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ABSTRACT

The Impact of Formation and Fracture Properties Alternations on the Productivity
of the Multi-stage Fractured Marcellus Shale Horizontal Wells
Dalal Aldbayan

As the reservoir deplete, the pore pressure decreases and the effective stress increases. The
increase in the effective stress results in the formation compaction which can alter the formation
and hydraulic fracture properties. This is particularly significant for a Marcellus shale horizontal
well with multi-stage hydraulic fracture due to low Young's modulus and moderate Poisson's ratio
of the Marcellus shale. The degree of the effective stress increase depends on the initial
productivity of the well, which is influenced by the hydraulic fracture properties, formation
properties, as well as the operating conditions. Therefore, it is necessary to couple the
geomechanical and fluid flow simulations to accurately predict the gas production from a
horizontal Marcellus Shale well with multi-stage fractures. The objective of this study was to
investigate the impact of the formation mechanical properties (Young's modulus and Poisson's
ratio), the hydraulic fracture properties (half-length, initial conductivity, and spacing), as well as
operating conditions (wellbore pressure) on the productivity of a horizontal Marcellus Shale well

with multi-stage fractures.

The advanced technical information available from the Marcellus Shale horizontal wells
located at the Marcellus Shale Energy and Environment Laboratory (MSEEL) site provided an
opportunity to investigate the impact of the shale compressibility on gas production. The core, well
log, well test, completion, stimulation, and production data from the wells at the MSEEL site were
utilized to estimate the shale mechanical and petrophysical properties as well as the hydraulic
fracture characteristics. The results of the data analysis were then utilized to develop a reservoir
model for a horizontal well completed in Marcellus Shale with multi-stage hydraulic fractures. A
geomechanical (Mohr-Coulomb) module was coupled with reservoir model to determine the
effective stress distribution and the formation compaction and its impact on the shale porosity. The
impact of the shale compaction on the permeability for both matrix and fissure, and the

conductivity of the hydraulic fractures were determined from the Marcellus shale core plug



analysis as well as the published measurements on the propped fracture conductivity in Marcellus

shale and were incorporated in the reservoir model.

The inclusion of the compressibility impacts in the reservoir model provided a more realistic
simulated production profile. The gas recovery was found to be negatively impacted by the
formation compaction due to the increase in the effective stress. The reduction in the conductivity
of the hydraulic fractures due to the compressibility impact was found to have the most adverse
effect on the gas recovery. The compressibility impacts were found to be more severe during the
early production due to higher production rates. Finally, the model was employed to investigate
the impact of the formation’s mechanical properties, hydraulic fracture properties, and the
operating conditions on the gas recovery. The higher values of Young’s modulus and Poisson's
ratio can mitigate the compressibility impacts and lead to higher recovery. Conversely, the higher
values of the fracture half-length as well as the closer fracture spacing will amplify the adverse
impacts of the compressibility on the early gas recovery. However, the adverse impacts diminishes
with time. The higher values of the initial hydraulic fracture conductivity can also mitigate the
compressibility impacts
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CHAPTER 1

INTRODUCTION
The largest natural gas producing country from the unconventional reservoirs worldwide is the

United States according to the records in 2021 (N. S6nnichsen, 2021). Most of the prolific shale
gas production is from Marcellus shale located in the Appalachian Basin in the Northeast region.
The Marcellus shale formation is the largest shale gas play in the U.S (American Petroleum
Institute, API). A fine-grained sedimentary rock, with low porosity and ultra-low permeability, is
what defines shale. Additionally, shale acts as both source rock and reservoir rock due to the
consolidated clay-sized particles.

The complexity of the natural fracture propagation of this formation limited the resources for
development. Recent studies showed that the application of horizontal drilling and hydraulic
fracturing has enhanced the productivity of the reservoir to enhance production. The extraction of
shale gas can be challenging due to the tight pore space. There are two states of gas storage in the
formation. The free state of the gas is when it is stored in these pore spaces, whereas it reaches the
adsorbed state when the organic material is stored.

The Marcellus shale represents a significant resource for the U.S. natural gas industry. Based
on the studies and analyses, the global shale gas market is expecting a $68.61 billion growth (Shale
Gas Global Market Report, 2022). The production from Marcellus shale causes the reservoir to
undergo compaction. At the early stages of the production, significant drop in pressure occurs
resulting in increase in the effective stress. The increase in the effective stress s results in a decrease
in porosity and permeability both in the formation and hydraulic fracture.

Reservoir simulation and modeling has been the focus in the industry for the development of
the unconventional reservoirs. . Most reservoir simulators lack the geomechanical component to
account for the reservoir compaction accompanied by the changes in the effective stress (Settari,
2002). Furthermore, the impact the of the formation and fracture properties on the formation and
fracture compressibility due to increased effective stress has not been fully investigated.. Coupling
a reservoir simulator with a geomechanical module can provided the insights into the reservoir
compaction and subsidence mechanism (Settari and Sen, 2008). This study focuses on evaluating
the impact of the formation and fracture properties on the productivity of the multistage fractured
Marcellus shale horizontal wells impacted by the formation and fracture compressibility due to

increased effective stress.


https://www.statista.com/aboutus/our-research-commitment

(El Sgher et al., 2022) used the iterative geomechanical coupling to investigate the impact of
effective stress increase on the productivity of the multistage fractured Marcellus shale horizontal
wells. However, the previous studies did not focus on the impact of hydraulic fracture properties
and stage spacing on the effective stress changes. It is therefore, important to evaluate how the
formation mechanical properties (Young's modulus and Poisson's ratio), hydraulic fracture
properties (half-length, initial conductivity, and stage spacing), and operating conditions (wellbore
pressure) impact the magnitude of effective stress increase. As a result, evaluating the effective
stress changes could lead to accurate prediction of the gas recovery from the Marcellus shale.
Therefore, it is essential to couple the reservoir simulator with a geomechanics module to predict

the productivity of the unconventional well.



CHAPTER 2
LITERATURE REVIEW

2.1 UNCONVENTIONAL RESERVOIRS

The United States of America is the world’s largest leading producer of natural gas as of
2022, with a production rate of 934 billion cubic meters (S6nnichsen, 2022). In 1821, the first
extraction of natural gas took place in Fredonia, New York, by William Hart (American Public
Gas Association, n.d.). Unconventional reservoirs refer to as ultra-light source rock containing
high organic matter reaching thermal maturity without migration (SEG wiki, 2018).

Over the past decades, the exploration of unconventional reservoirs has been enhanced by
the application of several techniques such as directional drilling which is the most applicable for
shale formations as well as hydraulic fracturing. In fact, (Figure 1) illustrates the consumption of
natural gas in the U.S. as well as dry production which is the highest with the net import declining
due to the pandemic in 2020 (EIA reports, 2022).

U.S. natural gas consumption, dry production, and net imports, 1950-2021
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Figure 1: U.S natural gas consumption, production, and net imports 1950-2021 (EIA reports, 2022)
Production from shale gas formations has been increasing dramatically over the decades
and will continue due to the availability of modern technologies and techniques to enhance the

exploration of natural gas. The below figure (Figure 2) illustrates that the production of shale gas



accounts for 70% of the total U.S. production which enhanced the natural gas industry’s economy
by 9% until this day (EIA reports, 2019).
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Figure 2: The production of shale gas in the U.S. (EIA reports, 2019)

2.2 MARCELLUS SHALE

In the United States, the largest shale play is Marcellus shale covering a total geologic area
of 95,000 square miles (American Petroleum Institute, API). shale plays which are known as the
largest deposits of natural gas in the U.S. are present in the Permian Basin. The largest natural gas-
producing play in the U.S. is the Marcellus Shale which is located in the Appalachian Basin. The
Marcellus shale formation extends to six states including New York, Pennsylvania, Ohio, West
Virginia, Maryland, and Virginia (Institute of Energy Research, n.d.). Marcellus shale is often
referred to as an abundant fine-grained sedimentary rock created by compaction of both silt and
clay-size mineral particles with the flexibility of folding into thin layers (King, n.d.). The figure
below (Figure 3) shows the Marcellus shale formation on the U.S. map extending from New York

to West Virginia.
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Figure 3: Marcellus Shale formation location on the map (Bentek, 2015)

In fact, the 400-year-old Marcellus shale formation is one of the largest nationwide, yet it
represents the highest producing fields of natural gas in the United States. In December 2021, the
natural gas production in the US has increased to 118.8 billion cubic feet where the Appalachia
region recorded the highest percentage of 31% from the total of 41% share of the US (EIA reports,
2022). With modern techniques used in the exploration of natural gas i.e., hydraulic fracturing and
horizontal drilling, Marcellus shale contains roughly 400 trillion cubic feet of gas which shifted
the focus of the oil and gas industry in the US on this formation (EIA reports, 2021). Marcellus
shale has specific characteristics from the Middle Devonian age that is black, with low density,
less than 10% porosity, and ultra-low permeability. It is a type of sedimentary rock which act as
both source rock and reservoir rock. Since the first well was drilled in Marcellus shale in 2003
(Institute of Energy Research, n.d.), the production has increased rapidly over the years with a

natural gas extraction of over 6 billion cubic feet per day (Worldwide power products, n.d.)
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Figure 4: A stratigraphy of the Marcellus shale extending from North-Central West Virginia to
Southeastern New York (Modified from Carter et al., 2011 and Zagorski et al., 2012).

The above figure (Figure 4), illustrates the formations present in the Middle Devonian
located in the Appalachian Basin. The lower part of the Hamilton group consists of the Marcellus
formation. The upper Marcellus Oatka Creek shale contains Purcell limestone and is bounded by
the Mahantango formation. Additionally, the lower Marcellus Spring shale is thicker and bounded
by the Onondaga limestone. Cherry Valley slightly separates the two members of the Marcellus

shale formation i.e. upper and lower.

2.3 HYDRAULIC FRACTURING

One of the most important techniques for the exploration of natural gas in the industry is
hydraulic fracturing. Hydraulic fracturing is used to optimize production with being cost-efficient
and safe for the environment. In March 1949, the first application of a commercial hydraulic
fracturing job on an oil well took place in Duncan, Oklahoma (wells, n.d.). The job was operated
by experts from a collaboration of production petroleum teams. Additionally, leading companies
i.e. Halliburton and Stanolind, which are operating companies fractured the second well in
Holliday, Texas (wells, n.d.). The figure below (Figure 5) shows the first hydraulic fracturing job
in the U.S. which took place in 1949.



.

Figure 5: The first commercial Hydraulic fracturing job on an oil well, 1949, (wells, n.d.)

Hydraulic fracturing has been applied for decades ago specifically on both oil and gas wells

in unconventional reservoirs. These reservoirs are low in permeability and porosity which limits

the fluid flow through the formation. This technique requires fluids to be pumped at very high

pressures into the reservoir. Additionally, it targets the existing natural fractures to be enhanced to

create more fractures in the formation. The fluid being pumped consists of water, acids, and

proppant which varies in size depending on the formation characteristics. Having the fluid present

in the fracture help keep it open until the treatment is completed. As a result, the net stress increases

which leads to compaction in the reservoir to produce from the formation. The application

hydraulic fracturing technique for shale gas reservoirs occurs in multiple phases represented by

the figure below (Figure 6).
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Figure 6: Hydraulic fracturing stages for a shale gas reservoir, (fracking | Definition, Environmental

Concerns, & Facts, n.d.)



The evolution of technology-enhanced the application of hydraulic fracturing in the US.
This led researchers to improve their studies on reservoir simulation modeling techniques. The
development of Hydraulic fracturing depends on understanding the reservoir characteristics and
studying the geomechanical effect with a higher impact on the formation. Predicting the production
of a Marcellus shale well requires parametric studies and an enhanced understanding of the
reservoir fluid flow to optimize productivity. (El Sgher et al., 2022) states that with the increase of
compaction and subsidence, the length of hydraulic fractures increases. One of the limitations of
the hydraulic fracturing process is the complexity of fracture network propagation. As a result, a
correlation between firsthand pumping schedule data and reservoir performance is coupled to
incorporate the fracking process (Zhan et al., 2016). Additionally, the application of this technique
requires domain expertise in reservoir engineering. Despite the main aim of using hydraulic
fracturing i.e. extracting unconventional oil and gas. It aids in increasing the injection rates during
the sequestration of CO2, stimulates groundwater wells, and generates electricity in the geothermal

systems (Hydraulic fracturing - Wikipedia, n.d.).

2.4 PRINCIPAL STRESSES IN THE FORMATION

Subsurface stresses include minimum horizontal stress, maximum horizontal stress, and
overburden stress. Stresses acting horizontally perpendicular to the overburden stress are known
as minimum horizontal stress and maximum horizontal stress. Fracture propagation and orientation
are controlled by these three principal stresses. The greatest, intermediate, and least stresses are
defined as o1, 62, and 63, respectively. Due to historical tectonic movements, the three principal
stresses are not always aligned in the same direction. Normal faults, strike-slip faults, and thrust
faults are illustrated in (Figure 7). When it comes to normal faults, the vertical stress is the highest,
when it comes to strike-slip faults, it is the most intermediate, while when it comes to thrust faults,

and it is the lowest.
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Figure 7: Different types of faults due to stress orientations (Jalili et al., 2017)

Understanding the relationship between principal stress and the lateral direction can
optimize productivity, reserves, and economics for horizontal wells (Yang et al., 2016). The figure
above (Figure 7) illustrates how stress can occur in different directions. Both horizontal stresses
are occurring in opposite directions whilst the overburden stress is applied vertically above them.
Furthermore, when stress is present in the formation it could lead to major fractures paired with
stress correlation. Longitudinal fractures occur when the wellbore is drilled parallel with the
horizontal maximum stress oy, max. On the other hand, transverse fractures occur when the

wellbore is drilled perpendicular to the horizontal minimum stressoy, iy .
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Figure 8: Longitudinal and transverse fracture overview (M.J. Economides, 2010)



2.5 RESERVOIR COMPACTION AND SUBSIDENCE

In the field of reservoir engineering, it has been highlighted that the act of compaction and
subsidence are crucial phenomena for reservoir development. Reservoir compaction can induce
the gas recovery from wells and indicate multiple field operational problems such as well failure.
During reservoir compaction, pressure depletes causing an increase in the effective stress in the
formation. Under these conditions, pore pressure decreases causing the overburden pressure to
remain constant. As a result, a reduction in both porosity and permeability occurs leading the fluid
to flow through the formation to produce (El Sgher et al., 2022).

Reservoir Compaction is often accompanied by the understanding of the main reservoir
characteristics which are the foundation of reservoir engineering. Compaction depends on the
depletion, reservoir thickness, and compaction coefficient (Settari, 2002). As a result, further
analysis, prediction of production, and reservoir numerical modeling can be identified (Settari,
2002). The inclusion of parametric studies and research on the geomechanical impact on the
productivity of the wells is led by compaction. The main drive of energy of the reservoir whether
it was in the stimulated reservoir volume (SRV) or outside is the compaction which takes
accountability for roughly 50-80% of the total energy (Settari, 2002). Furthermore, compaction
occurs when the overall rock compressive strength exceeds the ability. Thus, it causes plastic
deformation which is one of the important mechanical rock properties that is irreversible leading
to again, the reduction of permeability and porosity due to these volumetric behaviors. The figure

below (Figure 9) provides an overview of the reservoir during compaction.
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Figure 9: Reservoir compaction mechanism in the reservoir (Reservoir Compaction & Subsidence, n.d.)
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On the other hand, reservoir compaction can increase the development costs of a certain
project which leads to barriers to acceptance by the field development team. Also, over-estimation
or under-estimation could lead to uncertainties. Thus, there is always a need to monitor, engineer,
and screen for the pressure draw-down test which often occurs during the early life of the well
when drilling starts (A. Settari, 2002). Besides having this phenomenon enhance the productivity
of the well, providing the overall total energy in the reservoir, and most importantly, improving
the reservoir gas recovery it could extend to potential critical problems such as well failure.
Subsidence is a vertical downward movement in the reservoir due to the changes occurring to the
formation mainly the deformation of the rocks during compaction.

Subsidence is a vertical downward movement in the reservoir due to the changes occurring
to the formation mainly the deformation of the rocks during compaction. One of the major well
failure problems that occurred due to subsidence was for the Wilmington oil field in California as
well as the Ekofisk field in the North Sea (Wilmington Oil Field — Wikipedia, n.d.). Mainly, large
volumes of oil leaked caused a pressure drop, and subsidence occurred at a depth of 9 meters.
Ekofisk field sank by 1984 by more than a total of 3.5 meters resulting in extensive repairs and
work to overcome in the Long Beach region. Financial risks of $1 billion resulted in almost losing
the third largest oil field in the U.S. with cumulative production of 2,750 million barrels per day
in 2008 (Wilmington Oil Field — Wikipedia, n.d.). After these incidents have occurred in both
fields, researchers in the industry have been focusing more on the impact of geomechanical effects
as well as parametric studies on the reservoir characteristics by focusing on the understanding of
deformations. As a result, a dramatic decrease in limiting well failure led to an increase the field
development management, consequently, observing better results of the reservoir modeling and
improving other technologies associated with this matter for a better environment. The figure
below (Figure 10) shows the remedial work done to overcome the damages done by subsidence in
Long Beach, CA.

11



- e e 20 > —

Figure 10: Remedial work near the Long Beach, CA é;ea, (Pi

——

erce, 1970).

2.6 FORMATION (ROCK) MECHANICAL PROPERTIES

2.6.1 YOUNG’s MODULUS

One of the important rock mechanical properties is acknowledging the importance of
geomechanical impacts and how it would react in response to the changes being applied to it. The
Young’s Modulus is an elastic constant that represents the ratio between two measurements, the
longitudinal stress to the strain which is usually a theoretical approach to predict the mechanical
properties of the reservoir. This constant (E) is named after Thomas Young who is a British
scientist who specialized in many fields such as solid mechanics, light, and energy (Thomas
Young, Wikipedia, n.d.). Researchers have shown years ago, methods to optimize fracture design
treatments by differentiating between elastic and dynamic testing. (Lacy, 1997) suggested that the
stiffness ratio of the rock should be estimated. Additionally, his study conducted an approach to
reduce 60 to 80% of the total time to contribute toward the effectiveness of the optimization
process by using dynamic testing instead of static testing. The figure below (Figure 11) illustrates
the relationship between the stress and strain changes which aid in the calculation of Young’s
modulus.
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Figure 11: Relationship between stress and strain, (Stress-strain curve - Nicoguaro, n.d.)

Mathematically, Young’s modulus can be represented by the following formula.

F/A

E = = —
AL
/Ly

g
&

Equation (1)

If Young’s modulus is low, the solid is considered elastic whereas a stiff or inelastic

material would have a high Young’s modulus. Therefore, Young’s modulus helps to differentiate

the elasticity of the materials.

2.6.2 POISSON’s RATIO

Poisson’s ratio, introduced by a French mathematician (Simeon Poisson 1781-1840), is

another major elastic constant that measures the compressibility of a specific material (Simeon

Poisson, Wikipedia, n.d.). Poisson’s ratio is defined as the ratio of the lateral strain to the

longitudinal strain.
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Figure 12: A schematic of the Poisson's ratio mechanism (Dey, n.d.)
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The Poisson’s ratio has been often accompanied by Young’s modulus to represent the
mechanical rock properties based on the stress applied as a force to cause the deformation. The
equation below (Equation 2) illustrates the formula used for Poisson’s ratio such that the axial
(Longitudinal) strain is a function of change in length, whereas the lateral (Transverse) strain is a

function of change in diameter.

AD /
glateral,x Do

v =

= = Equation (2)
glongitudinal,y AL/L
o

In addition, the values of Poisson’s ratio are generally ranging between 0.0 and 0.5
depending on the material’s characteristics, if it was anisotropic, it would be greater than 1.0 (Dey,
n.d.). The importance of Poisson’s ratio relies on the impact of stress on a specific orientation of
the rock. Such that, it could lead to permanent, irreversible, changes in the formation. Observing
these changes can help with the design optimization of the pipes before drilling to limit the risks

of well failure.

2.6.3 STRAIN AND DISPLACEMENT

In the field of reservoir engineering, the importance of understanding strain and
displacement has been the main focus for well development. Such that, when the rock deforms
due to compaction, both physical and chemical changes occur. Strain and displacement are key
parameters used in iterative coupling which is a form of reservoir simulation modeling approach.
Strain is observed when high stress is applied to a surface or material causing an irreversible,
permanent, deformation. This external force applied leads to a reduction in the overall volume of
the material (Strain — Schlumberger Oilfield Glossary, n.d.). In addition, the changes created by
strain enhance the development of fractures to optimize the overall well performance.
Furthermore, there are three main types of strain:

1- Brittle Deformation.

2- Ductile Deformation

3- Elastic Deformation.

In fact, Pressure, temperature, and mineral composition of the formation are key
indicators of which type of deformation will occur based on the stress orientation and the rock’s

response (Stress and Strain — Rock Deformation, n.d.). The figure below (Figure 13) shows the
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different types of deformation the rock undergoes. Firstly, brittle deformation occurs if the stress
applied to the rock is greater than the rock’s yield strength leads to creating a fracture in the rock.
Secondly, ductile deformation occurs under high temperatures and in deep regions of the earth’s
surface. Since the temperature is high, it is possible to soften the rock and make it less brittle to
respond to the stress. In this case, it could cause plastic deformation when the stress applied is
greatly higher than the rock’s yield strength which often causes the rock to flow. Lastly, elastic
deformation occurs when the stress is less than the rock’s yield strength, but it differs from the

previous types because the deformation is reversible, not permanent.

undeformed .
<+— Lok > Strain

brittle deformation ductile deformation
(faulting - broken block) (flow - stretched block)

Figure 13: Deformation of the rock due to strain (Stress and Strain — Rock Deformation, n.d.)

Theoretically, strain is a function of the change in length of a block of solid material to

the initial length of that block as shown in the equation below:
_ AL
=1

The strain-displacement relationship is illustrated in the below schematic (Figure 14).

€ Equation (4)

From the figure, A and B can be assumed as vectors with stress being applied causing
deformation to occur. The displacement from point A to B can be expressed as x to x + A x in the
x-direction while leaving the y-direction constant (Kelly, PA). The displacement function can be
expressed as normal strain (deformation of a line) in the equation below:

_A'B"—AB  u,(x+ Ax,y) —u,(x,y)
=T T Ax

Equation (5)
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Figure 14: Schematic of the displacement function as a normal strain deformation, (Kelly, PA).

2.6.4 ROCK DEFORMATION
Generally, when any form of force is applied to a solid material such as a rock, the solid
material would react based on the yield strength by deforming i.e., stretching or shrinking.
Deformation is the act of change in the substance by an external force. In the reservoir, there are
two main types of deformation which are dependent on the formation’s yield strength in response
to stress (Madhusha, 2018):
1- Elastic Deformation.
2- Plastic Deformation.
The occurrence of deformation could lead to both physical and chemical changes due
To the main two factors of pressure and temperature during reservoir compaction. On one hand,
Elastic deformation is a result of a reversible change when the external forces are removed from
the material i.e., it goes back to the initial state. This change makes it non-permanent such that the
existing chemical bonds stretch and bend but without the slippage of the atoms (Madhusha, 2018).
On the other hand, an irreversible, plastic deformation is a permanent change as a result of applied
external forces where the stress is greater than the rock’s yield strength. Plasticity causes a
noticeable physical change, without a fracture but a breakage occurs due to the atoms slipping on
each other (Madhusha, 2018).
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The stress-strain diagram below (Figure 15) represents how each region differentiates from
the other. For instance, the elastic region starts at an early stage where the stress-strain values are
not high and can be detected. Then, as soon as it passes the limit of that region, plasticity occurs.
This means if the stress or strain values are significantly higher than the yield strength of the rock
a fracture would occur (Madhusha, 2018). The importance of knowing the difference between
these two deformations could help with the identification of well failure, the identification of the
complex natural fracture as well as hydraulic fractures. Additionally, limiting well control
problems means risks are reduced, and the formation of mechanical rock properties can be

identified which would help with the overall understanding of the reservoir.
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Figure 15: Stress-strain curve representing the elastic and plastic regions. (Madhusha, 2018)

2.6.5 FRACTURE CONDUCTIVITY

One of the important aspects of hydraulic fracture properties is the fracture conductivity of
the formation. Generally, during the reservoir compaction, the effective stress increases on the
stimulated reservoir volume (SRV) region. In some cases, subsidence is often accompanied by
compaction due to the sudden reservoir pressure drop. As a result, the fracture conductivity
increases at the early stages of the production of the well. The figure below (Figure 16) represents

the hydraulic fracture orientation on a stimulated reservoir volume.
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Figure 16: Propped hydraulic fracture conductivity in the SRV (Belyadi et al., 2019)

The dimensionless fracture conductivity is a parameter that is defined as shown in the
equation below:

Fep =————— E [
o =T XX, quation (5)

The interpretation of the factors impacting the production performance of the reservoir to
predict the overall well performance is crucial. As the reservoir depletes during compaction, it
causes the cumulative gas production to increase which leads to a significant increase in the initial
propped fracture conductivity of the wells in Marcellus shale specifically. Additionally, having
this observation would result in enhancing the geomechanical effects on the formation (EI Sgher
et al., 2022). Since the fracture conductivity is highly dependent on the effective closure stress,
empirical experiments should further assist instead of the theoretical approaches. As a result,
drilling deep wells by the application of hydraulic fracturing with limited data requires a long time
of measurements at reservoir temperature as a way to enhance the propped fracture conductivity
(Roodhart et al., 1988). The emphasis of using the artificial proppants to be pumped into the
fractures has to be considered. Moreover, the use of coarse proppant sand grades requires less
energy to crush during the production stage i.e. lower closure stress with the aid of the hydraulic
fracturing fluid to ease the process. The figure below (Figure 17) illustrates the performance of

different proppant types such as ceramic, resin coated, and white sand associated with their grades.
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Figure 17: Proppant grades impact the conductivity versus the closure pressure (Belyadi et al., 2019)

Studies have shown the impact of the propped fracture conductivity has a greater impact
on shale gas wells with multi-stage hydraulic fractures to enhance the production during the
decline vicinity of the wells (El Sgher et al., 2018). (AlIRamahi and Sundberg, 2012) took a step
further to provide empirical laboratory experiments to observe the proppant embedment during the
fracturing phase. The experiments were on hydraulic fracture conductivity in which they
developed a relationship between the proppant embedment versus the fracture conductivity as a
function of rock properties. Such that, the displacement of the hydraulic fracture conductivity
could be a result of a variety of mechanisms, i.e. proppant crushing, diagenesis, and embedment.
Since the study was conducted on an unconventional reservoir which means that it has a low
young’s modulus with a high clay content a correlation to predict the loss of the fracture
conductivity between Young’s modulus and the proppant embedment at specified stress
measurements.

On the other hand, instead of the correlation of AIRamahi and Sundberg as a function of
rock properties, (McGinley et al., 2015) developed experiments to observe the conductivity of the
propped hydraulic fractures as a function of net stress. To come up with this correlation in the
laboratory, core plug samples from Elimsport and Allenwood were collected as the main data to
run the experiments from different locations. It is known that unconventional reservoirs have

different orientations and deposits based on gravity. This is due to the abundance of clay minerals
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i.e. anisotropic, these core plugs were cut both parallel and perpendicular to the planes to
investigate the impact it has on the fracture conductivity.

Figures 18 and 19 illustrate the correlation developed between the fracture conductivity
and the closure stress for both of the core samples, Allenwood and Elimsport, respectively.
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Figure 18: Propped hydraulic fracture conductivity versus closure stress for the Allenwood core plug
sample (McGinley et al. 2015)
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Figure 19: Propped hydraulic fracture conductivity versus closure stress for the Elimsport core plug
sample (McGinley et al. 2015)

It was observed that both the bed-parallel and bed-perpendicular for the Allenwood sample
were significantly lower than the Elimsport core plug which resulted in a fracture conductivity of
1.501 x 103 psi~! and 1.687 x 10~* psi~1, respectively. Likewise, the bed-parallel for
Elimsport core plug was measured as 5.529 x 10™* psi~! and the bed-perpendicular was lightly

less than it with a measured fracture conductivity of 5.46 x 10™* psi~t. In conclusion,
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McGinley’s experiments were highly dependent mainly on the geomechanical impact of Young’s
modulus with a static behavior as well as the other reservoir characteristics during the development

stage.

2.6.6. IMPACT OF STRESS ON THE MATRIX PERMEABILITY

A naturally fractured reservoir containing fractures and matrix systems is more sensitive
to stress variations than a non-fractured reservoir (Lian et al., 2012). Heller et al. (2014)
measured matrix permeability of shale as a function of net pressure under different pore
pressures. Several core samples were analyzed by Heller et al. from the Marcellus, Barnett, Eagle
Ford, and Montney formations.

Laboratory measurements on a Marcellus shale core plugs have been conducted to
determine the petrophysical properties (Zamirian et al., 2015 and Elsaig et al., 2016). (Elsaig et
al., 2016) measured the absolute permeability of the core plugs under four different pore pressures
and seven different net stress values. A double slippage correction was applied to determine the
absolute permeability at each net stress. These experiments revealed that the absolute permeability
is affected by the net stress, as shown in Figure 20. As the net stress increases, the more stress-
sensitive fissures close down first. The closure of the fissures leads to a significant reduction in
the measured permeability of the core plug. Once all the fissures are closed, any further reduction

in permeability is the result of matrix compression.

A linear trend is observed when (k/ko)*? is plotted against In P/Po if k is the permeability
measured at a specific stress (P), and ko is the permeability measured at the lowest stress (Po)
values (Walsh, 1981). An illustration of this plot is presented in Figure 21 for the above-mentioned
Marcellus shale core plug (Elsaig et al., 2016). There are two straight lines on this plot as a result
of the differences in compressibility between the fissures and the matrix. Fissure closure stress is

determined by where these two lines intersect.
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Figure 21: Evaluation of Fissure Closure Stress (after EISaig et al., 2016).

2.8 CONSTITUTIVE LAWS

Over the past decade, reservoir simulation modeling techniques to optimize the reservoir
performance have significantly improved leading to improvements in the ultimate gas recovery
and reservoir productivity. Expertise in reservoir engineering is needed to understand reservoir

characteristics such as the pre-existing natural fractures and the complexity of the fracture network.
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Recent studies showed that commercial reservoir simulation models can be coupled with modules
to help enhance the predictions. One of the modules is known as the Mohr-Coulomb model which
is crucial for the identification of well failure. The flow diagram below (Figure 22) illustrates the
main constitutive laws used in the industry for reservoir simulation modeling.

In addition, constitutive laws are divided into several categories but, in this research, the
main focus will be on linear elasticity and elastoplasticity. These two categories branch into
multiple models i.e., the Mohr-Coulomb and the Drucker-Prager model. Moreover, while the rock
undergoes deformation, it can be categorized as elastic which follows the linear-elastic constitutive
law. On the other hand, plastic deformation is associated with the elastoplasticity constitutive law
such that the change is irreversible. When more force is applied it can create a fracture in the
formation. This concludes the importance of understanding these laws to further predict the
changes occurring during the compaction of the reservoir i.e., prediction of the production phase.
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Figure 22: CMG's Geomechanics module with the available constitutive laws, (CMG, 2020).

2.8.1 MOHR-COULOMB MODEL
Coupled geomechanical modeling methods have been developed in the field of reservoir

simulation engineering to further enhance different types of models. The Mohr-Coulomb model is
specified for linear constitutive law. Mohr circles are used to graphically represent shear and
normal stress components on arbitrary planes with maximum (o, )and minimum (o3) stresses
provided. It describes stress in two dimensions. Coulomb's criterion is the simplest and most

commonly used failure criterion, in which failure takes place along a plane caused by shear stress
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acting in that direction. As can be seen in Figure 23, the horizontal stress minimum and maximum

intersect the Mohr's envelope (envelope)

T4

i Ta=C-K1"Cn (Failure Line)

Figure 23: Mohr-Coulomb diagram for a sedimentary rock during the compaction stage of the
reservoir. (Temizel et al., 2016)

T, = Tp + ¢, 17 (Frictional Stress) = — " X a,

u = tand ,
Where:
¢ = Angle of internal friction and c is cohesive strength of the material.
p* = Coefficient of friction.

The Mohr-Coulomb is often associated with engineering management project teams to
limit or predict failures during the development phase of the well such that the yield strength line
and the peak strength line are evaluated by the tangents of the Mohr-Circle (Markou and
Papanastasiou, 2020). Additionally, the below equations represent the mathematical approach to

understanding the failure curve as functions of mean stress and deviatoric stress, such that:

1
o' = > (o1 + 03) Equation (7)

1
£=3 (01 + 03) Equation (8)

In CMG, Young's Modulus, Poisson's Ratio, Cohesion Strength, and Friction Angle are all

porosity-dependent parameters which change with stress.
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2.9 COUPLED GEOMECHANICS RESERVOIR STIMULATION MODELING

Unconventional reservoirs are known for their complexity of natural fractures and the
heterogeneous behavior of the formation. Coupled geomechanical modeling is crucial for the
geological complex fields (A. Settari, 2002). Marcellus shale led scientists to improve their
understanding of reservoir characteristics. For this instance, the application of commercial
reservoir simulation has been used for further analysis and assistance. During compaction,
geomechanical parameters are calculated by a reservoir simulator to interpret the changes. An
advanced coupling method with a geomechanical module accompanied by a commercial reservoir
simulator would enhance the understanding of reservoir development.

Four coupling methods are used in the oil and gas industry. First, full coupling or implicit
coupling due to the system being discrete on one grid domain (Settari et al., 2002). Simultaneous
calculations are conducted as three main unknown pressure, temperature, and displacement to
observe the behavior of the fluid flow through porous media by the finite element method.
Secondly, the iterative coupling is the most used method since it solves both rock deformation and
reservoir fluid flow calculations independently. A driver connects the reservoir simulator and the
geomechanics module to check for convergence which takes into consideration the pressure and
stress changes by each iteration (Settari et al., 2002). The third weakest coupling method is known
as one-way coupling or explicit coupling. The changes in pressure are only being enhanced by the
changes in stress and strain and not the other way around, unlike the two-way coupling method
(Settari et al., 2002). Lastly, the pseudo-coupling method uses simple calculations between two
genres: porosity and vertical displacement (subsidence), and porosity and stress. This can mimic
the response of the reservoir during the compaction stage as well as horizontal stress changes. An
empirical model to calculate porosity often works with the presence of a table with porosity and
permeability versus pressure data obtained during this phenomenon (Settari et al., 2002).

2.9.1 ITERATIVE COUPLING TECHNIQUE

The diversity of the coupling methods has evolved since most reservoir simulators lack the
incorporation of the geomechanical aspects i.e. effective stress changes and mechanical rock
properties such as the deformation during the reservoir compaction in response to the changes in
temperature and pressure (Settari et al., 2002). Iterative coupling is categorized as the most flexible
accompanied by highly successful practical rates. The approval of using this coupling method by
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the reservoir management teams is very high among other engineering specialties (Jalali and
Dusseault, 2008). Furthermore, (El Sgher, 2022) illustrated that in the two-way coupling method,
a geomechanical model is mainly used to observe the calculation of the stress changes by
evaluating the response that the rocks undergo. He then highlighted the disadvantage of this
approach since it requires a long-time duration due to a large number of iterations to reach
convergence.

Shale gas reservoirs have significantly ultra-low permeability, which makes it challenging
to produce from these formations. The fluid flow through porous media led engineers to enhance
the production by formulating the porosity function. This helped to further understand the
mechanism of the reservoir in the development phase i.e. gas storage in shale reservoirs. The
porosity function has been impacted by several studies such that it can be affected by three main
parameters: pressure, temperature, and mean total stress. Further developments have been applied
to it to be used in iterative coupling between the geomechanics module and the reservoir simulator.

The correlation between pressure, volume, and stress has been very crucial for the
development and understanding of fluid compressibility in the porous medium. (Geerstma, 1957)
Conducted the porosity as a function of volumetric strain. Years later, (Skempton, 1960) developed
a correlation between the fluid pore pressure (known as Skempton A and P pore pressure
parameters) and the total stress to develop a way to relate these parameters to the porosity function.
(Biot and Terzaghi, 1936) studies developed the original concept of effective stress and pore
pressure, relative to the coupling techniques and how would these two parameters take part in the
development of a three-dimensional theory to accompany the principles of continuum mechanics.
Furthermore, (Khaled et al., 1984) created further investigations towards the enhancement of
Biot’s theory by applying it to the dual-porosity media by using the finite element formulation.

Additionally, the true porosity function is the ratio between the pore volume to the bulk
volume measured such that, it differentiates from the reservoir porosity by having the initial bulk

as shown in the equations below, such that:

v
True porosity: @ = V_p Equation (9)
b

|74
Reservoir porosity: @* = V—p Equation ( 10)
boO

(Settari and Mourits, 1998) developed a correlation between the effective mean stress,

temperature, and pressure as well as including the compressibility of solid grains when it came to
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combining equation (9) and equation (10). When these two porosity equations are combined, it
could be written as a function of volumetric strain as (Geertsma, 1957) showed which is also a
parameter calculated during the two-way coupling method such that:

0= 0(1—¢,) Equation (11)

Consequently, the reservoir strain is a function of three main parameters i.e. pressure,
temperature, and stress this makes it possible to have the reservoir porosity written as a function
of stress, pressure, and temperature as shown:

o =0*(P, T, o) Equation (12)

Since the iterative coupling uses strain, stress, and displacement, it has been observed that
the below porosity function is used during the two-way coupling method. In addition, the main
function is to calculate the porosity to be sent to the driver for further iterations until convergence
is observed in modern reservoir simulation. Equation (13) represents the porosity formula

developed by (Tran et al., 2002) for the estimation of the matrix porosity for this study.

@t = 0" + (co + cya)(p —p™) + (¢1 + ) (T —T™) Equation (13)
2E
a, = factor {mcxcb } Equation (14)

a, = factor {%ﬁ} Equation (15)

1 dvp dop, dr ,
o = V_I?{E + Vyacy, d_p — Vpﬁd—p} Equation (16)
V ,
G =35 B Equation (17)
b
Vp .
cy = V_I;) ac, Equation (18)
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Figure 24: Iterative coupling flow chart, (Tran et al., 2002)

The iterative coupling has been one of the highlighted topics in reservoir engineering
modeling approaches. The Figure above (Figure 24) illustrates a schematic of the two-way
coupling method. Such that, engineers have been looking for new approaches to develop this
technique to be further applicable. The mechanism of this method is not too complicated since it
requires two types of variables: reservoir flow variables and geomechanics variables (Tran et al.,
2002). These variables are fixed separately and sequentially by the main variables transferring
energy called “the driving model” or “the coupled module”. Additionally, the driving model allows
the exchange of information between two main models: the reservoir simulator and the
geomechanics module when the coupling iterations occur i.e., at each time step. It is controlled by
the convergence criterion and is dependent on the pressure and stress changes in the last two
iterations. During the iteration process, a better understanding of the rock deformation, as well as
the reservoir flow in the formation, is observed.

The exchange of information allows the reservoir simulator to send pressure and
temperature data to the driving model. Meanwhile, the geomechanics module responds with the
updated porosity function to achieve convergence and proceed to the next iteration. The
geomechanics module mechanism starts by accepting two external loads from the driver i.e.,

pressure and temperature. These two loads aid in the calculation of three parameters to develop
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the porosity function, displacement, stress, and lastly strain, and each is computed by a specific
method. Furthermore, the calculation of the displacement begins with an applied force first to
allow the computation of strain by the strain-displacement relationship, then stress is obtained by
the stress-strain constitutive relationship.

The below functions represent the cycle that occurs during the two-way coupling by an
applied force to find displacement. Applying equation (19), proceeds to calculate the strain tensor
by the tensor-displacement of equation (20), and finally, the effective stress tensor is calculated by
the linear constitutive law from equation (21) as shown below (Joslin, Nguyen CMG, 2020).

Vic: % (Vu + (Vu)T)] = —V[(ap + nAT]I + B Equation (19)
&€= %(Vu + (Vu)T) Equation (20)
o' = f(e) Equation (21)

As soon as these three geomechanics variables are obtained they are updated to be included
in the porosity function and are sent back to the coupled drive. Updated readings of both pressure
and temperature are recorded, this process is repeated until convergence is achieved where the

changes in pressure and stress are below tolerance.
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CHAPTER 3
OBJECTIVES AND METHODOLOGY

3.1 OBJECTIVE

The main objective of this study was to investigate the influence of formation mechanical
properties, including Young's modulus and Poisson's ratio, as well as hydraulic fracture properties,
such as half-length, initial fracture conductivity, and spacing, as well as the operating conditions
such as the wellbore pressure on the compressibility of the Marcellus Shale and therefore, on the
productivity of horizontal Marcellus Shale wells with multi-stage fractures.

3.2 METHODOLOGY
In order to accomplish the objective of this study, a methodology consisting of the following
steps was implemented:
1. Data collection and analysis
2. Development of a model, coupled with a geomechanical module, for a horizontal well with
multi-stage hydraulic fractures
3. To evaluate the impact of the effective stress changes on the gas recovery
4. Parametric studies to investigate the impacts of the shale mechanical properties, Hydraulic
fracture properties, as well as the operating conditions on the productivity of the horizontal

Marcellus Shale.
The details on each step are provided in the following sections.

3.2.1 DATA COLLECTION AND ANALYSIS

In this study, data were collected from MSEEL, a Marcellus Shale field laboratory, which
comprises two horizontal wells (MIP-4H and MIP-6H) that were drilled in 2011 and two horizontal
wells (MIP-3H and MIP-5H) that were drilled in 2015, as well as a vertical observation well (MIP-
SW) that was used to collect subsurface samples and monitor seismic activity. In addition to the
results of the core plug analysis for well MIP-SW (Elsaig et al., 2016), completion and production
records were collected for well MIP-6H. During the stimulation of well MIP-6H, eight fracture
stages were performed over a lateral length of 2,380 feet. Approximately 3500 days of production
were included in the production records.

The well logs for well MIP-6H were not available. In contrast, well logs and DFIT analysis

from well MIP-3H located at the same site were used to estimate overburden pressures, closure
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stress gradients, Young's Modulus, and Poisson's ratio (El Sgher et al., 2019). Additionally, the
DFIT analysis was used to determine the colsure stress gradient. (EI Sgher et al., 2019) predicted
hydraulic fracture properties including fracture half-length, fracture height, and fracture
conductivity based on fracture simulation models.

To account for gas desorption, the Langmuir pressure and volume were incorporated in the
base model (Zamirian et al., 2015). By analyzing the core plugs and the measured propped fracture
conductivity in Marcellus shale (McGinley et al., 2015), these multipliers were derived for the
fissure permeability, matrix permeability, and hydraulic fracture properties conductivity as

functions of effective stress (El Sgher et al., 2018).
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Figure 25: Matrix Permeability multiplier developed relative to the pore pressure for MIP-6H (El Sgher

et al.., 2018)
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Figure 26: Fissure Permeability multiplier developed relative to the pore pressure for MIP-6H (El Sgher
et al.., 2018)
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Figure 28: Fracture conductivity multiplier developed relative to the effective stress for the Allenwood
core sample (El Sgher et al., 2018)

3.2.2 MODEL DEVELOPMENT

The reservoir base model for well MIP-6H was generated by using the reservoir simulation
package of a commerical software (CMG-GEM, 2021). In order to build the reservoir model, the
data collected and analyzed were imported into the software as shown in the table below (Table
1), where it illustrated the base model parameters. A constraint for this model was the wellbore

pressure being one of the operating conditions to investigate the impact of the compaction.
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Iterative coupling or as known as “two-way coupling” was incorporated into the reservoir
model with a linear elasto-plastic constitutive module referred to as Mohr-Coulomb. The Mohr-
Coulomb module accompanied the effective stress alternations during the production of the well.
The mechanism of the iterative coupling takes both pressure and temperature and send them to the
geomechanics module where stress, strain, and displacement are calculated. Afterwards, both
permeability and porosity are updated with the compressibility impacts and sent to the reservoir
simulator to proceed with the next iteration.

The stress computed into the reservoir model is primarily used to determine the compaction
occuring during the early stages and throughout the remaining life of the well. The compressibility
factors which are the matrix porosity, matrix permeability, natural fractures (fissure) permeability,
and the hydraulic fracture conductivity are directly related to the effective stress acting on the
stimulated reservoir volume (SRV).

The matrix porosity determination was through the equation introduced by (Tran et al.,
2002) in the liteature review of this study refered to as (Equation 13) which was then incorpoated
into the generated reservoir model. Furthermore, both matrix and natural fracture (fissure)
permeability, as well as the hydraulic fracture conductivty are depenednt on the initial values
assigned based on the reservoir characteristcs as well as the developed multipliers for each of the
parameters as discussed in data collection and analysis.

Figure 28 represent the 3-D model generated by the commerical reservoir simulation
software (CMG-GEM, 2021) for well MIP-6H Figure 29 shows the eight hydraulic fractures

assigned to the well over a lateral of 2,380 feet as a top grid view.
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Table 1: The table below represent the Base Model Parameters for well MIP- 6H

MIP-6H Well information

Reservoir Parameters Values Units
Model Dimensions (MIP-6H) 4000(Length)>X1000(Width) X90(Height) ft.
Well Length (Horizontal) 2380 ft.
Initial Reservoir Pressure 4800 psia.
Overburden Pressure 8800 psia
Initial Fissure Porosity 0.01 percent
Initial Matrix Porosity 3 percent
Initial Fissure Permeability i, j, k 360, 360, 36 nd
Initial Matrix Permeability i, j, k 340, 340, 34 nd
HF Stage Spacing 300 ft.
Initial HF Conductivity 20 md-ft
Water Saturation 0.15 Fraction
Rock Density 120 Ib/ft3
Langmuir Pressure Constant 0.00417 psit
Langmuir Volume Constant 0.023 g-mol/lb
Young’s Modulus 2X10° psi
Poisson's Ratio 0.2
Biot’s Coefficient 1
Wellbore Pressure 400 psia
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Figure 29: Shale gas reservoir base model in 3D using CMG reservoir simulation modeling software
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Figure 30: Shale gas reservoir base model illustrating the 8 fractures on a 2,380 ft. lateral in 3D using

CMG reservoir simulation modeling software
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3.2.3 THE IMPACT OF THE EFFECTIVE STRESS ON THE GAS RECOVERY

During the reservoir compaction, the effective stress increases over the stimulated reservoir
volume which causes the pore pressure to decrease in relative to an increase in the gas production
during the early-stages of the well MIP-6H. Additionally, this increase in the effective stress leads
to a reduction in the primary reservoir characteristics in this study such as the matrix porosity,
matrix permeability, natural fracture permeability and the hydraulic fracture conductivity. As
discussed above, the effective stress plays an important role in affecting the gas production rates
which is why the investigation was on this factor to predict and accurate gas recovery of the well.

For this reason, two production profiles were generated to observe the difference between
the coupled model with the compressibility impact relative to the model excluded from these
factors to limit the over-estimation of the gas production for the specified well MIP-6H with multi-

stage fractures.

3.2.4 PARAMETRIC STUDIES

To investigate the impact of the increase in the effective stress on caused by the compaction
of the stimulated reservoir volume on the gas recovery, parametric studies were conducted. These
parametric studies included variety of values with different ranges based on the Marcellus shale
formation for each compressibility factor category. The compressibility factors were divided into
three categories such as the mechanical properties (Young’s modulus & Poisson’s ratio), hydraulic
fracture properties (initial conductivity, half-length, and spacing), and lastly, operating conditions
(wellbore pressure). In order to evaluate the impact on each parameter on the shale compaction
during the production stage, the reservoir model was used to generate two production profile with
inclusion and exclusion of the coupled model using iterative coupling. The table below (Table 2),
illustrates the parameters used for the study along with the values chosen to investigate the

compressibility impacts on the MIP-6H well with multi-stage hydraulic fractures.
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Table 2: Parametric studies used for this study to investigate the compressibility impacts on the
productivity of a Marcellus shale gas well MIP-6H

Parametric studies

Parameters Base Model Values Unit
Young's Modulus 2 X 106 1x10M6 & 4 x 106 psi
Poisson’s Ratio 0.2 0.1&04 -

Half-length 300 100, 200, & 400 ft.
Initial Conductivity 20 5, 10, 15, 25, 35, & 40 md-ft.
Number of Stages 8 12 & 16 -
Wellbore Pressure 400 600, 800, and 1000 psi
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CHAPTER 4
RESULTS AND DISCUSSION

The main objective of this study was to investigate the influence of formation mechanical
properties, including Young's modulus and Poisson's ratio, as well as hydraulic fracture properties,
such as half-length, initial fracture conductivity, and spacing, as well as the operating conditions
such as the wellbore pressure on the compressibility of the Marcellus Shale and therefore, on the
productivity of the well. In order to limit the over-estimation or under-estimation of the gas
production for the well MIP-6H two stimulated production profiles were generated to visualize
this approach.

Figure 30 represents the two stimulated production profiles including and excluding the
compressibility impacts as well as the actual field data. The first stimulated production profile
(line: Orange) was generated without coupling the reservoir model with a geomechanical module
and ignoring the compressibility impacts. On the other hand, the second stimulated production
profile (line: grey) was generated with the reservoir model iteratively coupled with a geomechanics
module which accounts for the compressibility impacts. Additionally, the compressibility impacts
include the matrix porosity, matrix permeability, natural fractures permeability, and the hydraulic
fracture conductivity.

As can be observed, the second stimulated production profile with the coupled
geomechanical module was in close agreement to the actual field data for well MIP-6H. Unlike
the first production profile which illustrated an over-estimate of the reserves of the well MIP-6H
which could affect the economic analysis further. As a result, the inclusion of the coupled reservoir
model with the geomechanical module using the iterative coupling approach illustrated a more
accurate prediction profile by matching the actual field data.

For this study, the compressibility impacts were investigated on different production
profiles which include 1-year, 5-years, 10-years, and 15-years for further future production
prediction. The figure below (Figure 31) illustrate the percent difference change in cumulative gas
production based on the two generated stimulated production profiles in (Figure 30) due to the
increase in the effective stress during compaction. The compressibility impacts diminish over time
in response to the high gas production rates during the early production stages which promote the

steep decline in pore pressure on the stimulated reservoir volume (SRV).
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Figure 32: The formation properties compressibility impacts on the percent change in cumulative gas
production for well MIP-6H

Additionally, the percent change in the cumulative gas production is affected by the
different components of the compressibility impacts on the reservoir which are the matrix porosity,
matrix permeability, natural fractures (fissure) permeability, and the hydraulic fracture properties.
The constraint for the development of these production profiles for each compressibility factors is
that each factor was individually observed by ignoring the other compressibility impacts in the
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reservoir model. These constraints will be illustrated in the appendix for each compressibility
factor.

In summary, the 1-year production profile (represented in blue) for all cases showed the
most adverse impact on the percent reduction in the cumulative gas production for the MIP-6H
well. The reason is due to the higher gas production rates during the early production stages which
lead to a decline in the pore pressure in the formation while keeping the overburden pressure
constant.

The most adverse yet negative impact from the compressibility factors was the hydraulic
fracture conductivity followed by both natural fracture’s permeability and matrix permeability. On
the other hand, there was a slight positive reduction change in the matrix porosity on the gas
recovery due to the matrix porosity acting as the driving force or “compaction drive” for the gas
production. It was noted that the reduction in both matrix and natural fracture’s permeability
impact was almost identical due to the high initial effective stress in the reservoir model and
relatively, low initial natural fracture permeability. Consequently, the impact of reduction in the
natural fracture permeability on the gas production can be induced by the increase of the
permeability or a lowered initial stress for a shale formation.

The sections below will discuss and analyze the formation mechanical properties (Young’s
modulus and Poisson’s ratio), hydraulic fracture properties (initial fracture conductivity, half-
length, and fracture spacing), and finally, operating conditions (wellbore pressure). Each of the
above-mentioned properties had multiple values assigned for parametric studies based on the

Marcellus shale formation characteristics as well as a special case study.
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4.1 THE IMPACT OF THE FORMATION MECHANICAL PROPERTIES

In unconventional reservoirs, the basic reservoir understanding of the different rock
characteristics is crucial. For this study, two main mechanical rock properties have been analyzed
to investigate their impact on the productivity of the multi-stage fractured well. Additionally, the
impact of such parameters was mainly on the stimulated reservoir volume (SRV) for well MIP-
6H. The table below (Table 3) represent the parameters used aligned with the base model initial
values in addition to the range of the values used for the parametric studies for both Young’s

modulus and Poisson’s ratio for a Marcellus shale formation.

Table 3: The formation mechanical properties for well MIP-6H

Formation Mechanical Properties

Parameters Base Model Range Values Unit
Young's Modulus 2 X 1076 1x10"6 & 4 x 1076 psi
Poisson's Ratio 0.2 0.1&04 -

4.1.1 YOUNG’s MODULUS AND POISSON’s RATIO

For this parametric study, the focus will be on two main mechanical rock properties both
Young’s modulus and Poisson’s ratio. In order to investigate the impact of the mechanical rock
properties three case studies have been incorporated into the model. The table below (Table 4)
illustrates the three different parametric studies along with their values. Recall that, the base model
had a Young’s modulus of E = 2 x 10° and a Poisson’s ratio of v = 0.2 per (Table 3). As a result,
a lower value was chosen and a higher value with adjustments made later on based on the
investigations on the formation compressibility.

Table 4: The % reduction change of the formation mechanical properties on the cumulative gas
production rate for well MIP-6H

Mechanical Properties Values Percent Redu;:)tion in _Cumulative Gas
roduction
Young's Modulus Poisson’s Ratio %
E = 1x10"6 v=0.1 7.09
E = 4x10"6 v=04 -11.69
E = 4x10"6 v=04 17.35

It was observed that for the case with the lower values of E =1 x 10° and v = 0.1

compared to the base case showed a higher reduction in the matrix porosity, matrix permeability,
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natural fractures permeability, and the hydraulic fracture permeability due to the formation being
more compressible under the compaction influence. Additionally, the brittleness of the Marcellus
shale formation helped with the ease to compress the layers as well. Consequently, a slight positive
enhancement was observed in the total percent reduction in gas recovery of 7.09 % for the lower
Poisson’s ratio and Young’s modulus. Lastly, the increase in gas recovery was a result of the
enhancement in the compaction drive due to the high reduction in the matrix porosity.

On the other hand, it was observed that for the case with the higher values of E = 4 x 10°
and v = 0.4 compared to the base case showed a lower reduction in the matrix porosity, matrix
permeability, natural fractures permeability, and the hydraulic fracture permeability due to the
formation being less compressible under the compaction influence. The higher the Young’s
Modulus and Poisson’s ratio of the formation leads to a harder form of the rock to be compressed.
Consequently, a negative trend in the total percent reduction in gas recovery of -11.96 % for the
higher Poisson’s ratio and Young’s modulus. Additionally, a special case study was observed on
the higher value of E = 4 x 10° and v = 0.4 resulted in a positive improvement on the impact of
the gas recovery with a 17.35 % in percent change in reduction will be discussed below.

The matrix porosity contributes to the compaction drive of the gas reservoir, such that it
acts as the drive mechanism to initiate the fluid-flow in the porous medium. There is a direct
relationship with the mechanical properties and the matrix porosity summarized in the porosity
equation incorporated into the iterative coupled model. The equation below (Equation 13) will
illustrate the porosity function and how it relates both Young’s modulus and Poisson’s ratio to

have an impact on the productivity of the well.

@™ = @™ + (co + cpa)(p — p™) + (¢1 + ca,)(T — TM) Equation (13)
Where both parameters of a; and a, represent the relationship as follows:
2E
a, = factor {macb } Equation (14)

a, = factor {%ﬁ} Equation (15)

For this study, the main multipliers incorporated were for the permeability and the
hydraulic fracture conductivity for each of the three cases. Consequently, the permeability of both
matrix and natural fractures (fissure) did not require significant alternations for the different values
of the mechanical properties. However, the hydraulic fracture conductivity multiplier had to be
adjusted for each case. For the case with the lower values of E = 1 x 10° andv = 0.1, it was not
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significantly different than the base case with E = 2 x 10° and v = 0.2 so no further alternations
were required since the percent reduction was positive. However, the case with the higher value
of E = 4 x 10° and v = 0.4 had a special case to be investigated.

The propped hydraulic fracture conductivity was adjusted for the higher values case from
the available published data and measurements (McGinley et. al, 2015). Two core plug samples
were taken from two different locations Elimsport and Allenwood and each had different
mechanical rock properties. The Allenwood sample had similar characteristics of the second case
with the higher value of Young’s modulus E = 4 x 10°. As a result, a new adjusted multiplier was
developed for that case and incorporated into the model to improve the production of the MIP-6H
well. The table below (Table 5), illustrates the rock mechanical properties for both Elimsport and
Allenwood core samples generated by McGinley before developing the study of the propped
fracture conductivity.

Table 5: Summary of the rock mechanical properties for both the Elimsport and Allenwood samples
(McGinley et. al, 2015)

Property Allenwood Elimsport
E, 4.41 X 10° psi 2.32 x 10° psi
E, 3.99 X 10° psi 1.10 X 10° psi
v, 0.161 0.283

V, 0.202 0.256

The figure below (Figure 33), shows the 5-year production profile for the three different
cases of the mechanical properties compared to the base case. Additionally, the case with the
higher Young’s modulus and Poisson’s ratio had two production profiles for comparison purposes
due to the inclusion of the new hydraulic fracture conductivity multiplier to improve the gas
recovery for well MIP-6H. The first production profile for f E = 4 x 10° and v = 0.4 was
simulated with the original hydraulic fracture conductivity multiplier. Whereas the second
production profile for the same value was generated for the new hydraulic fracture conductivity
multiplier using the Allenwood core sample from the published propped fracture conductivity

measurement which showed an improvement on the gas recovery for well MIP-6H.
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The Impact Of The Mechanical Properties (Poisson’s Ratio &
Young's Modulus) On The Cumulative Gas Production
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Figure 33: The impact of the formation mechanical properties (Young’s modulus & Poisson’s ratio) on
the cumulative gas production rates of well MIP-6H

The reason behind the case with E = 4 x 10° and v = 0.4 incorporated with the original
hydraulic fracture multiplier showed a negative percent reduction change in the gas recovery was
attributed to a lower reduction in the matrix porosity which lowered the compaction drive over
time. On the other hand, the case with the new hydraulic fracture conductivity multiplier resulted
in an increased percent reduction in the gas recovery which attributed towards less reduction in the
hydraulic fracture conductivity. Consequently, the reduction of the hydraulic fracture conductivity
on the productivity has a noticeable impact than the matrix porosity reduction. Such that, higher
gas recovery is observed due to overcoming the reduction in production caused by the decreased
compaction drive to keep the fracture open in the formation.

There was no direct impact or a noticeable impact on the effective stress but more on the
hydraulic fracture conductivity since that was incorporated into the model to improve the
production. In fact, both Young's Modulus and Poisson's Ratio are directly related to the porosity
equation used for the iterative coupling which has a noticeable impact on the pore pressure as well.
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4.2 THE IMPACT OF THE HYDRAULIC FRACTURE PROPERTIES

In unconventional reservoirs, the application of hydraulic fracturing has been heavily
implemented in the oil and gas industry. For this study, three main hydraulic fracture properties
have been analyzed to investigate their impact on the productivity of the multi-stage fractured well.
Additionally, the impact of such parameters was mainly on the stimulated reservoir volume (SRV)
for well MIP-6H. The table below (Table 6) represent the parameters used aligned with the base
model initial values in addition to the range of the values used for the parametric studies. The range
of the values have been selected per the Marcellus shale formation characteristics.

Table 6: The Hydraulic fracture properties for well MIP-6H

Hydraulic Fracture Properties
Parameters Base Model Range Values Unit
Half-length 300 100, 200, & 400 ft
Initial Conductivity 20 5, 10, 15, 25, 35, & 40 md-ft
Number of Stages 8 12 & 16 -

4.2.1 INITIAL FRACTURE CONDUCTIVITY

In order to investigate the impact of the initial fracture conductivity on the stimulated
reservoir volume (SRV), two production profiles were generated for further analysis. The first
production profile represents the early-production time of the well by selecting 1 year. On the other
hand, the second production profile was chosen to be 5 years to investigate the effect over a longer
period of production over time. Additionally, the compressibility impacts have been included to
the model and act as a geomechanical barrier in comparison to the results with no compressibility
impact. This approach was used in the study in order to provide a more realistic simulated
production profile to reduce the over-estimation or under-estimation of the gas reserves
production. The tables below (Table 7 and 8) illustrate the results obtained from the 1-year

production profile including the compressibility impacts and without.
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Table 7: fracture conductivity compressibility impact on the First Year cumulative gas production

First-Year Production

§ Initial Fracture Conductivity Cumulative Gas Production
£ md-ft SC (MMSCF)
2 5 313
S 10 376
% 15 415
o 20 437
= 25 452
O 35 468

40 472

Table 8: First-Year cumulative gas production with no compressibility impacts

3 First-Year Production

S Initial Fracture Conductivity Cumulative Gas Production
£ md-ft SC (MMSCF)

2 5 587

S 10 648

2 15 674

S 20 689

g 25 698

© 35 712

= 40 716

Table 9: First-Year cumulative gas production with compressibility impacts

1-Year Production Profile

23 Initial Fracture Conductivity | Total Reduction in Cumulative Gas Production
S md-ft %
& 5 46.6667
IS 10 42.0469
5 15 38.4924
b 20 36.5697
g 25 35.3472
e 35 34.2984

40 34.0184

From the above tables, it can be seen that the cumulative gas production with the
compressibility impacts is less than the cumulative gas production without the compressibility
impacts. This is due to higher production rates during the early-production time. However, this can

be better visualized in Figures 33 and 34 where each initial conductivity has its specific impact

47



over each gas production. As Figure 35 illustrates the percent difference of reduction in cumulative
gas production for the 1-year production profile.

First-Year Production Profile: Initial Hydraulic Fracture Conductivity Impact on
Cumulative Gas Production [with compressibility effects]
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Figure 34: 1-Year Initial hydraulic fracture conductivity impact on the cumulative gas production
(compressibility effects)

First-Year Production Profile: Initial Hydraulic Fracture Conductivity Impact
on Cumulative Gas Production [without compressibility effects]
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Figure 35: 1-Year Initial hydraulic fracture conductivity impact on the cumulative gas production (no
compressibility effects)
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First-Year Production Profile: % Reduction in Cumulative

Gas Production §
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Figure 36: Percent Reduction in cumulative gas production for different values of the Initial hydraulic
fracture conductivity.

From the figure above (Figure 36), it can be illustrated that the lowest initial fracture
conductivity (5 md-ft) has the highest adverse impact on the percent reduction in gas recovery by
46.6%, whereas the highest fracture conductivity (40 md-ft) showed the least impact by roughly
34.0%. Similarly, the same approach has been applied but on a different production profile of 5
years to observe the impact on the gas recovery throughout the late life of the well. The tables
below will illustrate the 5-year production profile, as well as the charts for each initial fracture
conductivity.

Table 10: 5-Year Initial fracture conductivity on the cumulative gas production with no compressibility

impacts
5-Year Production Profile
Initial Fracture Conductivity Cumulative Gas Production

& md-ft SC (MMSCF)
g 5 839
2 10 986
5 15 1059
A
e 20 1098
Q.
S 25 1124
@)

35 1153

40 1162
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Table 11: 5-Year Initial fracture conductivity on the cumulative gas production with no compressibility

impacts
5-Year Production Profile

g Initial Fracture Conductivity Cumulative Gas Production
o
£ md-ft SC (MMSCF)
2 5 1353
=2 10 1420
& 15 1446
Q.
g 20 1460
LO’ 25 1469
z 35 1480

40 1484

Table 12: 5-Year % reduction of Initial fracture conductivity on the cumulative gas production

5-Year Production Profile
Initial Fracture Conductivity Total Reduction in Cumulative Gas Production

@ md-ft %
c
‘65 5 37.9938
- 10 30.5288
o
B 15 26.7947
>
3 20 24.7945
04
© 25 23.5003
o

35 22.1343

40 21.7164

Generally, higher gas production rates are due to the increase in the initial fracture
conductivity whether the impact of the compressibility and compaction was applied to that
model, and this was showed for the different production profiles of 1-year and 5-year to

demonstrate and emphasize the case study.
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5-Year Production Profile: Initial Hydraulic Fracture Conductivity Impact on
Cumulative Gas Production [with compressibility effects]
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Figure 37: 5-Year Initial hydraulic fracture conductivity impact on the cumulative gas production (with
compressibility effects)
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Figure 38: 5-Year Initial hydraulic fracture conductivity impact on the cumulative gas production
(without compressibility effects)
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5-Year Production Profile: % Reduction in Cumulative Gas
Production
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Figure 39: 5-Year percent Reduction in Initial hydraulic fracture conductivity impact on the cumulative
gas production.

From the figure above (Figure 39), it can be illustrated that the lowest initial fracture
conductivity (5 md-ft) has the highest adverse impact on the percent reduction in gas recovery by
37.9%, whereas the highest fracture conductivity (40 md-ft) showed the least impact on the

percent reduction in gas recovery by roughly 21.7%.

1-Year versus 5-Years Production Profile: % Reduction in Cumulative Gas
Production
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Figure 40: 5-Year percent Reduction in Initial hydraulic fracture conductivity impact on the cumulative
gas production.
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The figure above, (Figure 40) will illustrate the percent reduction in the cumulative gas
production affected by the initial fracture conductivity for the different fracture conductivities, 5,
10, 15, 20, 25, 35, and 40 (md-ft) between the 1-year and the 5-year production profiles. As
illustrated in the chart below (Figure 41), the initial fracture conductivities started to increase
sharply from an effective of 4000 psi. During the early-production time, as the effective stress
increases the initial fracture conductivity increases represented by a directly proportional
relationship. However, this increasing effect diminishes over time as can be observed between the
years 4 to 6 where the change is very slight due to a drop in the production rates.

For instance, the 1-year production profile for regarding the higher conductivities [25 md-
ft and above] had a percent reduction in the cumulative gas production an average of 34.5%,
whereas for the 5-year production profile the higher conductivities had an average of 22.45%
which proves the early-production time has a higher impact on the percent reduction in gas
recovery.

Lastly, the higher initial hydraulic fracture conductivity values ranging from 25 md-ft and
above the reduction in the cumulative gas production was observed to be constant, and this was
illustrated by observing the impact of it on the effective stress for the stimulated reservoir volume
(SRV).

Impact of the Initial Hydraulic Fracture Conductivity on the Effective Stress
8000

7000

Initial Fracture Conductivity [ 5 md-ft ]
6000 Initial Fracture Conductivity [ 10 md-ft
e |nitial Fracture Conductivity [ 15 md-ft

Initial Fracture Conductivity [ 20 md-ft

Effective Stress. [psi]

5000

]
1
]
Initial Fracture Conductivity [ 25 md-ft]
/' e |nitial Fracture Conductivity [ 35 md-ft ]
]
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Figure 41: The impact of the initial fracture conductivity on the effective stress for well MIP-6H
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On the other hand, (Figure 41) demonstrated how the wide range of initial fracture
conductivities can contribute to impacting the effective stress, thus enhancing the productivity of
the multi-stage fractured horizontal well. As can be observed, as the initial fracture conductivity
increases, the effective stress acting on the stimulated reservoir volume (SRV) increases over time.
Generally, during the hydraulic fracturing phase a proppant is injected into the fracture to keep it
open. As a result, higher proppant into the fracture increases the conductivity whereas having less
proppant in the fracture reduces the size of its which limits the stress to act on it. Higher production
rates require high initial fracture conductivity to keep the fracture open leading to an increase in
the effective stress.

The higher values of the initial fracture conductivity, [25, 35, 40 md-ft] showed a slight
large impact on the effective stress. However, the smaller values of the initial fracture conductivity
[5, 10 md-ft] had the same trend but it was slightly lower than the higher values. In fact, the
effective stress impact diminishes over-time for the higher conductivity values by having a slight

no change, semi-constant change on the productivity of the well.

4.2.2 FRACTURE SPACING

In order to investigate the impact of the fracture spacing associated with the number of
stages on the stimulated reservoir volume (SRV), three production profiles were generated for
further analysis. The first production profile represents the early-production time of the well by
selecting the first 30 days. On the other hand, the second production profile was chosen to be 5
years to investigate the effect over a longer period of production over time. Lastly, the third
production profile was chosen to represent the 1-year. The figure below (Figure 42) represent a
schematic of the fracture spacing, stages, and fracture half-length of a horizontal well and how
each is related to the other. As can be observed, the more fracture stages in the wellbore reduces
the fracture spacing in between. For the base model, initially, there were eight hydraulic fracture
stages with a 300 ft hydraulically fractured spaces. For this study, testing higher values of the
fracture stages to 12, and 16 stages to investigate the impact of the fracture spacing on the

cumulative gas production of the multi-stage fractured horizontal well.
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Figure 42: A Schematic of a horizontal well showing the fracture half-length and fracture spacing
(Kolawole, O., Wigwe, M., Ispas, I. et al., 2020)

The tables below illustrate the results of the 30-days production profile for the different

fracture stages values impact on the cumulative gas production with including and excluding the

compressibility impacts as well as the percent reduction impact on the productivity of the well.

Table 13: 30-Days percent reduction of hydraulic fracture spacing on the cumulative gas production

for well MIP-6H

% Reduction
Change

30-Days Production Profile

Number of Stages

Total Reduction in Cumulative Gas

Production
%
8 43.4862
12 43.8309
16 44,1832

Table 14: 30-Days hydraulic fracture spacing on the cumulative gas production with compressibility

impacts

Compressibility
Impact

30-Days Production Profile

Number of Stages

Cumulative Gas Production

SC (MMSCF)
8 86
12 134
16 175
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Table 15: 30-Days hydraulic fracture spacing on the cumulative gas production with no compressibility

impacts
2 30-Days Production Profile
% - Number of Stages Cumulative Gas Production
N9 Q
< é SC (MMSCF)
E = 8 152
g 12 239
z 16 314

It was observed that, Including the compressibility impacts resulted in reducing the
cumulative gas production rates for the 8-stages case with a recorded value of 86 MMscf, unlike
removing the compressibility impacts for the 8-stages resulted in a higher cumulative gas
production of 152 MMscf. As the fracture stages increase, the cumulative gas production increases
accordingly, for the lower stage spacing cases (higher fracture stages). To illustrate, the following
figures represent the impact of the fracture spacing on the productivity of the well for each case

study on the 30-days production profile, respectively.

30-Days Production Profile: % Reduction in Cumulative Gas Production
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Figure 43: 30-Days percent Reduction hydraulic fracture stages impact on the cumulative gas
production.
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30-Days Production Profile: Fracture Fracture Spacing Impact on
Cumulative Gas Production [Comressibility impact]
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Figure 44: 30-Days hydraulic fracture stages impact on the cumulative gas production (compressibility
effects)

30-Days Production Profile: Fracture Fracture Spacing Impact on Cumulative Gas
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Figure 45: 30-Days hydraulic fracture stages impact on the cumulative gas production (no
compressibility effects)

From the figures above, the higher the fracture stages (12, and 16 stages) the more gas rate
from the well was produced by aligned with a decrease in the fracture spacing. As a result, this

confirms the inverse relationship between the fracture spacing and the fracture stages in the
wellbore and how it affects the production during the early fluid-flow phase.
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On the other hand, the tables below illustrate the results of the 1-year production profile
for the different fracture stages values impact on the cumulative gas production with including and
excluding the compressibility impacts as well as the percent reduction impact on the productivity

of the well.

Table 16: 1-year percent reduction of hydraulic fracture spacing on the cumulative gas production for
well MIP-6H

1-Year Production Profile

% Reduction
Change

Fracture Spacing

Total Reduction in Cumulative Gas Production

%
8 36.5697
12 32.9587
16 31.5144

Table 17: 1-year hydraulic fracture spacing on the cumulative gas production with compressibility

impacts

Compressibility
Impact

1-Year Production Profile

Fracture Spacing

Cumulative Gas Production

SC (MMSCF)
8 437
12 616
16 759

Table 18: 1-year hydraulic fracture spacing on the cumulative gas production with no compressibility

impacts

No Compressibility
Impact

1-Year Production Profile

Fracture Spacing

Cumulative Gas Production

SC (MMSCF)
8 689
12 919
16 1108

It was observed that, Including the compressibility impacts resulted in reducing the
cumulative gas production rates for the 8-stages case with a recorded value of 437 MMscf, unlike
removing the compressibility impacts for the 8-stages resulted in a higher cumulative gas
production of 689 MMscf. As the fracture stages increase, the cumulative gas production increases
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accordingly, for the lower stage spacing cases (higher fracture stages). To illustrate, the following

figures represent the impact of the fracture spacing on the productivity of the well for each case

study on the 1-year production profile, respectively.

1-Year Production Profile: % Reduction in Cumulative Gas Production
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Figure 46: First-year percent reduction hydraulic fracture stages impact on the cumulative gas

800
600
400
200

1-Year Production Profile: Fracture Fracture Spacing Impact on
Cumulative Gas Production [Comressibility impact]

production.

8 12
Fracture Stages

16

Cumulative Gas Prodction,
(MMSCF)

Figure 47: First-year hydraulic fracture stages impact on the cumulative gas production (with

compressibility effects)
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1-Year Production Profile: Fracture Fracture Spacing Impact on
Cumulative Gas Production [No Comressibility impact]
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Figure 48: First-year hydraulic fracture stages impact on the cumulative gas production (without
compressibility effects)

On the other hand, the tables below illustrate the results of the 5-years production profile
for the different fracture stages values impact on the cumulative gas production with including and
excluding the compressibility impacts as well as the percent reduction impact on the productivity
of the well. For the 5-year production profile, the analysis was the opposite of the 30-days
production profile impact of the fracture stages on the productivity of the well, where these will
be illustrated below.

Table 19: 5-Years percent reduction of hydraulic fracture spacing on the cumulative gas production for

well MIP-6H
“éa 5-Year Production Profile
= — -
'LC> Number of Stages Total Reduction in Qumulatlve Gas
Production
S %
g 8 24.7945
§ 12 19.4719
X 16 17.2122
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Table 20: 5-Years hydraulic fracture spacing on the cumulative gas production with compressibility

impacts

o 5-Year Production Profile
= Number of Stages Cumulative Gas Production
25
28 - SC (MMSCF)
—
S £ 8 1098
8 12 1275

16 1462

Table 21: 5-Years hydraulic fracture spacing on the cumulative gas production with no compressibility

impacts
2 5-Year Production Profile
% - Number of Stages Cumulative Gas Production
[ BN S]
€8 - SC (MMSCF)
£ £ 8 1460
LOJ 12 1583
pa 16 1766

It was observed that, Including the compressibility impacts resulted in reducing the
cumulative gas production rates for the 8-stages which was the lowest with a recorded value of
1098 MMscf, unlike removing the compressibility impacts for the 8-stages resulted in a higher
cumulative gas production of 1460 MMscf, which concludes a difference of 362 MMscf. As the
fracture stages increase, the cumulative gas production increases accordingly, for the lower stage
spacing cases (higher fracture stages).

To illustrate, the following figures below represent the impact of the fracture spacing on
the productivity of the well for each case study on the 5-years production profile, respectively. As
a matter of fact, both production profiles had the opposite impact as the lowest fracture stages had
the lowest gas rate in the 30-days production, then the opposite occurred for the 5-year production
profile as the fracture stages were increasing, the gas production rate started to decrease. From the
figures below, the 16 stages showed the highest positive impact on the gas production unlike the
low base case with 8 stages. Whereas the percent reduction in the cumulative gas production

showed the highest percent change in the 8 stages (base case).
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Figure 49: 5-Years percent Reduction hydraulic fracture stages impact on the cumulative gas
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Figure 50: 5-Years hydraulic fracture stages impact on the cumulative gas production (compressibility

effects)
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5-Years Production Profile: Fracture Fracture Spacing Impact on Cumulative
Gas Production [No Comressibility impact]
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Figure 51: 5-Years hydraulic fracture stages impact on the cumulative gas production (no
compressibility effects)

The figure below (Figure 52), illustrates a combination percent change in the cumulative
gas production of the two production profiles (30-days, and 5-years) and their total impact on the
productivity of the MIP-6H well. Generally, due to an increased production at the early stages of
the well lowers the porosity, permeability of both the matrix and the natural fractures inducing the
fluid to flow out of the wellbore.

As a result, the 30-days production profile illustrated this phenomenon as it showed an
increased yet diminishing effect of the different fracture stages on the gas production, unlike both
the 1-year and 5-year production profile which showed a decrease in all of the fracture stages due
to decreased production rates throughout the remaining life of the well. Additionally, the 30-days
production profile mimic the early stages of production whereas from the years 1-5 the gas

production rates are lower and declining.
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Figure 52: The percent reduction in the cumulative gas production of the 30-days production profile

for well MIP-6H for the different fracture stages.

Additionally, the figure below (Figure 53), illustrates a combination percent change in the

cumulative gas production of the two production profiles (1-year, and 5-years) and their total

impact on the productivity of the MIP-6H well.

1-Year Vs. 5-Year Production Profile: % Reduction in Cumulative Gas
Production
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Figure 53: The percent reduction in the cumulative gas production of the 1-year versus the 5-year
production profile for well MIP-6H for the different fracture stages.
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Lastly, the impact of the different fracture stages had a noticeable impact on the effective
stress which confirms the claims of this study. The figure below (Figure 54), illustrate the impact
of the effective stress on the fracture spacing for the MIP-6H for a time window of 15 years having
the same increasing trend for the previous parametric studies which confirms that including the
compressibility impacts could alter the effective stress acting on the stimulated reservoir volume
for the well.

Although the difference in the effective stress is not large, this increasing trend diminishes
over-time due to the low production gas rates. The adverse compressibility impacts are usually
more pronounced during the early production times, compaction which aid in the reduction of the
permeability, porosity and hydraulic fracture conductivity causing an enhancement for the fluid-
flow in the formation.
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Figure 54: The impact of the hydraulic fractures spacing and fractures on the effective stress for well
MIP-6H

As can be observed from the figure above (Figure 54), the effective stress increases rapidly
for the higher stages’ values (12, and 16) which means there is less fracture spacing compared to
the lower fracture stage case (the base case), which remains almost constant throughout the
remaining life of the well. In addition, this is due to the high volume of the gas recovery in the

early stages of the production phase. After 15 years, the lowest fracture spacing with the highest
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fracture stages (16 stages) had a total effective stress of 8291 psi whereas the lower fracture spacing

had a lower effective stress of 7912 psi.

42.3 FRACTURE HALF-LENGTH

In order to investigate the impact of the hydraulic fracture half-length on the inside and
outside stimulated reservoir volume (SRV), two production profiles were generated for further
analysis. The first production profile represents the early-production time of the well by selecting
1 year. On the other hand, the second production profile was chosen to be 5 years to investigate
the effect over a longer period of production over time. Additionally, the compressibility impacts
have been included to the model and act as a geomechanical barrier in comparison to the results
with no compressibility impact.

This approach was used in the study in order to provide a more realistic simulated
production profile to limit the over-estimation or under-estimation of the gas reserves production.
The tables below illustrate the results obtained from the 1-year production profile including the

compressibility impacts and without.

Table 22: First-Year percent reduction of hydraulic fracture half-length on the cumulative gas
production for well MIP-6H

o First-Year Production Profile

c p - 5
E_-)G Fracture Half-Length Ll jo::g?g dlgcggrr]nulatlve
= ft %

B 100 32.8021

= 200 34.1512

o 300 36.5697

S 400 39.0113

Table 23: First-Year hydraulic fracture half-length on the cumulative gas production with
compressibility impacts

First-Year Production Profile

P
= Fracture Half-Length Cumulative Gas Production
O 4
23 ft SC (MMSCF)
SE 100 214
o =
£ 200 335
@) 300 437

400 518
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Table 24: First-Year hydraulic fracture half-length on the cumulative gas production with no
compressibility impacts

> First-Year Production Profile

E Fracture Half-Length Cumulative Gas Production
g3 ft SC (MMSCF)

S & 100 318

e

8 - 200 509

° 300 689

= 400 850

During the 1-year production profile, as the fracture half-length increases, the cumulative
gas production increases accordingly. The inclusion of the compressibility impacts lowered the
cumulative gas production for this study which supports the claim.

As a result, with the highest fracture half-length of 400 ft, for the case including the
compressibility impacts it recorded 518 MMscf of cumulative gas rate. Whereas the exclusion of
the compressibility impacts for the same half-length recorded 850 MMscf which is higher by 332
MMscf. The percent reduction of the base case with 300 ft fracture half-length illustrated a 36.56%
whereas the lowest case with 100 ft of fracture half-length showed the lowest reduction of 32.8%.
The figures below demonstrate the 1-year production profile for the fracture half-length impact on

the cumulative gas production of the well.

First-Year Production Profile: % Reduction in Cumulative Gas
Production

40
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100 200 300 400

25

Total Reduction on Cumulative Gas
Production, %

Fracture Half-Lengths (ft.)

Figure 55: 1-Year % Reduction hydraulic fracture half-length impact on the cumulative gas production.
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1-Year Production Profile: Fracture Half-Lengths Impact on
Cumulative Gas Production [Comressibility impact]
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Figure 56: 1-Year hydraulic fracture half-length impact on the cumulative gas production
(compressibility effects)

1-Year Production Profile: Fracture Half-Lengths Impact on
Cumulative Gas Production [No Comressibility impact]
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Figure 57: 1-Year hydraulic fracture half-length impact on the cumulative gas production (no
compressibility effects)

On the other hand, during the 5-year production profile, as the fracture half-length
increases, the cumulative gas production increases accordingly. However, the cumulative gas rate
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is reduced due to a reduced production since the pore pressure is lowered after a while of
producing. The inclusion of the compressibility impacts lowered the cumulative gas production
for this study which supports the claim as well. Consequently, the production rates are higher due
to an increase in the effective stress causing the fluid-flow mechanism to take place.

As a result, with the highest fracture half-length of 400 ft, for the case including the
compressibility impacts it recorded 1279 MMscf of cumulative gas rate. Whereas the exclusion of
the compressibility impacts for the same half-length recorded 1685 MMscf which is higher by 406
MMscf. The percent reduction of the base case with 300 ft fracture half-length illustrated a 24.48%

whereas the lowest case with 100 ft of fracture half-length showed the highest reduction of 26.48%.

Table 25: 5-Years % reduction of hydraulic fracture half-length on the cumulative gas production for

well MIP-6H
N 5-Year Production Profile
C - - -
I Total Reduction in Cumulative
5 Fracture Half-Length Gas Production
g ft %
B 100 26.4890
= 200 25.4126
04 300 24.7945
S 400 24.1082

Table 26: 5-Years hydraulic fracture half-length on the cumulative gas production with compressibility

impacts

- 5-Year Production Profile
£ Fracture Half-Length Cumulative Gas Production
9 ft SC (MMSCF)
= 100 601
g = 200 867
S 300 1098

400 1279

Table 27: 5-Years hydraulic fracture half-length on the cumulative gas production with no
compressibility impacts

o E % 28 5-Year Production Profile
<0 53 E® Fracture Half-Length Cumulative Gas Production
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fit SC (MMSCF)
100 818
200 1162
300 1460
400 1685

The figures below demonstrate the 5-year production profile for the fracture half-length

impact on the cumulative gas production of the well. It has been observed that the 5-year

production profile does not exhibit significant differences for the various hydraulic fracture half-

lengths. Consequently, from year 2 to year 5 the production rates of the well started to decline

leading the effective stress to have a diminishing impact on the stimulated reservoir volume as can

be shown in the graphs below.

27
26
25
24
23
22

5-Year Production Profile: % Reduction in Cumulative Gas

Production

100 200 300 400

Fracture Half-Lengths (ft.)

Total Reduction on Cumulative Gas Production, %

Figure 58: 5-Years Percent Reduction hydraulic fracture half-length impact on the cumulative gas

production.
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5-Year Production Profile: Fracture Half-Lengths Impact on Cumulative
Gas Production [Comressibility impact]
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Figure 59: 5-Years hydraulic fracture half-length impact on the cumulative gas production
(compressibility effects)

5-Year Production Profile: Fracture Half-Lengths Impact on
Cumulative Gas Production [No Comressibility impact]

o

2

2000 S
2

1500 'g
ke

o

8

500 2
100 200 300 400 -%

=]

Fracture Half-Lengths (ft.) §

Figure 60: 5-Years hydraulic fracture half-length impact on the cumulative gas production (no
compressibility effects)
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The figure below (Figure 61), illustrates a combination of the percent change in the
cumulative gas production of the two production profiles both 1-year and 5-year. The percent
change was observed on the impact of productivity of the MIP-6H well. Generally, due to an
increased production at the early stages of the well it lowered the porosity, permeability of both
the matrix and the natural fractures inducing the fluid to flow out of the wellbore.

As a result, the 1-year production profile illustrated this phenomenon as it showed an
increased yet diminishing effect of the different hydraulic fracture half-lengths on the gas
production, unlike the 5-years production profile which showed a decrease in all of the hydraulic

fracture half-length due to decreased production rate throughout the remaining life of the well.

1-Year versus 5-Years Production Profile: % Reduction in Cumulative
Gas Production

m 5-Year Production

m 1-Year Production
40
35
30
25
100 200 300 400

20

Total Reduction on Cumulative Gas Production, %

Fracture Half-Lengths (ft.)

Figure 61: The percent reduction in the cumulative gas production of the 30-days versus the 5-year
production profile for well MIP-6H for the different hydraulic fracture half-lengths.

In summary of the three parametric studies done on the hydraulic fracture properties, initial
hydraulic fracture conductivity, hydraulic fracture spacing and stages, and lastly, hydraulic
fracture half-length. Each case generated two production profiles during the early time and a later
time for the well, with inclusion and exclusion of the compressibility impacts of the productivity
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of the well as well as the effective stress. The two figures below have a significant value since the
impact of the hydraulic fracture half-length was investigated not only inside the stimulated

reservoir volume, but also from the outside to distinguish the difference.

The Effective Stress impact On The Fracture Half-Length_Inside
The Stimulated Reservoir Volume
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4500
4000
0 5 10 15 20 o5

Time, (years)

Figure 62: The impact of the hydraulic fracture half-length on the effective stress inside the stimulated
reservoir volume for well MIP-6H

From the Figure above (Figure 62), the effective stress started to increase dramatically in
the first 5-years and then showed a diminished impact later. As can be observed, as the fracture
half-length increases throughout the life of the well, the effective stress increase accordingly. As
the fracture half-length increases (xf = 400 ft.), the effective stress increases which showed the
highest effective stress value at 8231 psi after 23 years. On the other hand, the lowest half-length
of 100 ft had an effective stress of 7687 psi in the same year which results in a total reduction of

544 psi in effective stress.
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The Effective Stress impact On The Fracture Half-Length Outside
The Stimulated Reservoir Volume
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Figure 63: The impact of the hydraulic fracture half-length on the effective stress outside the
stimulated reservoir volume for well MIP-6H

From the Figure above (Figure 63), the effective stress started to increase in the first 5-
years and then showed a diminished impact later. As can be observed, as the fracture half-length
increases throughout the life of the well, the effective stress decrease accordingly in comparison
to the inside SRV. As the fracture half-length increases (xf = 400 ft.), the effective stress showed
a decrease 8068 after 24 years. On the other hand, the lowest half-length of 100 ft had an
effective stress of 6664 psi in the same year which results in a higher total reduction of 1404 psi

in effective stress compared to the inside SRV.
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4.3 THE IMPACT OF THE OPERATING CONDITIONS

For this study, there was only parameter to investigate for the operating conditions of the
multi-stage fractured horizontal well, wellbore pressure. The wellbore pressure is often referred to
as the pore pressure of the formation. In addition, wellbore pressure is directly affected by the
effective stress distribution and the increase of the cumulative gas production. The table below
(Table 28) represent the parameters used for the parametric studies of the wellbore pressure aligned
with the base model initial. These values have been chosen specifically based on the Marcellus
shale characteristics. The base model resulted in a wellbore pressure of 400 psi which was
calculated from the difference between the constant overburden pressure acting on the SRV 8800
psi and the initial reservoir pressure of 4800 psi.

Table 28: The operating conditions properties for well MIP-6H

Operating Conditions Properties

Parameters Base Model Range Values Unit
Wellbore Pressure 400 600, 800, and 1000 psi

4.3.1 WELLBORE PRESSURE

When it comes to drilling a Marcellus shale formation, the wellbore pressure (P, r) one of
the main aspects to be focused on since it is associated with wellbore instability. Such that, when
the well was under compaction the overburden pressure was recorded 8800 psi in the simulated
reservoir volume. Initially, the reservoir pressure was 4800 psi which is less than the overburden
pressure, this difference is what is called wellbore pressure. The productivity of the MIP-6H in
this study was affected by the different values of the wellbore pressure to illustrate the fluid-flow
in the formation under compaction and deformations.

Two production profiles were generated for the impact of the wellbore pressure on the
cumulative gas production of both 1-year and 5-years. The tables below will illustrate how
including and excluding the compressibility impacts for the 5-year production profile in the
reservoir model had a noticeable impact on the gas production rates. Such that, including the
compressibility impacts resulted in decreasing the cumulative gas production rates to illustrate an
accurate production profile. On the other hand, excluding the compressibility impacts gave an
over-estimate of the gas production rate in comparison to the actual field data. The percent
reduction of the cumulative gas production was recorded for each case study. It was observed that

as the wellbore pressure increases, the percent reduction in the cumulative gas production decrease.
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The tables below will illustrate how including and excluding the compressibility impacts

for the 1-year production profile in the reservoir model had a noticeable impact on the gas

production rates.

Table 29: 1-Year percent reduction of wellbore pressure impact on the total cumulative gas

production

% Reduction Change

in Cumulative Gas

Production

1-Year Production Profile

Wellbore Pressure

Total Reduction in Cumulative Gas

Production
psi %
400 36.5747
600 35.8304
800 34.8261
1000 33.6243

Table 30: 1-Year wellbore pressure impact on the cumulative gas production (with compressibility

effects)

- 1-Year Production Profile
= Wellbore Pressure Cumulative Gas Production
g % psi SC (MMSCF)
& g. 400 437
g— - 600 432
8 800 426

1000 419

Table 31: 1-Year wellbore pressure impact on the cumulative gas production (without compressibility

effects)

No Compressibility

Impact

1-Year Production Profile

Wellbore Pressure Cumulative Gas Production
psi SC (MMSCF)
400 689
600 673
800 654
1000 631

It has been observed that as the wellbore pressure increases for the 1-year production

profile the cumulative gas production decreases which confirms the inverse relationship between

the wellbore pressure and the gas rate for the Marcellus shale formation. Consequently, the
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wellbore pressure decreases over-time since the fluid capacity decreases which causes the decrease
in the gas rate.

To illustrate, the inclusion of the compressibility impacts at 400 psi the gas rate was 437
MMscf which is lowered compared to 689 MMscf when the compressibility impacts were
included. As a result, this is for the early production time where the effective stress is very high
causing an increase in the gas production rates.

For this reason, the increase in the wellbore pressure showed an increase on the total
reduction on the cumulative gas production. The figures below (Figure 64) will illustrate each case
with the four different wellbore pressure values on the cumulative gas production for the 1-year

production profile.

1-Year Production Profile: % Reduction in Cumulative Gas Production
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Figure 64: 1-Year Percent Reduction in wellbore pressure impact on the cumulative gas production.
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1-Year Production Profile: Wellbore Pressure Impact on Cumulative Gas
Production [Comressibility impact]
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Figure 65: 1-Year Wellbore pressure impact on the cumulative gas production (with compressibility
effects)

1-Year Production Profile: Wellbore Pressure Impact on Cumulative
Gas Production [No Comressibility impact]
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Figure 66: 1-Year Wellbore pressure impact on the cumulative gas production (without compressibility
effects)
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On the other hand, the tables below will illustrate how including and excluding the
compressibility impacts for the 5-year production profile in the reservoir model had a noticeable
impact on the gas production rates.

Table 32: 5-Year percent reduction of wellbore pressure impact on the total cumulative gas

production
qéa % 5-Year Production Profile
S0 - Wellbore Pressure Total Reduction in Qumulatlve Gas
O <o Production
§8 8 psi %
8278 400 24.7945
334 600 23.7222
x © 800 22.3332
S~ 1000 20.9989

Table 33: 5-Year wellbore pressure impact on the cumulative gas production (compressibility effects)

- 5-Year Production Profile
= Wellbore Pressure Cumulative Gas Production
= s psi SC (MMSCF)
S o 400 1460.231323
s £ 600 1422.134399
S 800 1374.306519
1000 1319.173584

Table 34: 5-Year wellbore pressure impact on the cumulative gas production (no compressibility
effects)

5-Year Production Profile

No Compressibility
Impact

Wellbore Pressure

Cumulative Gas Production

psi SC (MMSCF)
400 1098.173584

600 1084.772583

800 1067.379639
1000 1042.161987

It has been observed that as the wellbore pressure increases for the 5-year production
profile the cumulative gas production decreases which confirms the inverse relationship between
the wellbore pressure and the gas rate for the Marcellus shale formation. Consequently, the
wellbore pressure decreases over-time since the fluid capacity decreases which causes the decrease

in the gas rate. When the wellbore pressure for the base model was 400 psi, the cumulative gas
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production rate was at its peak due to early production. To illustrate, the inclusion of the
compressibility impacts at 400 psi the gas rate was 1460.23 MMscf which is higher compared to
1098.17 MMscf when the compressibility impacts were included. The figures below will illustrate
each case with the four different wellbore pressure values.

5-Years Production Profile: Percent Reduction in Cumulative Gas

Production
25
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Wellbore Pressure, psi

1000

Total Reduction on Cumulative Gas
Production, %

19

Figure 67: 5-Year percent reduction in wellbore pressure impact on the cumulative gas production.
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5-Years Production Profile: Wellbore Pressure Impact on Cumulative
Gas Production [Comressibility impact]
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Figure 68: 5-Year Wellbore pressure impact on the cumulative gas production (with compressibility
effects)

5-Years Production Profile: Wellbore Pressure Impact on Cumulative
Gas Production [No Comressibility impact]
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Figure 69: 5-Year Wellbore pressure impact on the cumulative gas production (without compressibility
effects)
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The compaction of the reservoir is often associated with an increase in the effective stress
causing the pore pressure to decrease in the formation. Consequently, porosity in this case acts as
the drive mechanism for the fluid-flow in the stimulated reservoir volume. The wellbore pressure
then decreases as the well is producing causing the gas production to decrease throughout the
remaining life of the well. The figure below (Figure 70), represent the different set of values for
the wellbore pressure acting on the stimulated reservoir volume (SRV) relative to the impact of

the effective stress on well MIP-6H.

The Impact of the Wellbore Pressure on the Effective Stress
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Figure 70: The impact of the wellbore pressure on the effective stress for well MIP-6H

As can be observed from the figure above, the lowest wellbore pressure had the highest
impact on the effective stress with a recorded value of 8104 psi, in comparison to the highest
wellbore pressure of 1000 psi which resulted in a lower effective stress of 7693.78 psi. The impact
of the wellbore pressure starts to increase initially then diminishes overtime since most of the fluid
is no longer in the wellbore and moving upward to the surface. In addition, the effective stress

increases slowly when the gas production rates decreasing due to low porosity and permeability
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for the well to produce under compaction. Lastly, lower draw-down pressure can mitigate the
increase of the effective stress impact on the gas production rates for the multi-stage fractured

Marcellus shale horizontal well.

44 CASE STUDY

After the investigation of all the parametric studies for this research i.e., mechanical
properties (Young’s modulus and Poisson’s ratio), hydraulic fracture properties (initial fracture
conductivity, fracture half-length, and fracture spacing), and lastly, operating conditions (wellbore
pressure). It has been observed that the initial fracture conductivity had the highest impact on the
gas recovery for the well. The lower the initial fracture conductivity, the higher the impact is on
the cumulative gas rate. Consequently, the 10 md-ft of initial fracture conductivity was
incorporated to the model and run with the different fracture spacing (8, 12, and 16 stages) to
implement the enhancement of the gas recovery for the week MIP-6H. The table below (Table 36),
illustrates the 5-year production profile of the percent reduction change on the different fracture
stages with the 10- md-ft fracture conductivity.

It was observed that with the lower fracture stage of 8 (base case), the gas recovery percent
change was 30.5% which is higher than the base case of 20 md-ft with a total reduction of 24.79%.
As a result, the 5-year production profile showed a diminishing effect of the cumulative gas
production over time yet was chosen to provide accurate estimate of the gas recovery of the well
MIP-6H.

The first production profile was generated for the 1-year, the tables below will illustrate the
impact of the fracture stages with a lower initial fracture conductivity on the cumulative gas
production of the well.

Table 35: The 1-year production profile of the percent reduction change in cumulative production of
fracture stages and 10 md-ft conductivity [case study]

c 1-Year Production Profile
S o Number of stages Total Reduction in Cumulative Gas Production
3 e ] %
T ®©
5 8 41.9753
L 12 34.6082
16 33.9458
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Table 36: The 1-year production profile of the of fracture stages and 10 md-ft conductivity on the
cumulative gas production with compressibility impacts [case study]

2 1-Year Production Profile

5 = Number of Stages Cumulative Gas Production
g8 SC (MMSCF)

s E 8 376

& 12 744

© 16 876

Table 37: The 1-year production profile of the of fracture stages and 10 md-ft conductivity on the
cumulative gas production with no compressibility impacts [case study]

2 1-Year Production Profile

S Number of Stages Cumulative Gas Production
o g8 SC (MMSCF)
zZo 2

s E 8 648

5 12 1138

© 16 1326

From the tables above, the inclusion of the compressibility impacts lowered the percent
reduction in gas recovery of the well as the fracture stages decrease. On the other hand, removal
of the compressibility factors increased the cumulative gas production rates as the fracture stages
increase (lower fracture spacing) causing the matrix porosity to act as a driving mechanism for the
fluid-flow.

The figures below illustrate the 1-year production profile for this case study with the
inclusion and exclusion of the compressibility impacts as well as the percent reduction in the
cumulative gas production for well MIP-6H. As a result, the 8-fracture stage showed the highest
percent reduction in gas recovery of 41% unlike the 12 and 16 fracture stages with a diminishing

impact over-time.
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1-Year Production Profile: % Reduction in Cumulative Gas
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Figure 71: The 1-year production profile of the percent reduction change in cumulative production of
fracture stages and 10 md-ft conductivity [case study]

1-Year Production Profile: Fracture Fracture Spacing Impact on
Cumulative Gas Production [Comressibility impact]
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Figure 72: The 1-year production profile of the fracture stages and 10 md-ft conductivity on the
cumulative gas production with compressibility impacts [case study]

85



1-Year Production Profile: Fracture Fracture Spacing Impact on
Cumulative Gas Production [Comressibility impact]
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Figure 73: The 1-year production profile of the fracture stages and 10 md-ft conductivity on the
cumulative gas production with no compressibility impacts [case study]

The second production profile was generated for the 5-year, the tables below will illustrate

the impact of the fracture stages with a lower initial fracture conductivity on the cumulative gas

production of the well.

Table 38: The 5-year production profile of the percent reduction change in cumulative production of
fracture stages and 10 md-ft conductivity [case study]

Cumulative Gas Prodction, (MMSCF)

5-Year Production Profile

c - N "
2 . Number of Stages Total Reducgon in Cumulative Gas
R roduction
> C N (y
g5 3
*o 8 30.5634
= 12 25.0968
16 23.4853
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Table 39: The 5-year production profile of the of fracture stages and 10 md-ft conductivity on the
cumulative gas production with compressibility impacts [case study]

Compressibility
Impact

5-Year Production Profile

Number of Stages

Cumulative Gas Production

- SC (MMSCF)
8 986
12 1161
16 1326

Table 40: The 5-year production profile of the of fracture stages and 10 md-ft conductivity on the
cumulative gas production with no compressibility impacts [case study]

> 5-Year Production Profile

= Number of Stages Cumulative Gas Production
o2& - SC (MMSCF)
Zz L

s E 8 1420

= 12 1550

© 16 1733

From the tables above, the inclusion of the compressibility impacts lowered the gas
recovery of the well as the fracture stages decrease. On the other hand, removal of the
compressibility factors increased the cumulative gas production rates as the fracture stages
increase (lower fracture spacing) causing the matrix porosity to act as a driving mechanism for the
fluid-flow. However, this is confirmed by the percent change in the total reduction of the gas
production for this case study with a 5.71% total increase in difference.

The figures below illustrate the 5-year production profile for this case study with the
inclusion and exclusion of the compressibility impacts as well as the percent reduction in the
cumulative gas production for well MIP-6H. As a result, the 8-fracture stage showed the highest
percent reduction in gas recovery of 30.5% unlike the 12 and 16 fracture stages with a diminishing

impact over-time with an average of 24.45% percent reduction in the gas recovery.
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5-Year Production Profile: % Reduction in Cumulative Gas Production
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Figure 74: The 5-year production profile of the percent reduction change in cumulative production of
fracture stages and 10 md-ft conductivity [case study]

5-year Production Profile: Fracture Fracture Spacing Impact on Cumulative Gas
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(m

@]

(9p]

=

1500 2
c

o

1300 2
©

e

1100 £
@

900 O
[5)

2

700 £
>

500 =
@)

8 12 16
Fracture Stages

Figure 75: The 5-year production profile of the fracture stages and 10 md-ft conductivity on the
cumulative gas production with compressibility impacts [case study]
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5-years Production Profile: Fracture Fracture Spacing Impact on Cumulative
Gas Production [Comressibility impact]
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Figure 76: The 5-year production profile of the fracture stages and 10 md-ft conductivity on the
cumulative gas production with no compressibility impacts [case study]

Similarly, the exclusion of the compressibility impacts increases the gas recovery rates
noticeably unlike the inclusion of the compressibility impacts with an adverse impact on the 16-ft
fracture stage with a total cumulative gas production of 1733 MMscf. Moreover, the 12-fracture
stage gave an average effect on the gas recovery for the well unlike the huge gap between the 8
and 16 fracture stage impacts acting on the stimulated reservoir volume.

Lastly, the impact of the different fracture stages had a noticeable impact on the effective
stress which confirms the claims of this study. The figure above (Figure 76), illustrate the impact
of the effective stress on the fracture spacing for the MIP-6H for a time window of 15 years having
the same increasing trend for the previous parametric studies which confirms that including the
compressibility impacts could alter the effective stress acting on the stimulated reservoir volume
for the well.

Although the difference in the effective stress is not large, this increasing trend diminishes
over-time due to the low production gas rates. The adverse compressibility impacts are usually
more pronounced during the early production times, compaction which aid in the reduction of the
permeability, porosity and hydraulic fracture conductivity causing an enhancement for the fluid-
flow in the formation.
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Case Study: The Impact of the Fracture Spacing with initial Fracture
Conductivity [10 md-ft] on the Effective Stress
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Figure 77: [case study]: The impact of the hydraulic fracture spacing with initial fracture conductivity
[10 md-ft] on the effective stress for well MIP-6H

the effective stress increases rapidly for the higher stages’ values (12, and 16) which means
there is less fracture spacing compared to the lower fracture stage case (the base case), which
remains almost constant throughout the remaining life of the well. In addition, this is due to the
high volume of the percent reduction in gas recovery in the early stages of the production phase.
After 15 years, the lowest fracture spacing with the highest fracture stages (16 stages) had a total
effective stress of 8222 psi whereas the lower fracture spacing had a lower effective stress of 7715
psi.

As has been demonstrated, the inclusion of the lower initial hydraulic fracture conductivity
increased the total percent reduction in cumulative gas production on the fracture spacing by 5.71%
in comparison to the base case. Additionally, the 5 md-ft showed a higher reduction on the
cumulative gas production but could be used for future studies if required as well as the different

grade of the sand to be injected into the formation to keep the fracture open for more production.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Based on the various steps taken to investigate the impact of the hydraulic fracture

properties and formation mechanical properties alternations on the productivity of the Marcellus

shale gas well with multi-stage hydraulic fractures. Consequently, many conclusions towards the

completion this study were summarized below, and all led to support the claim of this study

towards the impact of both the effective stress and the compaction effects on the productivity of

the stimulated reservoir volume.

1-

2-

The understanding of the shale formation reservoir characteristics was an essential step
towards the completion of this study.

This study focused on how the different categories of hydraulic fracture properties (initial
fracture conductivity, fracture half-length, and fracture spacing), formation mechanical
properties (Young’s modulus and Poisson’s ratio), and the operating conditions (wellbore
pressure) could alter the productivity of the multi-stage hydraulically fractured horizontal
wells.

During the reservoir compaction, the degree of the effective stress increases on the
stimulated reservoir volume causing adverse effects on the reduction of matrix porosity,
matrix permeability, natural fractures permeability, and the hydraulic fracture
conductivity.

The gas recovery of a Marcellus shale gas well (MIP-6H) was adversely affected by the
increase in the effective stress during the compaction of the reservoir which decreases the
pore pressure in the formation.

The importance of iterative coupling (two-way coupling) for a 3-Dimensional reservoir
model with a geomechanical module provides an accurate prediction profile for the gas
production of a Marcellus shale gas well with multi-stage hydraulic fractures.

The reservoir simulation and coupling methods are crucial to a better understanding of
the reservoir characteristic such as: pressure, porosity, permeability, stress, strain,
displacement and hydraulic fracture properties.

During the early production stages of the well, the adverse compressibility impacts are
more pronounced due to greater gas production rates which diminish over an increased

production time.
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8- The reduction in the hydraulic fracture conductivity had the highest adverse impact yet
negative on the gas recovery from the Marcellus shale due to an increase in effective
stress.

9- Consequently, the reduction in the matrix porosity had a positive yet small impact on the
gas recovery since it acts as the drive mechanism of the Marcellus shale reservoir.

10- The Marcellus shale is a brittle formation due to a low Poisson’s ratio and a moderate
Young’s modulus which makes it susceptible to the adverse compressibility impacts due
to the increase in the effective stress.

11- The higher values of the formation mechanical properties (Young’s modulus & Poisson’s
ratio) can dampen the adverse gas recovery impacts due to an increase in the effective
stress.

12- The decrease of the Poisson’s ration and Young’s modulus can improve the gas recovery
of a Marcellus shale well, especially on the hydraulic fracture properties.

13- For the hydraulic fracture properties, the higher hydraulic fracture half-length and a lower
fracture spacing (more stages) during the early production time can amplify the adverse
compressibility impacts on the cumulative gas production.

14- Additionally, the lower values of the initial hydraulic fracture conductivity can nourish
the gas recovery for the horizontal Marcellus shale gas well.

15- As fracture stage spacing start to decrease, the number of fracture stages increase which
confirms the inverse relationship between the two parameters which could lower the
impact of the hydraulic fracture conductivity and the geomechanical properties.

16- The operating conditions impact was minor on the cumulative gas production since the
higher-pressure draw-down amplify the adverse compressibility impacts of the gas well.

17- The impact of the geomechanical decreases as the operating conditions (wellbore

pressure) increase during the early production of the horizontal well.

The following is the list of recommendations to improve and use this study in the oil and gas
industry by professional and researchers:
1- Investigate this study on the other wells and pads available in the reservoir from the
published MSEEL data base.
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2- Incorporate different sand grades to inject during the hydraulic fracturing process and

how it would impact the gas production rate.
3- The inclusion of more parametric studies such as how would different pore pressure

values alter the productivity of the well.
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APPENDIX A: The Individual compressibility impacts on the cumulative gas production
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Figure 78: The impact of the matrix permeability on the cumulative gas production
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The Natural Fractures Permeability Impact On The Cumulative Gas
Production
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Figure 79: The impact of the natural fractures (fissure) permeability on the cumulative gas production
for well MIP-6H
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The Matrix Porosity Impact On The Cumulative Gas Production
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Figure 80: The impact of the matrix porosity on the cumulative gas production for well MIP-6H
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The Hydraulic Fracture Conductivity Impact On The Cumulative Gas
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Figure 81: The impact of the hydraulic fracture conductivity on the cumulative gas production for well
MIP-6H
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