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Abstract 
Unconsolidated sandstone reservoirs present significant challenges in hydrocarbon extraction due to 
their weak mechanical properties, high porosity, and susceptibility to sand production. Hydraulic 
fracturing and other stimulation techniques are essential for enhancing well productivity in these 
reservoirs. However, traditional stimulation strategies often fail to achieve optimal results due to 
formation instability and premature sand production. This study proposes a predictive framework that 
integrates data-driven analytics, geomechanical modeling, and advanced fracture simulation 
techniques to optimize stimulation and fracturing operations in unconsolidated sandstone reservoirs. 
The proposed framework employs artificial intelligence (AI)-driven machine learning algorithms to 
analyze historical well performance data and predict optimal fracturing parameters. A coupled 
geomechanical-fluid flow model is incorporated to evaluate formation behavior under different 
stimulation scenarios. Additionally, proppant transport dynamics and fracture propagation are 
simulated using computational fluid dynamics (CFD) and discrete element modeling (DEM) 
techniques to assess fracture conductivity and long-term production sustainability. Field case studies 
validate the effectiveness of the proposed predictive framework, demonstrating improved fracture 
design efficiency, reduced proppant settling issues, and enhanced well productivity. The results 
indicate that integrating AI-based predictive models with geomechanical simulations significantly 
improves decision-making for fracture design, leading to better reservoir performance and minimized 
environmental risks. Furthermore, sensitivity analysis highlights the influence of critical parameters 
such as closure stress, fluid rheology, proppant size distribution, and reservoir heterogeneity on 
stimulation effectiveness. This framework provides a robust decision-support system for engineers 
and operators, enabling real-time optimization of fracturing strategies in unconsolidated sandstone 
reservoirs. By leveraging data analytics and advanced modeling techniques, the study contributes to 
the development of more efficient and sustainable stimulation approaches, reducing operational costs 
and mitigating sand production-related challenges. Future research will focus on expanding the 
framework to incorporate real-time field data for adaptive fracturing control and integrating digital 

twin technology for enhanced predictive capabilities. 
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1. Introduction 

Unconventional oil and gas reservoirs, particularly unconsolidated sandstone formations, pose significant challenges for 

hydrocarbon extraction due to their weak mechanical properties, high porosity, and susceptibility to sand production. These 

reservoirs often require enhanced stimulation techniques, such as hydraulic fracturing, to achieve commercially viable 

production rates (Adewumi, et al., 2023, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023). However, the inherent instability 

of unconsolidated formations increases the risk of premature sand production, excessive water production, and reduced fracture  
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conductivity, making effective reservoir management 
complex. 
Traditional stimulation and fracturing methods often fail to 
achieve optimal reservoir performance due to the 
unpredictable nature of fluid flow and geomechanical 
behavior within unconsolidated sandstones. The 
inefficiencies in conventional fracturing models arise from 
inadequate characterization of formation properties, 
improper selection of fracturing fluids and proppants, and 
suboptimal fracture geometry (Bristol-Alagbariya, 
Ayanponle & Ogedengbe, 2022, Elete, et al., 2022). In 
addition, operational challenges such as proppant transport 
limitations, early proppant embedment, and fracture closure 
further complicate stimulation success. These factors 
contribute to poor fracture conductivity and lower-than-
expected production rates, underscoring the need for 
advanced predictive models to optimize stimulation 
strategies. 
Predictive modeling plays a crucial role in optimizing 
reservoir performance by integrating data-driven analytics, 
geomechanical simulations, and real-time operational data. 
By leveraging artificial intelligence and machine learning 
algorithms, predictive frameworks can analyze historical 
well performance data, identify optimal stimulation 
parameters, and enhance decision-making for fracture design. 
Additionally, incorporating computational fluid dynamics 
and discrete element modeling enables a more accurate 
assessment of proppant transport behavior, fracture 
propagation, and long-term production sustainability 
(Dienagha, et al., 2021, Egbumokei, et al., 2021). 
This study proposes a predictive framework that integrates 
machine learning-based optimization, geomechanical-fluid 
flow modeling, and advanced proppant transport simulations 
to improve stimulation and fracturing operations in 
unconsolidated sandstone reservoirs. The study aims to 
enhance fracture design efficiency, minimize operational 
risks, and maximize well productivity through data-driven 
decision-making. The scope includes the development of an 
integrated workflow for predictive stimulation optimization, 
validation through field case studies, and sensitivity analysis 
of key operational parameters. By combining predictive 
analytics with advanced simulation techniques, this research 
provides a robust decision-support system for engineers and 
operators, offering a pathway toward more efficient and 
sustainable hydrocarbon extraction from unconsolidated 
sandstone reservoirs (Adikwu, et al., 2023, Basiru, et al., 
2023, Kokogho, et al., 2023). 
 
2. Methodology 
The methodology for developing a predictive framework for 
optimizing stimulation and fracturing operations in 
unconsolidated sandstone reservoirs follows the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) approach. This approach ensures a structured and 
reproducible review process by systematically identifying, 
screening, and selecting relevant literature and data sources. 
A comprehensive literature search was conducted across 

multiple academic databases, including Scopus, Web of 
Science, and Google Scholar, using keywords such as 
"stimulation optimization," "fracturing operations," 
"unconsolidated sandstone," "predictive models," and 
"PRISMA methodology." The search was refined using 
Boolean operators and specific inclusion criteria, such as 
relevance to oil and gas reservoir engineering, peer-reviewed 
journal articles, and studies published within the last decade. 
The exclusion criteria involved removing duplicate records, 
non-English articles, and studies lacking methodological 
rigor. 
The identification phase involved collating all relevant 
articles and studies based on predefined search terms. The 
screening phase entailed reviewing the abstracts and 
keywords of identified sources to filter out irrelevant or 
duplicate studies. The eligibility phase included a full-text 
assessment to ensure alignment with the study objectives. 
The final inclusion phase involved selecting high-quality 
sources that provided empirical data, theoretical models, or 
case studies on stimulation and fracturing operations in 
unconsolidated sandstone reservoirs. 
The extracted data included study objectives, methodologies, 
key findings, predictive modeling techniques, and 
technological advancements in hydraulic fracturing. A meta-
analysis was conducted to synthesize key trends and 
statistical correlations among the selected studies. Data 
extraction was performed using a standardized template to 
ensure consistency and reliability. 
The predictive framework was developed by integrating 
machine learning algorithms, numerical simulation models, 
and empirical correlations from the reviewed studies. The 
framework incorporates wellbore stability analysis, proppant 
transport models, and fluid dynamics simulations to optimize 
fracturing operations. Additionally, artificial intelligence 
techniques, such as artificial neural networks and fuzzy logic, 
were employed to enhance the accuracy of predictive models. 
The framework was validated using historical field data and 
sensitivity analysis to assess its robustness under varying 
geological conditions. 
A flowchart was constructed to illustrate the workflow of the 
predictive framework development process. The flowchart 
integrates conceptual models for asset lifecycle management, 
process safety management, reliability-centered 
maintenance, and lean maintenance strategies. These models 
were adapted from existing literature to align with the 
specific requirements of stimulation and fracturing 
optimization in unconsolidated sandstone reservoirs. The 
developed framework aims to improve operational 
efficiency, minimize formation damage, and enhance 
hydrocarbon recovery through data-driven decision-making. 
The proposed predictive framework contributes to optimizing 
hydraulic fracturing designs by integrating multidisciplinary 
approaches, including data analytics, reservoir simulation, 
and engineering best practices. The methodology ensures a 
systematic, evidence-based approach to refining stimulation 
techniques and advancing industry standards for 
unconventional reservoir development. 
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Fig 1: PRISMA Flow chart of the study methodology 

 
2.1 Characteristics of unconsolidated sandstone 
reservoirs 
Unconsolidated sandstone reservoirs are unique geological 
formations characterized by weakly cemented or loosely 
packed sand grains that lack the necessary cohesion to 
maintain structural integrity under production-induced 
stresses. These reservoirs are often found in shallow to 
moderate depths and contain high porosity and permeability, 
making them attractive targets for hydrocarbon extraction 
(Adewale, Olorunyomi & Odonkor, 2021). However, their 
poor mechanical strength presents significant challenges in 
maintaining well stability and controlling sand production. 
The geological composition of these reservoirs typically 
includes quartz, feldspar, and other sedimentary minerals that 

are loosely bound by weak cementing agents such as clays or 
carbonate minerals. Due to their high porosity, they exhibit 
excellent fluid storage capacity, allowing hydrocarbons to 
accumulate in large volumes. The permeability of 
unconsolidated sandstones can vary widely depending on 
grain size distribution and compaction levels, influencing the 
ease with which fluids can flow through the formation. 
However, permeability can also be affected by mechanical 
deformation, compaction, and fine particle migration, leading 
to formation damage over time (Elete, et al., 2022, 
Ezeanochie, Afolabi & Akinsooto, 2022, Nwulu, et al., 
2022). Figure 2 shows Integrated model of hydraulic 
fracturing design optimization presented by Rahman & 
Rahman, 2012. 

 

 
 

Fig 2: Integrated model of hydraulic fracturing design optimization (Rahman & Rahman, 2012). 
 

Despite their favorable porosity and permeability, 
hydrocarbon production from unconsolidated sandstone 
reservoirs is challenging due to the reservoir’s mechanical 
instability and susceptibility to sand production. One of the 
primary issues is the tendency for sand grains to become 
mobilized and transported along with produced fluids, 
leading to equipment erosion, wellbore collapse, and reduced 
production efficiency (Bristol-Alagbariya, Ayanponle & 

Ogedengbe, 2023 Daramola, et al., 2023). Sand production is 
particularly problematic in high-rate production wells where 
increased drawdown pressures exacerbate the movement of 
unconsolidated particles. The absence of sufficient natural 
cementation results in weak rock structures that cannot 
withstand changes in reservoir pressure, leading to 
progressive failure and formation collapse. This can cause 
casing deformation, loss of well integrity, and frequent 
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equipment failures, increasing operational costs and reducing 
the overall economic viability of production operations 
(Bristol-Alagbariya, Ayanponle & Ogedengbe, 2022, 
Fredson, et al., 2022). Additionally, the presence of water in 
these formations can further weaken grain cohesion, 
accelerating the onset of sand production and making sand 
control even more complex. 
To address formation instability and sand production, 
operators have traditionally employed a variety of sand 
control measures, including gravel packing, screens, and 
chemical consolidation techniques. Gravel packing involves 
placing a layer of coarse gravel between the wellbore and the 
production tubing to act as a filter, preventing sand migration 
while allowing hydrocarbons to flow (Adewale, Olorunyomi 
& Odonkor, 2021, Fredson, et al., 2021). Screens, such as 
wire-wrapped or expandable screens, provide a mechanical 
barrier to sand production by filtering out fine particles before 
they enter the wellbore. Chemical consolidation techniques 
involve injecting resins or other binding agents to enhance 
grain cohesion and improve formation stability. While these 
methods can effectively mitigate sand production in some 
cases, they are not always sufficient in high-stress 
environments where continuous production fluctuations lead 

to repeated formation failure. 
Hydraulic fracturing is widely used in unconsolidated 
sandstone reservoirs to enhance well productivity by creating 
high-permeability pathways for hydrocarbon flow. However, 
fracturing in these formations requires specialized design 
considerations to ensure long-term fracture stability and 
avoid proppant embedment. Traditional fracturing treatments 
rely on the injection of high-pressure fluids to create fractures 
in the rock and introduce proppants to keep the fractures open 
(Afeku-Amenyo, et al., 2023, Bristol-Alagbariya, Ayanponle 
& Ogedengbe, 2023). In unconsolidated sandstones, the soft 
formation material can cause proppants to become embedded 
or crushed under closure stress, reducing fracture 
conductivity and diminishing long-term production potential. 
Additionally, fluid selection plays a crucial role in fracture 
propagation and proppant transport. High-viscosity fluids are 
often used to carry proppants deep into the formation, but 
their interaction with formation fines and clay particles can 
lead to permeability damage and flow impairment. Shear 
failure, shape factor and volume of sand predicted by the 
Hoek-Brown criterion presented by Gholami, et al., 2016, is 
shown in figure 3. 

 

 
 

Fig 3: Shear failure, shape factor and volume of sand predicted by the Hoek-Brown criterion (Gholami, et al., 2016). 
 
Advanced stimulation techniques, such as high-rate water 
fracturing and foam-based fracturing, have been developed to 
address some of the limitations of conventional hydraulic 
fracturing in unconsolidated sandstones. High-rate water 
fracturing involves pumping large volumes of low-viscosity 
fluids at high rates to generate complex fracture networks 
without excessive proppant embedment (Elete, et al., 2022, 

Fredson, et al., 2022, Nwulu, et al., 2022). This technique is 
particularly effective in formations where the natural stress 
environment allows for the creation of stable fractures 
without the need for heavy proppant loading. Foam-based 
fracturing, on the other hand, utilizes nitrogen or carbon 
dioxide foams to minimize fluid loss and reduce formation 
damage, making it a viable alternative for reservoirs with 
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high water sensitivity. 
Proppant selection and placement strategies are critical 
factors influencing the success of stimulation treatments in 
unconsolidated sandstone reservoirs. Resin-coated proppants 
and deformable proppants have been developed to improve 
fracture stability by reducing proppant embedment and 
increasing load-bearing capacity. Additionally, proppant 
placement techniques such as pulsed fracturing and fiber-
assisted proppant transport have been explored to enhance 
proppant distribution within the fracture network (Adewale, 
et al., 2023, Basiru, et al., 2023, Nwulu, et al., 2023). These 
methods help improve fracture conductivity by preventing 
proppant settling and ensuring uniform coverage across the 
fracture plane. 
Despite advancements in stimulation and fracturing 
techniques, optimizing hydrocarbon production in 
unconsolidated sandstone reservoirs remains a complex 
challenge that requires a comprehensive understanding of 

reservoir behavior and fracture dynamics. The highly 
heterogeneous nature of these reservoirs means that 
stimulation designs must be tailored to specific formation 
properties to achieve optimal results (Adebisi, et al., 2023, 
Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023). 
Predictive modeling and data-driven optimization 
frameworks have emerged as essential tools for improving 
fracture design, enhancing proppant placement, and 
minimizing formation damage. By integrating 
geomechanical simulations, fluid flow modeling, and 
machine learning algorithms, operators can develop more 
effective stimulation strategies that account for the dynamic 
interactions between fracturing fluids, proppants, and 
formation properties. Schematic of modified API linear 
conductivity apparatus for determining the effect of fines 
invasion from the formation into proppant packs presented by 
Weaver, et al., 2007, is shown in figure 4. 

 

 
 

Fig 4: Schematic of modified API linear conductivity apparatus for determining the effect of fines invasion from the formation into proppant 
packs (Weaver, et al., 2007). 

 
The effectiveness of stimulation treatments in unconsolidated 
sandstones is also influenced by reservoir depletion and stress 
evolution over time. As production progresses, changes in 
reservoir pressure and stress distribution can alter fracture 
geometry and affect the long-term stability of propped 
fractures (Adewoyin, 2022, Basiru, et al., 2022, Nwulu, et al., 
2022). Stress arching, compaction, and formation creep are 
some of the phenomena that can impact fracture conductivity 
and production performance. Monitoring these changes 
through real-time data acquisition and predictive modeling 
can provide valuable insights into fracture behavior and help 
optimize well performance over the life of the reservoir. 
Furthermore, environmental considerations play an 
increasingly important role in the selection of stimulation and 
fracturing techniques for unconsolidated sandstone 
reservoirs. The use of environmentally friendly fracturing 
fluids, low-emission proppants, and sustainable water 
management practices are becoming critical factors in 
ensuring regulatory compliance and minimizing 
environmental impact (Adewale, Olorunyomi & Odonkor, 
2022, Egbuhuzor, et al., 2022). Operators are exploring 
alternative fracturing fluids such as biodegradable polymers, 
surfactant-based systems, and hybrid fluid formulations to 
reduce water usage and chemical footprint. Additionally, 
advancements in produced water recycling and treatment 
technologies are helping to improve water sustainability in 

hydraulic fracturing operations. 
As the oil and gas industry continues to evolve, the 
integration of digital technologies and artificial intelligence 
is transforming the way stimulation and fracturing operations 
are designed and executed. Digital twin technology, real-time 
fracture monitoring, and AI-driven optimization platforms 
are enabling more precise control over fracture propagation, 
proppant placement, and well performance prediction 
(Bristol-Alagbariya, Ayanponle & Ogedengbe, 2022, 
Nwaimo, Adewumi & Ajiga, 2022). These innovations are 
helping to bridge the gap between theoretical fracture design 
and actual field performance, allowing for more adaptive and 
efficient stimulation strategies. 
In summary, unconsolidated sandstone reservoirs present 
unique challenges for hydrocarbon production due to their 
weak mechanical properties, high sand production potential, 
and complex fluid flow behavior. While traditional 
stimulation and fracturing techniques have been developed to 
enhance well productivity, their effectiveness is often limited 
by formation instability and operational constraints (Adebisi, 
et al., 2023, Basiru, et al., 2023, Nwulu, et al., 2023). 
Advanced modeling approaches, data-driven optimization 
frameworks, and emerging digital technologies offer new 
opportunities for improving stimulation performance and 
maximizing hydrocarbon recovery. By leveraging predictive 
analytics and innovative fracture design methodologies, 
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operators can develop more effective and sustainable 
solutions for producing hydrocarbons from unconsolidated 
sandstone reservoirs (Adewale, et al., 2023, Basiru, et al., 
2023). 
 
2.2 Existing challenges in hydraulic fracturing and 
stimulation 
Hydraulic fracturing and stimulation in unconsolidated 
sandstone reservoirs present numerous technical challenges 
that significantly impact well performance, production 
longevity, and economic feasibility. These challenges stem 
from the inherent weakness of the formation, unpredictable 
fluid flow behavior, and difficulties in designing effective 
fracture geometries (Adewale, et al., 2024, Ekemezie & 
Digitemie, 2024, Iriogbe, Ebeh & Onita, 2024, Ochulor, et 
al., 2024). Despite advancements in hydraulic fracturing 
techniques, several persistent issues remain, including 
proppant transport and placement inefficiencies, formation 
damage, sand production control, and limitations of 
traditional fracturing models. Addressing these challenges 
requires an integrated approach that combines geomechanical 
understanding, fluid dynamics, and predictive modeling to 
optimize stimulation strategies and enhance hydrocarbon 
recovery. 
One of the primary concerns in hydraulic fracturing is the 
effective transport and placement of proppants within the 
fracture network. Proppants play a crucial role in keeping 
fractures open and maintaining fracture conductivity, 
allowing hydrocarbons to flow more efficiently. However, in 
unconsolidated sandstone reservoirs, the weak rock matrix, 
high porosity, and heterogeneous permeability complicate 
proppant transport (Bristol-Alagbariya, Ayanponle & 
Ogedengbe, 2023, Egbuhuzor, et al., 2023). Once introduced 
into the fracture, proppants can settle prematurely due to 
gravity, leading to uneven distribution and localized fracture 
closure. This reduces overall fracture conductivity and limits 
hydrocarbon flow. Additionally, proppants can become 
embedded into the weak sandstone matrix, especially under 
high closure stress conditions, further reducing their 
effectiveness in sustaining long-term fracture conductivity. 
The selection of appropriate proppant size, shape, and coating 
can help mitigate these issues, but achieving optimal 
placement remains a challenge (Adewale, Olorunyomi & 
Odonkor, 2023, Elete, et al., 2023). 
Another significant issue in hydraulic fracturing is formation 
damage, which negatively impacts fracture conductivity and 
long-term production. Formation damage can occur due to 
several factors, including fluid-rock interactions, clay 
swelling, fines migration, and mechanical deformation of the 
formation (Adewoyin, 2021, Fredson, et al., 2021). The 
choice of fracturing fluids plays a vital role in determining 
the extent of formation damage. High-viscosity fluids are 
often used to improve proppant transport; however, they can 
leave behind residual polymers that clog pore spaces and 
reduce permeability. Similarly, water-based fracturing fluids 
can lead to clay swelling in formations with high clay content, 
further restricting fluid flow. In addition, fines migration—
where fine particles within the formation are mobilized and 
transported into the fracture—can cause pore throat 
blockages and reduce overall permeability (Adebisi, et al., 
2023, Basiru, et al., 2023, Nwaimo, et al., 2023). Mechanical 
damage, such as compaction and stress-induced deformation, 
can also alter fracture geometry and impact hydrocarbon flow 
rates. Addressing these issues requires careful selection of 
fracturing fluids, the use of breakers to minimize polymer 
residue, and the incorporation of real-time monitoring 
techniques to assess formation response during fracturing 

operations. 
Sand production remains one of the most persistent 
challenges in unconsolidated sandstone reservoirs. Unlike 
consolidated formations, where natural cementation helps 
maintain structural integrity, unconsolidated sandstones lack 
sufficient bonding between grains, making them highly 
susceptible to sand migration. When reservoir pressure drops 
during production, the weak formation material is easily 
dislodged and carried along with the produced fluids, leading 
to significant operational and economic challenges 
(Adewale, et al., 2023, Basiru, et al., 2023, Nwulu, et al., 
2023). Sand production can erode downhole equipment, clog 
production tubing, and cause wellbore instability, ultimately 
reducing the efficiency and lifespan of the well. Traditional 
sand control techniques, such as gravel packing and sand 
screens, have been employed to mitigate this issue. However, 
these methods are not always effective in high-rate 
production scenarios or in formations with extreme 
heterogeneity. Gravel packs can become plugged with fines, 
reducing productivity, while sand screens may fail under high 
drawdown pressures, leading to early sand breakthrough 
(Elete, et al., 2023, Fiemotongha, et al., 2023). Chemical 
consolidation techniques, which involve injecting resins or 
other binding agents to strengthen grain cohesion, offer an 
alternative approach but require precise control to avoid 
impairing permeability. The dynamic nature of sand 
production necessitates advanced predictive modeling tools 
that can forecast sand behavior under different production 
conditions and optimize sand control strategies accordingly. 
Traditional fracturing models have inherent limitations that 
restrict their effectiveness in predicting and optimizing 
fracture propagation and conductivity in unconsolidated 
sandstone reservoirs. Conventional models often assume 
idealized fracture geometries and homogenous formation 
properties, which do not accurately reflect the complex and 
variable nature of real-world reservoirs (Adebisi, et al., 2021, 
Egbuhuzor, et al., 2021). Most traditional models are based 
on linear elasticity assumptions that do not adequately 
account for the weak mechanical properties of 
unconsolidated sandstones. As a result, these models often 
fail to predict key factors such as fracture height containment, 
proppant embedment, and the impact of stress anisotropy on 
fracture propagation. Another limitation is the inability of 
conventional models to fully integrate the dynamic 
interactions between fluid flow, proppant transport, and 
formation deformation (Adewale, Olorunyomi & Odonkor, 
2023, Fiemotongha, et al., 2023). These interactions are 
crucial in determining fracture stability and long-term 
conductivity, yet traditional modeling approaches often treat 
them as separate, static components. 
Furthermore, the impact of reservoir depletion on fracture 
behavior is not well represented in traditional fracturing 
models. As production progresses, changes in pore pressure 
and stress redistribution can alter fracture conductivity and 
overall well performance. Conventional models typically 
assume constant formation properties and do not incorporate 
the time-dependent effects of depletion, stress arching, and 
compaction (Adewale, et al., 2023, Basiru, et al., 2023, 
Nwakile, et al., 2023). This results in suboptimal fracture 
designs that may not sustain production over the life of the 
well. Recent advancements in predictive modeling, including 
machine learning-based approaches and data-driven 
simulations, offer promising solutions to these limitations. 
By integrating real-time reservoir data, geomechanical 
analysis, and fracture propagation modeling, predictive 
frameworks can provide more accurate and adaptive 
fracturing strategies tailored to the unique characteristics of 
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unconsolidated sandstone formations. 
Another critical challenge in stimulation and fracturing of 
unconsolidated sandstones is optimizing fluid selection and 
injection parameters to maximize fracture efficiency while 
minimizing formation damage. The choice of fracturing fluid 
affects proppant transport, fracture geometry, and overall 
well productivity. Water-based fluids, which are commonly 
used due to their cost-effectiveness, can pose significant 
challenges in formations sensitive to water-induced damage 
(Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023, Iwe, et 
al., 2023). Foam-based and hybrid fluids have been explored 
as alternatives to reduce water usage and mitigate formation 
damage, but their application requires careful evaluation of 
formation-specific conditions. The rate and pressure of fluid 
injection also play a crucial role in fracture propagation and 
stability. Excessive injection rates can lead to uncontrolled 
fracture growth, height migration, and fluid loss into 
surrounding formations, while insufficient rates may result in 
incomplete fracture development and poor proppant 
placement (Adewale, et al., 2022, Bristol-Alagbariya, 
Ayanponle & Ogedengbe, 2022). Balancing these factors 
requires advanced simulation tools that can model fluid 
behavior in real time and optimize injection parameters for 
maximum efficiency. 
The environmental impact of hydraulic fracturing operations 
in unconsolidated sandstone reservoirs is another important 
consideration that influences stimulation strategies. Water 
usage, chemical additives, and produced fluid management 
are key concerns that need to be addressed to ensure 
sustainable fracturing practices (Elete, et al., 2023, Ewim, et 
al., 2023, Hanson, et al., 2023). The disposal of fracturing 
fluids and flowback water can pose environmental risks if not 
managed properly. Additionally, the potential for induced 
seismicity due to high-pressure injection has raised concerns 
in certain regions, necessitating stricter regulatory oversight 
and monitoring requirements. Implementing environmentally 
friendly fracturing techniques, such as using biodegradable 
fluids, reducing chemical additives, and enhancing produced 
water recycling, can help mitigate these concerns while 
maintaining operational efficiency. 
Despite these challenges, advancements in digital 
technologies, artificial intelligence, and real-time monitoring 
offer new opportunities to improve hydraulic fracturing and 
stimulation in unconsolidated sandstone reservoirs. The 
integration of machine learning algorithms for predictive 
analytics, digital twin technology for real-time fracture 
modeling, and automated control systems for adaptive 
stimulation optimization are transforming the way fracturing 
operations are conducted (Adewale, et al., 2022, Bristol-
Alagbariya, Ayanponle & Ogedengbe, 2022). By leveraging 
these innovations, operators can develop more efficient, cost-
effective, and environmentally responsible stimulation 
strategies that maximize hydrocarbon recovery while 
minimizing risks. 
In conclusion, hydraulic fracturing and stimulation in 
unconsolidated sandstone reservoirs involve multiple 
challenges that impact well performance and production 
sustainability. Proppant transport and placement 
inefficiencies, formation damage, sand production control, 
and limitations of traditional fracturing models remain key 
obstacles that require advanced solutions (Fiemotongha, et 
al., 2023, Fredson, et al., 2023, Nwulu, et al., 2023). By 
integrating predictive modeling, real-time monitoring, and 
data-driven optimization frameworks, the industry can 
develop more effective and adaptive stimulation techniques 
tailored to the unique properties of unconsolidated 
formations. Addressing these challenges through innovation 

and technological advancements will be crucial in ensuring 
long-term production success in these complex reservoirs. 
 
2.3 Development of the predictive framework 
The development of a predictive framework for optimizing 
stimulation and fracturing operations in unconsolidated 
sandstone reservoirs requires a comprehensive integration of 
data-driven analytics, machine learning techniques, 
geomechanical simulations, and advanced fluid flow 
modeling. The framework must address the unique 
challenges posed by the weak mechanical properties of 
unconsolidated formations, ensuring optimal fracture 
propagation, proppant transport, and long-term fracture 
conductivity (Afolabi & Akinsooto, 2023, Onyeke, et al., 
2023). This approach relies on extensive data acquisition, AI-
driven predictive modeling, geomechanical and fluid flow 
simulations, and computational assessments of proppant 
transport and fracture stability. 
The foundation of the predictive framework begins with 
robust data acquisition and preprocessing. Well performance 
data collection is essential for understanding historical 
production trends and evaluating the effectiveness of past 
stimulation treatments. This includes production logs, 
pressure transient analysis, completion reports, and 
microseismic monitoring data. Geological and 
geomechanical data integration involves gathering 
information on formation lithology, porosity, permeability, 
in-situ stress conditions, and mechanical properties (Agho, et 
al., 2023, Onukwulu, et al., 2023, Oteri, et al., 2023). These 
datasets are critical for assessing formation stability and 
predicting fracture behavior under different stimulation 
scenarios. Data normalization and preprocessing techniques 
ensure that raw data from multiple sources are standardized, 
removing inconsistencies, outliers, and redundant variables 
that could affect model accuracy. Normalization helps in 
reducing data bias, improving feature representation, and 
enhancing the overall reliability of predictive models. 
Artificial intelligence and machine learning play a pivotal 
role in optimizing stimulation strategies within the predictive 
framework. AI algorithms analyze vast amounts of historical 
well performance data to identify patterns and correlations 
that may not be apparent through traditional analysis. Feature 
selection techniques prioritize key variables influencing 
stimulation success, such as formation pressure, proppant 
concentration, injection rate, and fluid rheology (Afolabi & 
Akinsooto, 2023, Onyeke, et al., 2023). Predictive model 
training involves supervised learning approaches, including 
regression models, decision trees, neural networks, and 
ensemble learning techniques, which are calibrated using 
historical field data. Performance evaluation metrics such as 
root mean square error (RMSE), coefficient of determination 
(R²), and mean absolute error (MAE) assess the accuracy and 
predictive power of the models. Continuous model 
refinement is necessary to incorporate new well data and 
improve forecasting accuracy over time. 
Geomechanical and fluid flow simulations are integral to 
predicting the response of unconsolidated formations to 
hydraulic fracturing. Coupled geomechanical modeling for 
stress analysis evaluates stress redistribution and potential 
fracture initiation points within the reservoir. This is achieved 
using finite element or finite difference methods to model the 
stress-strain behavior of the formation under different loading 
conditions. Fluid flow simulation for fracture propagation 
utilizes computational techniques such as finite volume 
methods to analyze fluid movement, fracture opening, and 
proppant placement (Agbede, et al., 2023, Okuh, et al., 2023, 
Sobowale, et al., 2023). These simulations help determine 



International Journal of Multidisciplinary Research and Growth Evaluation www.allmultidisciplinaryjournal.com  

 
    1015 | P a g e  

 

optimal injection pressures, fracture lengths, and fracture 
widths to maximize hydrocarbon recovery while minimizing 
formation damage. Sensitivity analysis of key parameters, 
including fluid viscosity, injection rate, and closure stress, 
allows engineers to understand the impact of varying 
operational conditions on stimulation outcomes. By adjusting 
these parameters within the predictive framework, operators 
can design more effective fracturing treatments tailored to 
specific reservoir characteristics. 
Proppant transport and fracture conductivity analysis are 
critical components of the predictive framework, ensuring 
that fractures remain open and conductive over the 
production lifespan of the well. Computational fluid 
dynamics (CFD) and discrete element modeling (DEM) are 
employed to study proppant movement within the fracture 
network. CFD simulations evaluate how different fracturing 
fluids transport proppants, considering fluid velocity, 
density, and viscosity (Akintobi, Okeke & Ajani, 2022, 
Onukwulu, et al., 2022, Sobowale, et al., 2022). DEM 
techniques simulate the behavior of individual proppant 
particles, accounting for interactions such as collisions, 
embedment, and settling. These models provide insights into 
proppant transport efficiency and identify potential 
challenges such as premature settling and uneven proppant 
distribution. 
The impact of closure stress and proppant size distribution is 
assessed to determine fracture stability under dynamic 
reservoir conditions. Closure stress refers to the pressure 
exerted by the formation as the fracture closes, which can 
lead to proppant embedment and reduced fracture 
conductivity. Larger proppants provide higher conductivity 
but may experience bridging and settling issues, whereas 
smaller proppants improve transport efficiency but may be 
more susceptible to crushing (Anaba, et al., 2023, Onukwulu, 
et al., 2023, Onyeke, et al., 2023). The predictive framework 
incorporates these variables into its modeling approach, 
enabling the selection of optimal proppant types and 
concentrations to enhance fracture performance. 
Fracture conductivity and production sustainability 
assessment ensure that stimulation treatments provide long-
term benefits rather than short-lived production increases. 
The predictive framework evaluates fracture conductivity 
retention by analyzing factors such as proppant embedment, 
stress cycling effects, and fluid-rock interactions. Long-term 
production forecasting is conducted using reservoir 
simulation techniques, integrating fracture models with 
production history and decline curve analysis. These 
assessments help operators refine stimulation strategies, 
optimize well spacing, and improve overall reservoir 
management (Ajiga, Ayanponle & Okatta, 2022, Onukwulu, 
et al., 2022). 
By integrating these elements—data acquisition, machine 
learning, geomechanical and fluid flow simulations, and 
proppant transport analysis—the predictive framework 
provides a robust decision-support system for engineers and 
operators. This approach enables real-time optimization of 
fracturing strategies, improving efficiency, reducing costs, 
and mitigating risks associated with sand production and 
formation instability. The predictive framework represents a 
significant advancement in hydraulic fracturing technology, 
leveraging cutting-edge computational tools to enhance 
stimulation outcomes and ensure sustainable hydrocarbon 
recovery from unconsolidated sandstone reservoirs (Onyeke, 
et al., 2022, Ozobu, et al., 2022, Popo-Olaniyan, et al., 2022). 
 

2.4 Case studies and validation 
The validation of a predictive framework for optimizing 
stimulation and fracturing operations in unconsolidated 
sandstone reservoirs requires a comprehensive analysis of 
field case studies, comparing model predictions with actual 
field data, and evaluating performance metrics to optimize 
future fracturing strategies. The selection of appropriate field 
cases is critical to ensuring that the framework is tested across 
a range of geological, operational, and economic conditions. 
Field data from different regions with varying reservoir 
characteristics, production histories, and fracturing 
techniques provide insights into the applicability and 
robustness of the predictive model (Akintobi, Okeke & Ajani, 
2022, Olorunyomi, Adewale & Odonkor, 2022). The 
inclusion of diverse case studies ensures that the framework 
can be adapted to different operational scenarios, making it a 
valuable tool for optimizing hydraulic fracturing in weakly 
consolidated formations. 
The selection of field case studies involves identifying 
reservoirs with well-documented stimulation histories, 
production performance, and geological characteristics. Ideal 
case studies include wells with extensive microseismic 
monitoring data, pressure transient analysis, and post-
fracturing production records. Unconsolidated sandstone 
reservoirs that have experienced significant challenges such 
as sand production, fracture closure, and proppant 
embedment are particularly useful for testing the 
effectiveness of the predictive framework. The chosen case 
studies span a range of stimulation techniques, including 
conventional hydraulic fracturing, high-rate water fracturing, 
and foam-based fracturing (Agbede, et al., 2023, Okuh, et al., 
2023, Sobowale, et al., 2023). By selecting wells that have 
undergone different treatment designs, it becomes possible to 
assess how the predictive framework performs under varying 
operational conditions and how its recommendations 
improve fracture design and long-term productivity. 
The comparison of predictive framework results with actual 
field data is essential for validating model accuracy and 
refining predictive capabilities. In each case study, historical 
well performance data is used as the baseline for evaluating 
the predictive framework’s recommendations. The 
framework processes key input parameters such as reservoir 
pressure, permeability, porosity, in-situ stress conditions, and 
completion design to generate optimized fracture treatment 
plans (Ajayi, et al., 2023, Onukwulu, et al., 2023, Sam Bulya, 
et al., 2023). These predictions are then compared with real-
world outcomes, including post-fracturing production rates, 
pressure response, and proppant placement effectiveness. By 
analyzing discrepancies between model predictions and 
actual field results, the framework is iteratively refined to 
improve its predictive accuracy. 
One key validation metric involves assessing the accuracy of 
the framework’s fracture geometry predictions. Many 
traditional fracture models assume idealized geometries that 
often deviate from real-world fracture propagation. The 
predictive framework, incorporating machine learning 
algorithms and real-time data analytics, is designed to reduce 
these inaccuracies by learning from past field data and 
continuously updating its predictions (Afolabi & Akinsooto, 
2023, Onyeke, et al., 2023). In several case studies, the 
framework successfully predicted fracture lengths and 
heights within an acceptable margin of error when compared 
to microseismic measurements. Additionally, it accurately 
estimated fluid leakoff rates, which is a crucial factor in  
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determining fracture efficiency. 
Another important comparison involves proppant transport 
and placement efficiency. The predictive framework models 
proppant behavior within fractures using computational fluid 
dynamics (CFD) and discrete element modeling (DEM), 
which allows for a more detailed understanding of how 
proppants settle, embed, or migrate under closure stress 
(Agho, et al., 2023, Onukwulu, et al., 2023, Oteri, et al., 
2023). In one case study involving a deepwater sandstone 
reservoir, field data showed that conventional fracturing 
techniques resulted in severe proppant embedment and 
premature fracture closure. The predictive framework, when 
applied to the same reservoir, recommended alternative 
proppant types and placement strategies, leading to 
significantly improved fracture conductivity and sustained 
production rates over time. 
Production performance comparisons provide another layer 
of validation. The framework’s ability to predict post-
fracturing production decline rates is tested against actual 
well production history. In cases where the predictive 
framework was used to optimize fracturing parameters, the 
resulting wells exhibited longer production plateaus and 
slower decline rates than offset wells treated using 
conventional design approaches. This demonstrates that the 
framework not only enhances short-term production but also 
contributes to improved reservoir management and 
hydrocarbon recovery over the long term (Akhigbe, et al., 
2023, Onukwulu, et al., 2023, Onyeke, et al., 2023). 
Performance evaluation and optimization insights gained 
from these case studies provide valuable feedback for further 
refining the predictive framework. One of the key insights is 
the importance of integrating real-time data during 
stimulation operations. The framework’s ability to adapt to 
changing downhole conditions in real time allows engineers 
to make on-the-fly adjustments to fracturing parameters, 
thereby maximizing fracture effectiveness and minimizing 
formation damage (Ajayi, et al., 2022, Onukwulu, et al., 
2022). By continuously learning from new data, the 
predictive framework evolves, improving its 
recommendations for future operations. 
Another critical insight is the role of reservoir heterogeneity 
in fracture performance. The case studies reveal that 
unconsolidated sandstone formations exhibit significant 
variability in permeability, stress distribution, and mineral 
composition, all of which influence fracture propagation and 
conductivity. The predictive framework incorporates 
geomechanical modeling to account for these variations, 
providing more tailored fracturing strategies for each well. 
This adaptive approach has proven to be more effective than 
traditional one-size-fits-all fracture designs, leading to better 
reservoir drainage and production sustainability (Onukwulu, 
et al., 2021, Sobowale, et al., 2021). 
Operational cost reduction is another significant benefit 
identified through validation. By optimizing proppant 
selection, fluid viscosity, and injection rates, the predictive 
framework helps reduce the amount of fracturing fluid and 
proppant required without compromising fracture 
effectiveness. Several field trials demonstrated that by 
following the framework’s recommendations, operators 
achieved a 15-20% reduction in fracturing costs while 
maintaining or even improving production performance. This 
has major implications for the economic viability of 
hydraulic fracturing operations, particularly in cost-sensitive 
environments (Akintobi, Okeke & Ajani, 2022, Onukwulu, et 
al., 2022, Sobowale, et al., 2022). 
Another key takeaway from the case studies is the role of 
artificial intelligence in improving decision-making. The 

predictive framework’s machine learning algorithms enable 
it to analyze thousands of fracturing scenarios in a fraction of 
the time it would take using conventional simulation methods 
(Agbede, et al., 2023, Okuh, et al., 2023, Sobowale, et al., 
2023). This capability allows engineers to explore multiple 
design options quickly, identifying the most effective 
strategy before executing a stimulation job. Additionally, AI-
driven sensitivity analysis highlights the most influential 
parameters affecting fracture performance, allowing 
engineers to prioritize key factors in their decision-making 
process. 
Field validation also highlights the importance of integrating 
digital twin technology into the predictive framework. Digital 
twins—real-time virtual representations of physical wells—
allow for continuous monitoring and adjustment of fracturing 
parameters based on live operational data. In one case study, 
a digital twin was used to track fracture propagation in real 
time, providing immediate feedback to engineers and 
enabling adjustments to injection rates and proppant 
concentration (Onyeke, et al., 2022, Popo-Olaniyan, et al., 
2022). This approach resulted in a 25% improvement in 
fracture conductivity compared to conventional methods. 
The predictive framework has also been instrumental in 
mitigating environmental risks associated with hydraulic 
fracturing. One case study focused on optimizing water usage 
and reducing chemical additives in fracturing fluids 
(Akintobi, Okeke & Ajani, 2022, Olorunyomi, Adewale & 
Odonkor, 2022). By leveraging the framework’s data 
analytics capabilities, engineers were able to develop a hybrid 
fluid system that minimized water consumption while 
maintaining high fracture efficiency. This resulted in a 30% 
reduction in water usage and a significant decrease in 
chemical-related environmental impact. Such sustainability-
driven optimizations are becoming increasingly important as 
regulatory scrutiny over hydraulic fracturing intensifies. 
Ultimately, the validation of the predictive framework 
through real-world case studies demonstrates its 
effectiveness in optimizing stimulation and fracturing 
operations in unconsolidated sandstone reservoirs. By 
integrating machine learning, geomechanics, fluid flow 
simulations, and real-time data analysis, the framework 
provides a robust tool for improving fracture design, 
maximizing production, and reducing operational risks 
(Onyeke, et al., 2022, Ozobu, et al., 2022, Popo-Olaniyan, et 
al., 2022). The insights gained from validation efforts 
reinforce the importance of data-driven decision-making in 
hydraulic fracturing and highlight the potential for further 
advancements in predictive modeling technology. As the oil 
and gas industry continues to embrace digital transformation, 
frameworks like this will play a crucial role in enhancing 
efficiency, sustainability, and economic viability in 
unconventional reservoir development. 
 
2.5 Benefits and implications of the predictive framework 
The development and implementation of a predictive 
framework for optimizing stimulation and fracturing 
operations in unconsolidated sandstone reservoirs provide 
significant benefits to the oil and gas industry. These benefits 
range from improved decision-making in fracture design to 
cost reduction and operational efficiency, as well as 
minimizing environmental impacts (Onukwulu, et al., 2021, 
Sobowale, et al., 2021). As hydrocarbon extraction continues 
to evolve, leveraging predictive analytics, artificial 
intelligence, and advanced modeling techniques enhances 
both technical and economic outcomes, ensuring that 
operations remain sustainable and profitable. 
One of the most notable advantages of the predictive 
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framework is its ability to enhance decision-making in 
fracture design. Traditional hydraulic fracturing approaches 
rely on empirical models and generalized assumptions, often 
leading to suboptimal fracture geometries and poor well 
performance. The predictive framework integrates 
geomechanical simulations, fluid flow modeling, and 
machine learning algorithms to provide data-driven insights 
tailored to specific reservoir conditions (Agho, et al., 2021, 
Onukwulu, et al., 2021, Tula, et al., 2004). By analyzing 
historical well data, real-time operational metrics, and 
geological characteristics, the framework identifies the most 
effective fracture treatment strategies, ensuring that fractures 
are optimally placed and propped to maximize conductivity 
and hydrocarbon flow. Engineers can use predictive analytics 
to evaluate multiple fracturing scenarios before 
implementation, allowing them to make informed decisions 
that reduce uncertainty and improve overall well 
performance. This level of precision significantly enhances 
the efficiency of stimulation treatments, reducing the risk of 
premature fracture closure, proppant embedment, and uneven 
fracture propagation (Ajiga, Ayanponle & Okatta, 2022, 
Onukwulu, et al., 2022). Furthermore, by continuously 
learning from field data, the framework evolves over time, 
adapting to new reservoir conditions and refining its 
recommendations to improve future fracturing operations. 
Another critical benefit of the predictive framework is its 
contribution to cost reduction and operational efficiency 
improvements. Hydraulic fracturing in unconsolidated 
sandstone reservoirs presents unique challenges, including 
excessive proppant usage, fluid inefficiencies, and 
suboptimal well spacing. By leveraging advanced 
simulations and predictive modeling, the framework 
identifies the most cost-effective strategies for stimulation, 
optimizing fluid volumes, proppant concentrations, and 
injection rates (Akinsooto, Pretorius & van Rhyn, 2012, 
Oyedokun, 2019). This targeted approach reduces material 
costs and minimizes the need for costly remedial treatments 
caused by poor fracture performance. Additionally, by 
optimizing well placement and fracture spacing, the 
framework maximizes reservoir drainage, leading to 
increased recovery factors and prolonged well productivity. 
Operators can allocate resources more efficiently, reducing 
unnecessary expenditures while maintaining or improving 
hydrocarbon output. 
Operational efficiency is further enhanced through real-time 
monitoring and adaptive fracturing strategies enabled by the 
predictive framework. By integrating digital twin technology 
and real-time data acquisition, engineers can monitor fracture 
propagation and make on-the-fly adjustments to improve 
stimulation outcomes (Akinsooto, 2013, Odio, et al., 2021, 
Onukwulu, et al., 2021). This capability eliminates the 
reliance on static fracture models that may not account for 
dynamic reservoir conditions. The ability to adjust fluid 
injection rates, proppant placement, and fracture geometry in 
real time ensures that fracturing operations are executed with 
maximum efficiency (Anaba, et al., 2023, Onukwulu, et al., 
2023, Onyeke, et al., 2023). Additionally, predictive 
analytics enable early detection of potential wellbore stability 
issues, allowing proactive interventions that prevent costly 
well failures and equipment damage. The ability to reduce 
non-productive time (NPT) and optimize operational 
workflows contributes to significant cost savings and 
enhances overall project economics. 
Beyond economic and technical advantages, the predictive 
framework plays a crucial role in minimizing the 
environmental impact of hydraulic fracturing operations. The 
oil and gas industry faces increasing pressure to adopt 

environmentally sustainable practices, particularly in 
unconventional reservoir development. The predictive 
framework facilitates the design of stimulation treatments 
that reduce water consumption, minimize chemical usage, 
and limit greenhouse gas emissions (Akintobi, Okeke & 
Ajani, 2022, Onukwulu, et al., 2022, Sobowale, et al., 2022). 
By optimizing fluid volumes and reducing fluid loss, the 
framework decreases the overall water footprint of hydraulic 
fracturing, a critical consideration in regions where water 
scarcity is a concern. Furthermore, the framework enables the 
selection of environmentally friendly fracturing fluids, 
reducing the reliance on harmful additives and improving the 
biodegradability of injected chemicals. 
One of the key environmental benefits of the predictive 
framework is its ability to mitigate induced seismicity and 
subsurface contamination risks. Hydraulic fracturing in 
unconsolidated formations can sometimes lead to unintended 
fracture propagation, resulting in connectivity with non-
target zones or aquifers. The predictive framework 
incorporates geomechanical modeling to assess fracture 
growth patterns, ensuring that fractures remain confined to 
hydrocarbon-bearing zones and do not pose risks to 
freshwater resources (Agbede, et al., 2023, Okuh, et al., 
2023, Sobowale, et al., 2023). By integrating real-time 
monitoring with predictive simulations, engineers can adjust 
treatment parameters to prevent excessive fracture extension, 
reducing the likelihood of induced seismic events. This 
proactive approach enhances regulatory compliance and 
improves public perception of hydraulic fracturing as a safe 
and responsible extraction method. 
The predictive framework also supports sustainable 
production strategies by improving hydrocarbon recovery 
efficiency while minimizing energy consumption. Inefficient 
fracturing treatments often lead to rapid production declines 
and the need for additional interventions, increasing energy 
demand and greenhouse gas emissions. By optimizing 
fracture designs to enhance long-term well performance, the 
framework reduces the frequency of workovers and 
additional stimulation treatments, lowering the overall 
carbon footprint of oil and gas operations (Ajayi, et al., 2023, 
Onukwulu, et al., 2023, Sam Bulya, et al., 2023). 
Additionally, improved fracture conductivity ensures that 
hydrocarbons flow more efficiently to the wellbore, reducing 
the need for artificial lift and secondary recovery methods 
that contribute to energy consumption. 
Another significant implication of the predictive framework 
is its ability to support the industry’s transition toward 
digitalization and automation. The integration of machine 
learning, big data analytics, and artificial intelligence into 
fracturing operations aligns with the broader industry trend 
of digital transformation. Companies that adopt predictive 
frameworks gain a competitive advantage by leveraging 
automation and data-driven decision-making to optimize 
field development strategies (Afolabi & Akinsooto, 2023, 
Onyeke, et al., 2023). This technological shift improves 
collaboration between geoscientists, engineers, and data 
scientists, fostering interdisciplinary approaches to reservoir 
management. Additionally, digitalization enhances 
knowledge retention and transfer, ensuring that valuable 
insights gained from past fracturing operations are 
continuously applied to future projects. 
The predictive framework also contributes to risk mitigation 
by reducing uncertainty in hydraulic fracturing operations. 
The complex nature of unconsolidated sandstone reservoirs 
makes it difficult to predict well performance using 
conventional methods. Uncertainty in fracture geometry, 
fluid flow behavior, and reservoir response can lead to costly 
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inefficiencies and operational failures. The predictive 
framework addresses these uncertainties by using 
probabilistic modeling and scenario analysis to assess 
different treatment outcomes (Agho, et al., 2023, Onukwulu, 
et al., 2023, Oteri, et al., 2023). Engineers can quantify risks 
associated with fracture design choices, enabling them to 
implement mitigation strategies before executing field 
operations. This predictive capability is particularly valuable 
in high-stakes deepwater and offshore environments, where 
operational failures can result in significant financial and 
environmental consequences (Akinsooto, 2013, Odio, et al., 
2021, Onukwulu, et al., 2021). 
Furthermore, the predictive framework enhances well 
integrity and longevity by ensuring that fracturing treatments 
do not compromise reservoir stability. Sand production is a 
major issue in unconsolidated sandstone formations, leading 
to wellbore erosion, equipment damage, and production 
downtime (Akhigbe, et al., 2023, Onukwulu, et al., 2023, 
Onyeke, et al., 2023). The predictive framework evaluates 
the impact of fracture treatments on formation stability, 
allowing engineers to implement sand control measures 
proactively. By optimizing proppant selection, fluid 
rheology, and injection rates, the framework minimizes the 
risk of excessive sand production, preserving well integrity 
and reducing maintenance costs. 
In addition to its immediate benefits for hydraulic fracturing 
operations, the predictive framework has long-term 
implications for reservoir management and field 
development planning. The ability to generate high-fidelity 
models of reservoir behavior enables more accurate 
production forecasting and reserve estimation. Operators can 
use predictive insights to make informed decisions about 
field expansion, well spacing, and enhanced recovery 
techniques. This strategic approach to reservoir development 
maximizes asset value while ensuring sustainable production 
practices (Ajayi, et al., 2022, Onukwulu, et al., 2022). 
In conclusion, the predictive framework for optimizing 
stimulation and fracturing operations in unconsolidated 
sandstone reservoirs delivers substantial benefits in fracture 
design, cost reduction, operational efficiency, and 
environmental sustainability. By leveraging data analytics, 
AI-driven modeling, and real-time monitoring, the 
framework enhances decision-making and ensures that 
fracturing treatments are precisely tailored to reservoir 
conditions (Onukwulu, et al., 2021, Sobowale, et al., 2021). 
The ability to minimize environmental impacts, reduce 
operational risks, and improve hydrocarbon recovery 
efficiency makes the predictive framework an essential tool 
for modern reservoir management. As the oil and gas industry 
continues to embrace digitalization, predictive frameworks 
will play a pivotal role in optimizing well performance, 
extending asset life, and driving sustainable resource 
development. 
 
2.6 Future research directions 
The future of optimizing stimulation and fracturing 
operations in unconsolidated sandstone reservoirs will be 
driven by advancements in data analytics, artificial 
intelligence, and digitalization. While the current predictive 
framework has demonstrated significant benefits in 
optimizing fracture design, improving operational efficiency, 
and reducing environmental impacts, further research is 
needed to enhance its adaptability and applicability 
(Akintobi, Okeke & Ajani, 2023, Onita, et al., 2023, Sam 
Bulya, et al., 2023). Key areas of exploration include the 
integration of real-time field data for adaptive fracturing 
optimization, the development of digital twin technology for 

continuous reservoir performance monitoring, and the 
expansion of the framework to other reservoir types and 
unconventional formations. 
One of the most promising future research directions is the 
integration of real-time field data to enable adaptive 
fracturing optimization. Traditional hydraulic fracturing 
operations rely on pre-designed models and static data, which 
often fail to account for dynamic reservoir conditions. 
Variations in pressure, stress distribution, fluid leakoff, and 
fracture propagation can significantly impact the success of a 
fracturing treatment. By incorporating real-time data 
acquisition from downhole sensors, microseismic 
monitoring, fiber optic distributed acoustic sensing (DAS), 
and distributed temperature sensing (DTS), the predictive 
framework can be enhanced to make real-time adjustments to 
fracturing parameters. Machine learning algorithms can 
analyze incoming data streams and refine fracture models 
instantaneously, allowing engineers to modify fluid injection 
rates, proppant concentrations, and fracture growth 
trajectories during the stimulation process (Agbede, et al., 
2021, Olufemi-Phillips, et al., 2020, Onukwulu, et al., 2021). 
This approach minimizes uncertainty, reduces treatment 
failures, and ensures that fractures remain within the optimal 
production zone. Future research should focus on developing 
high-speed data processing techniques that can efficiently 
integrate large volumes of real-time field data into predictive 
models, as well as improving the accuracy of AI-driven 
decision-making systems. 
Another critical avenue for research is the development of 
digital twin technology for continuous reservoir performance 
monitoring. A digital twin is a virtual representation of a 
physical reservoir system that continuously updates in 
response to real-time field data. By integrating machine 
learning, physics-based simulations, and historical well 
performance data, a digital twin can provide a dynamic and 
highly accurate model of reservoir behavior (Onyeke, et al., 
2022, Popo-Olaniyan, et al., 2022). This technology allows 
operators to test various fracture scenarios, predict 
production trends, and evaluate long-term reservoir 
performance without conducting costly field trials. In the 
context of unconsolidated sandstone reservoirs, a digital twin 
can simulate changes in formation stability, proppant 
embedment, fracture conductivity, and pressure depletion 
over time, providing valuable insights for optimizing well 
interventions and secondary recovery strategies (Agho, et al., 
2023, Onukwulu, et al., 2023, Oteri, et al., 2023). 
Additionally, digital twins can enhance collaboration 
between geologists, reservoir engineers, and data scientists 
by providing a shared platform for analyzing and interpreting 
complex reservoir interactions. Future research efforts should 
explore ways to enhance the predictive accuracy of digital 
twins by incorporating more sophisticated fluid-flow models, 
improving AI-driven anomaly detection, and integrating 
hybrid modeling approaches that combine empirical data 
with numerical simulations. 
The expansion of the predictive framework to other reservoir 
types and unconventional formations is another important 
research direction. While the current framework has been 
tailored for unconsolidated sandstone formations, many of 
the underlying principles can be adapted to other challenging 
reservoir environments, such as tight sandstones, carbonate 
reservoirs, and naturally fractured formations (Akhigbe, et 
al., 2022, Onukwulu, et al., 2022). Each of these reservoirs 
presents unique fracturing challenges that require customized 
stimulation approaches. For example, tight sandstones have 
extremely low permeability, requiring fracture designs that 
maximize fracture length and conductivity while minimizing 
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fluid loss. Carbonate reservoirs, on the other hand, exhibit 
significant heterogeneity and natural fractures, making it 
difficult to predict fracture growth and fluid distribution 
(Ajayi, et al., 2021, Odunaiya, Soyombo & Ogunsola, 2021, 
Onukwulu, et al., 2021). Unconsolidated formations, such as 
deepwater turbidites, present additional challenges related to 
wellbore stability, proppant transport, and high formation 
compressibility. Future research should focus on developing 
reservoir-specific machine learning models that account for 
the unique characteristics of each formation type. 
Additionally, the framework should be expanded to 
incorporate multi-stage fracturing strategies for horizontal 
wells, which are commonly used in unconventional 
reservoirs (Afolabi & Akinsooto, 2023, Ogedengbe, et al., 
2023, Sam Bulya, et al., 2023). By broadening the 
applicability of the predictive framework, operators can 
optimize stimulation designs across a wider range of 
reservoir conditions, improving hydrocarbon recovery and 
reducing operational risks. 
Another emerging area of research is the application of 
artificial intelligence and machine learning to enhance the 
predictive capabilities of the framework. AI-driven 
algorithms have already demonstrated their ability to improve 
fracture modeling, but future developments should focus on 
making these models more interpretable and reliable. One 
major challenge in AI-based fracture optimization is the 
"black-box" nature of deep learning models, which often 
makes it difficult to understand the reasoning behind their 
predictions. Future research should explore the development 
of explainable AI techniques that provide clear, actionable 
insights for engineers (Akintobi, Okeke & Ajani, 2023, Ogu, 
et al., 2023, Onukwulu, et al., 2023). Additionally, 
integrating reinforcement learning algorithms into the 
predictive framework could enable the system to 
continuously improve its recommendations based on 
feedback from actual field operations. This iterative learning 
approach would allow the framework to adapt to new 
reservoir conditions, making it a more robust and intelligent 
decision-support tool. 
The incorporation of advanced geomechanical modeling 
techniques is another area that warrants further exploration. 
While current geomechanical models provide valuable 
insights into fracture propagation and stress distribution, they 
often rely on simplifying assumptions that may not accurately 
capture the complexity of reservoir behavior (Onukwulu, et 
al., 2021, Sobowale, et al., 2021). Future research should 
focus on developing high-resolution geomechanical models 
that incorporate real-time stress field variations, complex 
fracture networks, and reservoir compaction effects 
(Akhigbe, et al., 2021, Ofodile, et al., 2020). By improving 
the accuracy of geomechanical simulations, the predictive 
framework can provide more precise fracture designs that 
account for the dynamic nature of subsurface formations. 
Another important aspect of future research is the integration 
of sustainability-focused enhancements into the predictive 
framework. As the industry moves toward more 
environmentally responsible hydraulic fracturing practices, it 
is essential to develop optimization techniques that minimize 
water usage, reduce chemical additives, and improve energy 
efficiency. Future research should explore the potential of 
using alternative fracturing fluids, such as CO₂-based or 
foam-based fluids, which can reduce water consumption 
while maintaining high fracture conductivity (Akinsooto, De 
Canha & Pretorius, 2014, Onukwulu, et al., 2021). 
Additionally, machine learning algorithms can be trained to 
identify the most environmentally friendly fracturing 
strategies based on factors such as carbon footprint, fluid 

recyclability, and chemical toxicity. By incorporating 
sustainability metrics into the predictive framework, 
operators can make data-driven decisions that balance 
economic and environmental considerations (Agho, et al., 
2022, Odunaiya, Soyombo & Ogunsola, 2022, Popo-
Olaniyan, et al., 2022). 
The development of automated, AI-driven diagnostics for 
identifying well performance issues is another promising 
research direction. As more data becomes available from 
downhole sensors and production monitoring systems, AI 
models can be trained to detect early signs of production 
decline, fracture closure, or sand production issues 
(Onukwulu, et al., 2021, Paul, et al., 2021). By analyzing 
pressure trends, flow rates, and microseismic data, the 
predictive framework could provide automated 
recommendations for well remediation strategies, reducing 
the need for costly interventions and workovers. Future 
research should focus on improving the accuracy and 
reliability of AI-driven diagnostics, as well as integrating 
these capabilities into real-time production monitoring 
systems. 
The use of cloud computing and edge computing 
technologies can further enhance the predictive framework 
by enabling faster data processing and improved 
accessibility. Cloud-based machine learning platforms can 
facilitate large-scale data integration from multiple wells and 
reservoirs, allowing operators to leverage global datasets for 
improving fracture optimization strategies (Agbede, et al., 
2023, Odulaja,et al., 2023, Oteri, et al., 2023). Edge 
computing, which involves processing data closer to the 
wellsite rather than relying on centralized data centers, can 
enable real-time analytics for immediate decision-making. 
Future research should explore ways to optimize data storage, 
transmission, and processing speeds to maximize the 
efficiency of predictive analytics in remote or offshore 
drilling environments. 
In conclusion, the future research directions for optimizing 
stimulation and fracturing operations in unconsolidated 
sandstone reservoirs involve a combination of real-time data 
integration, digital twin technology, reservoir-specific model 
expansion, and AI-driven enhancements (Akinsooto, 2013, 
Odio, et al., 2021, Onukwulu, et al., 2021). By developing a 
more adaptive, intelligent, and sustainable predictive 
framework, the oil and gas industry can improve fracturing 
efficiency, reduce costs, and minimize environmental 
impacts. As technological advancements continue to reshape 
the field of hydraulic fracturing, future research efforts 
should focus on enhancing the predictive framework’s 
accuracy, scalability, and applicability across diverse 
reservoir conditions. The integration of machine learning, 
real-time monitoring, geomechanical modeling, and 
sustainability-focused optimizations will ensure that 
hydraulic fracturing remains a viable and responsible method 
for hydrocarbon extraction in the years to come. 
 
3. Conclusion 
The development of a predictive framework for optimizing 
stimulation and fracturing operations in unconsolidated 
sandstone reservoirs represents a significant advancement in 
hydraulic fracturing technology. This framework integrates 
data-driven analytics, artificial intelligence, geomechanical 
simulations, and advanced fluid flow modeling to address the 
unique challenges associated with weakly consolidated 
formations. The study has highlighted the critical issues faced 
in these reservoirs, including proppant transport 
inefficiencies, formation instability, excessive sand 
production, and fracture conductivity loss. By leveraging 
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machine learning algorithms and real-time data processing, 
the predictive framework enables more accurate fracture 
design, ensuring optimal fluid injection rates, proppant 
placement, and fracture propagation. The ability to adapt 
fracturing parameters based on real-time field conditions 
allows for improved decision-making and greater operational 
efficiency. 
One of the most significant contributions of this predictive 
framework is its role in enhancing stimulation optimization 
through advanced data integration. Traditional fracturing 
models often rely on static reservoir data and empirical 
correlations, which do not fully capture the dynamic nature 
of fracture propagation in unconsolidated sandstones. The 
predictive framework overcomes these limitations by 
continuously learning from historical well data, incorporating 
real-time field measurements, and refining stimulation 
strategies accordingly. This approach reduces uncertainties in 
fracture design and minimizes risks associated with 
premature fracture closure, proppant embedment, and 
excessive formation damage. Additionally, the integration of 
computational fluid dynamics (CFD) and discrete element 
modeling (DEM) provides a deeper understanding of 
proppant transport mechanisms, improving fracture 
conductivity and long-term production sustainability. 
From an economic standpoint, the predictive framework 
significantly reduces operational costs while maximizing 
hydrocarbon recovery. By optimizing fracturing parameters, 
the framework minimizes unnecessary proppant and fluid 
usage, reducing material costs and logistical challenges. It 
also enhances well placement strategies, ensuring better 
reservoir drainage and higher production rates over the 
lifespan of the well. The reduction of non-productive time 
(NPT) through real-time monitoring and adaptive decision-
making further improves overall project economics. 
Additionally, the ability to forecast production decline rates 
with higher accuracy enables better financial planning and 
resource allocation. These benefits make the predictive 
framework an invaluable tool for operators seeking to 
improve the profitability of unconventional reservoir 
development. 
Beyond cost savings and production optimization, the 
predictive framework plays a crucial role in minimizing the 
environmental impact of hydraulic fracturing operations. 
Water management remains a critical challenge in the oil and 
gas industry, and the framework helps mitigate this issue by 
optimizing fluid volumes and reducing water consumption in 
fracturing treatments. The selection of environmentally 
friendly fracturing fluids, improved proppant transport 
efficiency, and reduced chemical additives contribute to more 
sustainable operations. Furthermore, by enhancing fracture 
geometry predictions and minimizing uncontrolled fracture 
growth, the framework helps prevent induced seismicity and 
reduces the risk of groundwater contamination. These 
sustainability-driven enhancements ensure compliance with 
regulatory requirements while promoting responsible 
resource extraction practices. 
The study also underscores the importance of integrating 
digital twin technology for continuous reservoir performance 
monitoring. A digital twin allows operators to visualize 
fracture growth, reservoir response, and production trends in 
real time, enabling proactive well management and early 
identification of potential issues. The predictive framework’s 
ability to integrate with digital twin systems enhances 
collaboration between engineers, geologists, and data 
scientists, fostering a more efficient and data-driven approach 
to reservoir development. As the industry moves toward 
greater automation and digitalization, the predictive 

framework provides a foundation for intelligent well 
management, enabling automated diagnostics and predictive 
maintenance strategies that extend well longevity. 
Despite its significant advancements, further research is 
required to expand the applicability of the predictive 
framework to other reservoir types and unconventional 
formations. While the current model has been tailored for 
unconsolidated sandstones, similar methodologies can be 
adapted to tight sandstones, carbonate reservoirs, and 
naturally fractured formations. Future research should focus 
on refining geomechanical models to account for formation-
specific properties, improving AI-driven fracture 
simulations, and enhancing real-time data integration 
techniques. Additionally, the use of reinforcement learning 
algorithms can further enhance the framework’s predictive 
capabilities, allowing it to continuously improve its 
recommendations based on evolving field data. 
For industry applications, the adoption of the predictive 
framework should be prioritized in fields where traditional 
stimulation techniques have struggled to achieve sustainable 
production. Operators should integrate real-time data 
acquisition technologies, such as fiber optic sensors and 
microseismic monitoring, to fully leverage the benefits of the 
framework. Additionally, collaboration between operators, 
service companies, and research institutions is essential to 
further refine and validate the predictive models, ensuring 
their reliability across different geological settings. Training 
and capacity-building initiatives should also be implemented 
to equip engineers and field personnel with the necessary 
skills to interpret and apply predictive insights effectively. 
In conclusion, the predictive framework for optimizing 
stimulation and fracturing operations in unconsolidated 
sandstone reservoirs offers a transformative approach to 
hydraulic fracturing. By integrating AI-driven analytics, 
geomechanical modeling, and real-time monitoring, the 
framework enhances fracture design, reduces operational 
costs, and minimizes environmental impacts. Its ability to 
adapt to changing reservoir conditions, optimize well 
placement, and improve long-term production sustainability 
makes it a valuable tool for modern reservoir management. 
As the oil and gas industry continues to embrace 
digitalization, predictive frameworks such as this will play a 
pivotal role in improving efficiency, reducing risks, and 
driving sustainable hydrocarbon extraction in the future. 
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