasouli 2023. Such models will include variables like pump rate, viscosity, and the anisotropy of stress
to prescribe any adjustments of the mid-way like route of fluid to low-uptake clusters or changes in proppant schedules. In the
Permian Basin, ML-driven systems reduced hydraulic horsepower requirements by 15% while increasing cluster efficiency by 22%
Merzoug & Rasouli 2023. Real-time diagnostics combined with predictive analytics give a closed-loop environment where the
actions of the

wells are fed back and directly affect the operational choices, a paradigm shift to a static-adaptive completion design.
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Challenges
Stress Heterogeneity

The Barnett Shale that is subjected to natural fractures poses local stress variations complicating predictability of the perforation
design and fracture propagation (Gale et al., 2007). Such pre-existing cracks disturb their stress field by providing planes of
weakness and stress concentration point and resulting to unpredictable fractures geometries. In the case of the Barnett, where there
is a lot of natural fractures, the effects of heterogeneities include asymmetric fracture growth and stimulated reservoir volume (Gale
et al., 2007). Interaction between the hydraulic fractures and the natural fractures may yield such tricky network of fractures and it
is that in the current geomechanical models natural fracture interactions are not modeled properly and thus optimality in the design
of perforation shall not be possible (Gale et al., 2007).

Real-Time Stress Measurement

Current evaluation devices, such as Diagnostic Fracture Injection Tests (DFITs) as well as image logs, are not affable enough to
delineate variations of stress in the wellbore at sufficient measurements to place the perforations optimally (Zoback, 2010). DFITs
provide closure stress estimates but average measurements over large intervals, missing localized stress changes (Zoback, 2010).
Similarly, image logs detect stress indicators like breakouts but offer limited quantitative stress magnitude data (Zoback, 2010).
This resolution gap prevents operators from adapting perforation designs to small-scale stress variations that significantly impact
fracture initiation and growth

Knowledge Gaps
Perforation Erosion

Limited field data exists on how high-velocity fracturing fluids alter perforation geometry over time, despite evidence that erosion
can reduce perforation efficiency by up to 30% in multi-stage completions (Behrmann & Elbel, 1991). Perforation tunnels degrade
under abrasive fluid flow, changing their shape and stress concentration properties, yet few studies quantify this effect in
unconventional reservoirs (Behrmann & Elbel, 1991). This knowledge gap complicates long-term completion optimization, as
initial perforation designs may not account for evolving tunnel geometry.

Stress Shadow Decay

The rate at which stress shadow effects diminish after fracturing remains poorly quantified, limiting the ability to optimize cluster
spacing and timing between stages (Kresse et al., 2011). Stress shadows—Ilocalized stress increases around fractures—can persist
for days to weeks, affecting subsequent stages

(Kresse et al., 2011). Without accurate decay rate data, operators risk either excessive spacing (wasting reservoir contact) or
insufficient spacing (exacerbating shadow effects) (Kresse et al., 2011).

Future Directions
AlI-Driven Completion Optimization

Machine learning models trained on distributed acoustic sensing (DAS) data show promise for real-time perforation parameter
adjustments, potentially increasing recovery by 10—15% Merzoug & Rasouli 2023. These models analyze acoustic signals to detect
under-stimulated clusters and recommend mid-stage changes to pump rates or fluid viscosity Merzoug & Rasouli 2023. In Permian
Basin trials, Al-optimized completions reduced water usage by 25% while maintaining production Merzoug & Rasouli 2023.

Advanced Sensors

Integration of fiber-optic sensors with microseismic monitoring provides high-resolution fracture geometry data, enabling more
accurate stress field characterization (Webster et al., 2013). This hybrid approach combines the spatial resolution of microseismic
events with the temporal resolution of fiber-optic strain measurements, improving fracture length and height predictions by 20—
30% (Webster et al., 2013).
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Conclusions
Phasing Alignment

The aligned perforations (0°/180° phasing) can lower the fracture initiation pressure up to 20-40% in relation to the incoherent
structure as evidenced in both the theoretical models and field experiences (Hossain et al., 2000; Behrmann & Elbel, 1991). This
decreases results since the aligned perforations intersect along the direction of the maximum horizontal stress (sH) and this reduces
the shear stress components and allows tensile failure at reduced pressures (Abass et al., 1994). The results indicated that aligned
perforation production in the Marcellus Shale was 15% within 30 days because of decreased tortuosity near wellbore and smooth
fracture shapes (Miller et al., 2011). Kirsch equation analyses further

confirm that the relationship on this occurrence presents peak hoop stress at the perforation tip when aligned along with cH, to
facilitate effective fracture initiation (Kirsch, 1898).

Stress Shadowing

The surrounding growth of adjacent fractures can be inhibited to up to 65% in some extreme cases by stress shadowing, which is a
localized magnification of stress around the propagating fractures and a factor that brings about significant decrements in stimulated
reservoir volume (SRV) (Kresse et al., 2011). This effect is attributed to elastic stress redistribution in which opening fractures
induce more compressive stress on the surrounding clumps as measured by Ac = (E/(1-v?))-(w/h) (Kresse et al., 2011). Due to the
close spacing within clusters (<50 ft) stress shadowing occurred during fracture propagation in the Barnett Shale resulting in
asymmetric propagation and a 30% decrement in production contribution by inner clusters (Fisher et al., 2004). High-stress
anisotropy conditions produce the effect very strongly indeed as, in this situation, any slight change in stress levels will change
fracture orientation (Warpinski & Teufel, 1987).

Cluster Spacing

More than 2.5 times the difference between the size of the fractures and cluster spacing provides effective overlap of stress shadow,
maximizing uniformity of stimulation and enhancing the estimated recovery (EUR) by 15-22% (Fisher et al., 2004; Slocombe et
al., 2013). At the Eagle Ford Shale it was demonstrated that wells that had cluster spacing increased to 100 ft (compared to 50 ft)
exhibited 22% increase in EUR as a result of less inter-cluster stress interference (Slocombe et al., 2013). The stress shadow decay
rate is present in the form of a power-law-distance relationship to the fracture, indicating the best spacing, above which stress
shadowing does not occur (Kresse et al., 2011). The fact that engineered spacing with fracture half-length is consistent (>2.5x)
improves cluster efficiency with respect to 60% to 85%, which is confirmed by field studies in the Permian Basin shows that
geomechanically advised designs are of critical interest Merzoug & Rasouli 2023.

Recommendations
Oriented Perforating

There is an important advantage in using technology-oriented perforating in high stress anisotropic (6H - ch > 800 psi) formations
because of the significant increment in the efficiency of fracture initiation and the overall stimulation success (Hossain et al., 2000).
Operators have documented thus far a 25-30% reduction in breakdown pressures in Haynesville Shale, which has an average stress
anisotropy above 1,000 psi when the oriented perforating systems position the shots less than 5° of oH direction (Behrmann &
Elbel, 1991). Likewise, reservoir condition in the Marcellus Shale shows that the oriented perforating, especially when used in
field study, yields a 15% better production yield in a 30-day period as opposed to the traditional

methods (Miller et al., 2011). The modern oriented perforating systems make use of the gyroscopic orientation tools to properly
map their location in real time since it is equipped with telemetry and after referencing to the maximum horizontal stress direction,
this is possible even in the wellbore which is horizontal. The technology has a special importance in the basin with tectonic activity
and in the regions of intricate stress regime when stress direction is changing along the lateral. The system that was recently
developed to help save operation time by 40% without decreasing the accuracy of the orientation made the technology affordable
to replicate on an even larger scale (Mahmood, 2020).
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Limited Entry

Adopting limited entry perforation strategies with 4-6 holes per cluster optimizes fluid distribution and mitigates stress shadow
effects between adjacent perforation clusters (Weng et al., 2011). The physics behind limited entry relies on creating sufficient
friction pressure drop across perforations to ensure even fluid allocation, as quantified by the relationship: AP = 0.237-Q? p/(n?-d*)
(Nolte, 1979). Field data from the Permian Basin demonstrates that implementing 6-hole clusters (0.3" diameter) instead of
conventional 4-hole designs increases cluster contribution by 35% while reducing water usage by 18% Merzoug & Rasouli 2023.
The optimal number of perforations depends on formation properties, pump rate, and fluid viscosity, with higher viscosity fluids
requiring fewer perforations to achieve the same friction pressure. In high-stress environments like the Eagle Ford, limited entry
has proven particularly effective at preventing dominant fractures from suppressing adjacent clusters through stress shadowing
effects (Slocombe et al., 2013). Operators should calibrate hole count and diameter based on step-down test results and real-time
pressure responses to account for local stress conditions and rock properties.

Real-Time Monitoring

Integrating distributed acoustic sensing (DAS) for real-time monitoring enables dynamic adjustment of perforation parameters mid-
stage, significantly improving stimulation uniformity (Webster et al., 2013). DAS technology interprets acoustic signals along fiber-
optic cables to quantify fluid flow rates into each perforation cluster with 5—10% accuracy, providing unprecedented visibility into
fracture initiation and propagation (Webster et al., 2013). The field trial of the real-time DAS data in Bakken Shale conditions
showed that the operators detected the under-stimulated clusters and adjusted the pump rates during the stage and achieved the same
kind of production with 30% less water usage (Webster et al., 2013). The

technology captures the low-level acoustic vibrations produced by turbulent fluid flow inside the perforation tunnels, and the highly
developed algorithms process the waves into the approximation of the flow rates (Webster et al., 2013). Launched together with
distributed temperature sensing (DTS) and pressure-related research, compliance with a fully adaptive completion practice may
involve subsurface responses, as opposed to a pre-designed plan Merzoug & Rasouli 2023. The potential improvements in real-time
optimization by use of machine learning to correctly interpret and analyze DAS signals seen in the future may equate to an additional
10-15% recovery due to the hyper-sensitivity of DAS based optimization across unconventional basins Merzoug & Rasouli 2023.
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