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Preface

Despite the clamor for reduced dependency on fossil fuels, the demand for hydrocarbon-
based energy is on the rise. Consequently, the strain on oil and gas reservoirs is greater
than ever before. This has also drawn more attention to unconventional reservoirs,
making it exigent for further innovations in producing hydrocarbon formations. This
book introduces an array of cutting-edge strategies for the exploitation of depleted and
unconventional reservoirs. It provides some insights pertaining to interactions between
formation in situ and injected fluids and rock constituents under extreme underground
conditions. In addition, it presents a novel model for gas flow, pertinent to understanding
flow mechanisms in the shale rock matrix.

In tandem with the evolution of the petroleum industry, there have been major advance-
ments in the range of stimulation methods for the production of reservoirs. Chapter 1isa
breakdown of the different types of hard-to-produce rock formations and the correspond-
ing diversity of stimulation techniques appropriate for their production. Furthermore, the
chapter describes the multiplicity of fracturing fluid systems and the associated influencing
factors, which are instrumental to the successful execution of many stimulation operations.
This is then focalised on shale reservoirs in Chapter 2, which casts a spotlight on the fractur-
ing mechanisms and evolvement in fracturing technologies applied in shale gas formations.
In Chapter 3, a case is presented that supports the extended application of hydraulic fractur-
ing techniques in the measurement of in situ stresses in porous and fractured rocks. This
approach promises better results at deep subsurface levels in comparison to antecedent tech-
niques. Chapter 4 demonstrates formation-proppant contact behavior and its impact on the
conductivity of shale reservoirs following the creation of hydraulic fracture networks with
the aid of a model that analyzes contact characteristics of proppant embedment. Chapter 5
is a detailed review of the interactions between formation/hydraulic fracturing fluids and
clay minerals in shale formations, with an emphasis on geomechanical and geochemical
feedback. Chapter 6 presents a nanoscale model to investigate the gas flow mechanisms of
shale reservoirs. The chapter also explores upscaling techniques used to translate results
from the proposed model and laboratory-scale experiments to field-scale representations.

The state-of-the-art techniques and procedures exhibited in this book are yet another
indication of the pool of resounding efforts to harness unconventional hydrocarbon
resources more effectively. Applications of the proposed methods are not limited to the
scenarios presented; it is possible to extend them to a broader ambit of underground
conditions, provided the constraints are recognised.

Dr. Kenneth Imo-Imo Israel Eshiet
Faculty of Science Engineering,
University of Wolverhampton,
Wolverhampton, United Kingdom

Rouzbeh G. Moghanloo
University of Oklahoma,
Oklahoma, United States of America
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Chapter1

Production from Unconventional
Petroleum Reservoirs: Précis of
Stimulation Techniques and Fluid
Systems

Kenneth Imo-Imo Isvael Eshiet

Abstract

An overview of the different categories of unconventional oil and gas reservoirs,
and corresponding stimulation techniques appropriate for them is examined. Three
main groups of unconventional oil and gas formations are appraised: heavy oil, oil
shale and tight reservoirs. The scope of stimulation methods applicable to heavy oil
reservoirs is limited. This kind of formation contains characteristic high-viscous
hydrocarbons and are produced majorly by cold production and thermal stimula-
tion. On the other hand, a wider range of stimulation methods are successfully
used to produce tight and oil shales formations. For oil shales, these include drilling
horizontal wells as substitutes to vertical wells, hydraulic fracturing, surfactant
treatment, water imbibition, thermal treatment and acidisation; whilst for tight
formations, these include hydraulic fracturing, surfactant treatment, water imbibi-
tion, acidisation and the application of electro-kinetics. Fracturing fluid systems
are integral to the implementation of most stimulation operations and are evalu-
ated herein under the following groups: water-based, oil-based, foam-based and
acid-based. The most commonly used fracturing fluids are water based, albeit
there are several instances where other types of fluids or combination of fluids are
more suitable based on factors such as formation sensitivity, costs, wettability, rock
solubility, surface tension, capillarity, viscosity, density, rheology and reactivity.

Keywords: unconventional reservoirs, reservoir stimulation, hydraulic fracturing,
acidisation, surfactant, fracturing fluids, horizontal wells

1. Introduction

Unconventional hydrocarbon reservoirs are different from their conventional
counterparts in the sense that they require distinctive operations for recovery that
differ from normal practices deployed for conventional reservoirs. The main reason
for this is the ultra-low permeability of the rock formation, which hinders the ease
of flow of hydrocarbons towards the well, but other factors such as the reservoir
fluid properties also impact flow mechanisms. Examples of unconventional reser-
voirs are gas hydrates, oil shales, gas shales, tight-gas sandstones, tight-gas lime-
stones, heavy oil and tar sandstones, and coalbed methane reservoirs [1-7].
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As the term implies, heavy oil and tar reservoirs are those that contain viscous
and dense oils. About a third of the total world oil and gas reserves consist of the
heaviest range of hydrocarbons, yet they are mostly overlooked due to the perceived
high costs and difficulties associated with its production [5]. Although reservoir
properties including pressure, permeability and porosity are important measures
of its behaviour, the fluid density and viscosity determine the approach used for
production [5]. Heavy oils and tars are generally high in density and viscosity.
Density is a measure of how much mass is contained per unit volume. The standard
unit of measurement adopted in the oil and gas industry, especially in the United
States, is the degree of American Petroleum Institute (API) gravity. A lower API
value indicates a higher density and vice versa. Normally, oils below 20° API gravity
are defined as heavy which may be as low as 4° for bitumen with high tar content
[3, 5]. Oil viscosity, on the other hand, defines its resistance to gradual shear or
tensile deformation when subjected to shear or tensile stress respectively. A viscous
fluid exhibits resistance to shear stress and, thus, its flow is reduced where shear
stresses are applied. Oil viscosity has an inverse relationship with temperature; it
varies greatly by becoming less viscous as temperature increases. The flow rate of
reservoir fluids is a key parameter and because of the direct link between viscosity,
temperature and the ease of flow, oil viscosity is considered to be more important
than oil density during production [3, 5]. Thus, viscosity, rather than density is used
as a measure of the heaviness of oil. Under reservoir conditions, heavy oils have
viscosities >100 cp [3]. Apparently, there is no direct correlation between density
and viscosity, largely due to the influence of temperature. Low-density oils in
shallow reservoirs, where the temperatures are cooler, may have higher viscosities in
comparison to oils at hotter deep reservoirs.

Oil shale is a fine-grained sedimentary rock richly composed of organic matter
[8], in the form of kerogen [2]. Kerogen is a solid mixture of organic compounds
and is the primary source of hydrocarbons from oil shale. This type of hydrocarbon
is referred to as shale oil, which is unconventional and different from tight oil natu-
rally present in shales and ultra-low permeability sandstones, carbonates and silt-
stones [9]. Kerogen, also known in some instances as total or bitumen-free organic
matter, consist of more than 80% organic matter; however, a major proportion of
this is not readily soluble in ordinary organic solvents under moderate conditions
[2]. Therefore, it is more challenging to extract in comparison to crude oil from
conventional reservoirs because of high costs and negative environmental impacts
[10]. To remove shale oil from oil shales, it is imperative to decompose the insoluble
organic matter with heat. This is achieved by thermal dissolution, hydrogenation or
pyrolysis [11-13]. The three methods require very high temperatures.

Tight oil is light crude oil found in shales and very low permeability and low
porosity sandstones, carbonates and siltstones [9]. Although the term is sometimes
used interchangeably with shale oil normally contained in oil shales (e.g., [9, 14]),
there are distinctions. As at 2015 the world’s technically recoverable tight oil from
shale formations was estimated at 418.9 billion barrels (bbl). A large proportion
of this amount is located at United States (78 bbl), Russia (75 bbl), China (32 bbl),
Argentina (27 bbl), Libya (26 bbl), United Arab Emirates (23 bbl), Chad (16 bbl),
Venezuela (13 bbl) and Mexico (13 bbl) [15]. Typical porosity and permeability
of tight oil formations are below 12% and 0.1 mD respectively, though a broader
definition of tight oil reservoirs can generally refer to those with very low porosity
and permeability [9]. The low- porosity and permeability characteristics furthers
the need to stimulate tight oil reservoirs for successful production.

Worldwide, the commercial production of unconventional hydrocarbons is in
constant increase. This supplements supply from conventional reservoirs resulting in
an overall increase in hydrocarbon production globally and a decrease in prices [16].
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This inverse relationship between oil production and oil prices is illustrated in Monge
et al. [14], where an increase in U. S. oil production from the shale oil boom drives
down West Texas Intermediate (WTTI) oil prices.

Other forms of unconventional gas resource are gas hydrates and coalbed meth-
ane reservoirs. Gas hydrates are crystalline ice-like forms of water with a structured
molecular framework joined together to create cavities such that gas molecules,
which are mostly methane, are trapped within it [17]. Other entrapped guest gases
include ethane, isobutene and propane [18]. Natural gas hydrates were only dis-
covered a few decades ago and 98% of deposits occur in upper sedimentary layers
underneath the seafloor [7]. It is extensively spread in oceans and polar areas with
areserve that is 10 times greater than global conventional gas [18]. The creation
and stability of gas hydrates rely on the properties of both the water and composi-
tion of gas, temperature and pressure [18, 19]. The formation of gas hydrate is
exothermic, which implies the release of heat during this stage. On the other hand,
heat is required for dissociation of hydrates [18-20]. The dissociation of hydrates
is an endothermic process relying on the surrounding heat. Gas hydrates are stable
at high pressure and low temperature conditions; therefore, depressurisation is an
effective means of inducing the release of gas from hydrate deposits [20-22].

Coal seams are dark-banded deposits of coal trapped between layers of rock.
They differs from conventional gas reservoirs in terms of their pore structure,
porosity, permeability, fluid flow mechanism, gas-water relative permeability and
other reservoir characteristics [23]. Coal is both heterogeneous and anisotropic;
it is characterised by a dual porosity comprising a porous matrix with micro pores
enclosed by a larger scale medium of cleats, which constitute the macro pores
[23-25]. Coal porosity and permeability is mostly defined by the micro pores and
macro pores, respectively [23]. Usually, water permeates coal seams, which helps to
retain the adsorbed gas on the coal surface [25]. Coal seams are unconventional res-
ervoirs containing a variety of gases including methane, hydrogen, ethane, nitrogen
and carbon dioxide [26]. It contains a significant proportion of methane, which
is more easily extracted in comparison to some of the other gas constituents (e.g.,
hydrogen and nitrogen). This is due to the reduced affinity coal has for methane.
The concentration of methane in the gas content can be as high as 99.95% [27]. The
chemical composition of coalbed methane—also known as coal seam gas—is the
same as natural gas obtained from conventional reservoirs. The gas is contained in
three ways: adsorbed on the surface of micro pores; in a free state in macro pores,
i.e., the natural fractures (cleats) within the coal material; and dissolved in the
formation water [23, 25, 28].

2. Stimulating strategies and techniques.
2.1 Heavy oil reservoirs

As aptly defined by its name, heavy oil formations contain heavy oils typically
characterised by high viscosity and density, and capillarity pressure effects [1, 5]. These
peculiar properties make it virtually impossible to exploit heavy oil formations without
stimulation. Exploitation can be accomplished by cold production and thermal stimula-
tion. Cold production is a primary recovery method performed at the native reservoir
temperature and can achieve a recovery factor between 1and 10% [5, 29]. This may be
carried out by injecting a diluent into the reservoir to reduce the viscosity of the hydro-
carbon or by encouraging the initiation and continuous sand production throughout the
completion process; the latter is known as cold heavy oil production with sand (CHOPS)
[5, 30]. Sanding produces high permeability channels referred to as ‘wormholes’ which
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enhances recovery [30]. For both approaches, artificial lifts are vital because they lower
the producing bottomhole pressure (BHP) thereby increasing the flow rate. Artificial
lift systems may consists of pumps (e.g., progressing cavity pumps (PCP) and electrical
submersible pumps (ESP)) or a gas lift, whereby injected gas is used to reduce the fluid
density of the tubing which is then lifted as the gas expands [31].

Thermal stimulation is an alternative method applied where cold production
is not effective or economical. The dependency of oil viscosity on temperature is
inverse. Which means it is possible to enhance fluid flow by raising the reservoir
temperature. There are several ways this can be realised—for instance, cyclic steam
injection and steam flooding [5]. Cyclic steam injection involves two main phases:
injection of steam followed by the production of heavy oil with the condensed
steam. This is carried out alternatingly with a new cycle started when the rate of oil
production declines below a critical level [32]. This method is favoured in the fol-
lowing conditions: in reservoirs that can withstand high-pressure steam and in the
presence of thick pay zones (> 10 m) containing sands with high porosity (> 30%)
[32]. Steam flooding is the injection of steam into the reservoir to raise the tempera-
ture of the oil whilst reducing its viscosity [33, 34]. This method aids the distilla-
tion of the light constituents of the oil [35], which further decreases the parent oil
viscosity. Steam flooding also reduces the interfacial tension between oil and rock
surfaces at the vicinity of the wellbore due to the liberation of the immiscible fluid
phase (oil) attached to the host solids by the wetting phase (water) [36].

2.2 Oil shales

Oil shales have very low permeability and porosity. Recovery from such res-
ervoirs can be achieved by the use of horizontal wells [37], hydraulic fracturing,
surfactant treatment, matrix acidisation, water imbibition, thermal treatment or a

hybrid of these techniques.
2.2.1 Horigontal wells

Horizontal wells have several advantages over vertical wells and are generally
more effective in enhancing reservoir performance (Figure 1). These include the
following: greater and more efficient reservoir drainage and detainment of water
production; reduction in gas and water coning; greater rate of production because
of the increased reach of the wellbore in the pay zone, since penetration to discrete
compartments is possible in complex reservoirs; and reduction in sand production
[40, 41]. However, there is a higher cost associated with horizontal wells, which
can be up to 2.5 greater than vertical wells [40]. Hence, it is likely that a cost-benefit
assessment will be necessary, especially where the increase in reservoir performance
is not expected to be intense [41].

2.2.2 Hydraulic fracturing

Hydraulic fracturing is one of the foremost and traditional ways of enhanc-
ing fluid flow in oil shales (Figure 1). The process induces the initiation and
propagation of cracks through the injection of high-pressure fluids with mag-
nitudes that exceed the rock failure stress [42]. The shape, orientation, size and
conductivity of the fractures are functions of the direction and magnitude of the
formation principal stresses and rock anisotropy, amongst other factors [42]. The
in situ principal stress conditions determine the minimum pressure necessary for
crack initiation and propagation. The fracturing fluids influence the pattern and
behaviour of created fractures. An increasing number of fracturing fluids with
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Figure 1.
Hydyraulic fracturing of unconventional reservoirs [38] (a) fracture layout for vertical and horizontal wells
[39] (D) fissures created by hydraulic fracturing.

different properties are being demonstrated to be appropriate [42-45] with each
category of fluid causing dissimilar effects. This is mainly caused by the differing
properties of the fluids. Examples of fracturing fluids include water, CO, and oil;
they can be generally classified as water-based, oil-based, acid-based and foam-
based fluids [46-48]. Fluid density and viscosity are, amongst other primary
physical properties, considered when selecting a fracturing fluid. Low-viscosity
fracturing fluids produce fractures that are expansive with the tendency to split
into several branches. CO,, for instance, is a low-viscosity fluid that is suitable as
a fracturing fluid in oil shales because it creates fractures with surface areas that
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are more extensive in comparison to those created by fluids with higher viscos-
ities—e.g., water [44, 49]. High-viscosity fluids such as viscous oils or liquid
CO, tend to generate shorter and thicker planar fractures with a small number of
branches [44].

Hydraulic fracturing is not usually applied as a stand-alone strategy to
improve flow in oil shales. It is often used in tandem with other techniques such
as horizontal/inclined wells, thermal dissolution, and the use of special blends
of fracturing fluids like surfactants and other chemicals that aid the recovery of
shale oils [45, 46].

2.2.3 Transverse vertical fractures along horizontal wells

For horizontal wells, the primary recovery method for reservoir stimula-
tion is hydraulic fracturing, whereby transverse fractures that intersect the well
are created (Figures 2 and 3). This instigates a substantial pressure drop that
intensifies fluid flow towards the wellbore, thus increasing its performance [52].
Hydraulically fractured horizontal wells perform better than their vertical coun-
terparts (Figure 2c). Fractures are orientated either longitudinally or transversely
to the well (Figure 2a and b). Longitudinal fractures are aligned in the same
direction as the horizontal well; i.e., along the lateral direction parallel to the well
(Figure 2b). Horizontal wells with longitudinal fractures are better suited for res-
ervoirs with permeability values that are relatively higher and have a comparable
performance as fractured vertical wells [52-54]. On the contrary, under the same
conditions, transversely fractured horizontal wells perform better in comparison
to both fractured vertical wells and longitudinally fractured horizontal wells
[52-54]. To maximise productivity, the optimal number of transverse fractures
intersecting the horizontal well should be determined; this usually depends on the
fluid and reservoir properties [53].

2.2.4 Surfactant treatment

Surfactants are amphiphilic organic compounds and divided into hydrophobic
and hydrophilic groups. For enhanced oil recovery (EOR), they normally serve as
viscofiers or are used to reduce strong capillary forces in the pores of the reservoir
rock [55, 56]. Oil shales are characterised by their ultra-low permeability. Strong
capillary forces exist in their pores, which hold the oil to the rock surface. To recover
the oil, it is necessary to lessen these capillary forces by altering the interfacial ten-
sion, contact angle and wettability [55-57]. Surfactants are used to:

1.Increase the contact angle between the oil liquid-vapour interface and the rock
surface.

2.Reduce the interfacial or surface tension between different liquids or phases of
materials (i.e., liquid-liquid, liquid-gas and liquid-solid) (Figures 4 and 5).

3.Reduce the oil-wet wettability or in a multiphase (oil-water) fluid system,
changing it from oil-wet towards water-wet conditions [56, 57] (Figures 4-6).

Surfactants are also commonly classified as ionic and non-ionic. Ionic sur-
factants are further categorised as anionic (e.g., Alkyl Aryl Sulfonates, Sodium
Dodecyl Sulfate (SDS) and Alpha-Olefin Sulfonate (AOS)) and cationic (e.g.,
Cetyl Trimethyl Ammonium Bromide (CTAB), Ethoxylated Alkyl Amine and
Dodecyl Trimethyl Ammonium bromide (DTAB)) [61]. Non-ionic surfactants are
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Figure 2.
Configuration of (a) transverse fractures in horizontal well, (b) longitudinal fractures in horizontal well, and
(c) fractures in conventional vertical well [50].

\ A o /

Wellbore azimuth 0° | Wellbore azimuth 90°
Longitudinal fractures ) \ Transverse fractures

/‘Maximum horizontal gtres

Figure 3.
Relating fracture to horigontal wellbore orientation [51].

not charged; examples of these are Alkyl Polyglycoside (APG), Nonylphenol “N”
Ethoxylate and Polyethoxylated Alkyl Phenols) [61]. Other groups of surfactant
reported in Negin et al. [61] are bio and Zwitterionic surfactants.
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Water flow direction

Figure 4.
Mechanism for the alteration of wettability in a pore, from oil-wet to water-wet. Squares are anionic active

organic compounds and circles are cationic surfactants [58].

not soluble in water
mu::llcs but in micelles and oil
— Micelles
Cat-anion surfactant
—s (il phase
oil-wel waler-wed
CaCO,
Figures.
Mechanism for the altevation of wettability in a rock surface, from oil-wet to water-wet. Circles are cationic
surfactants (R-N* (CH,),), large squaves ave crude oil carboxylates and small squares ave additional polar
compounds [59].
Oil Wet
Wetting Angle > 90 degrees wgulnnAngh-wdogrm
Oil
Oil

Water Wet Totally Water Wet
Wetting Angle < 90 degrees Wetting Angle = 0 degrees

Figure 6.
Alterations in wettability as contact (wetting) angle reduces [60].

10



Production from Unconventional Petroleum Reservoirs: Précis of Stimulation Techniques...
DOI: http://dx.doi.org/10.5772/intechopen.106318

2.2.4.1 Wettability

Wettability is the tendency of a fluid to remain in contact with the surface of a
solid. For a given wetting fluid, there is an inverse relationship between wettability
and contact angle. This means that its wettability decreases when there is a rise in
contact angle [62, 63]. The injection of fracturing liquid in the reservoir alters the
dynamics of wettability because it introduces another liquid phase to the system.
Where two liquids co-exist, one will be wetting and the other non-wetting.

In a multiphase reservoir, such as oil shale, consisting of more than one type of
immiscible fluids (e.g., water and shale oil), the wetting fluid preferentially wets
the rock surface due its low mobility and stronger attractive forces with the rock.
For an oil-water reservoir fluid, water is the denser of the two phases and preferen-
tially wets the rock when the contact angle is less than 90°, the adhesion tension is
negative, and the interfacial tension between the water-rock interface exceeds that
for the oil-rock interface [64]. The adhesion tension is the difference between the
oil-rock and water-rock interfacial tensions. Conversely, oil will be the preferential
wetting fluid if the contact angle of water is between 90° and 180°, the adhesion
tension is positive, and the interfacial tension between the oil-rock interface exceeds
that for the water-rock interface [64]. Water imbibition is boosted as the water-wet
wettability increases, resulting in a reduction in the saturation of residual oil [65].

2.2.4.2 Effect of contact angle on wettability

It may not always be easy to define the wettability of a reservoir in a straight-
forward manner since it is influenced by other factors such as contaminants,
surface roughness and time [62, 66]. Nonetheless, the contact angle can serve as
a criterion to distinguish between wetting and non-wetting liquids. Whereas, the
contact angle of the wetting liquid with the rock is below 90°, for a non-wetting
liquid it is between 90° and 180°. If the reservoir consists of both oil and water, the
wetting fluid will form a contact angle that is less than 90° [63]. The wetting fluid
attaches and spreads along the rock surface thereby enhancing the mobility of the
non-wetting fluid. The choice of an appropriate hydraulic fluid should account for
this. For instance, water-based fracturing fluids applied in a reservoir will serve as
wetting fluids whilst boosting the flow of preexisting hydrocarbons, and the degree
of its wettability—in other words, the ease of spread on the rock surface—increases
as the contact angle decreases.

2.2.5 Water imbibition

The periodic injection of water into unconventional reservoirs enhances oil
recovery because of the imbibition of water by the rock matrix and the displace-
ment of oil trapped within the pores [45]. This technique is fit for shales with a
higher water than oil uptake. Shale has a higher affinity for water, which is reflected
by larger rates of imbibition [67]. However, it is possible for water blockage to
occur resulting in negative impacts on the recovery process [45, 68]. To circumvent
this, well-shut operations can be used to drive water further into deeper water-wet
sections [45]. Alternatively, surfactants are introduced to improve the water-wet
wettability or to completely change the wetting fluid from oil to water [45, 69].

Imbibition is a form of diffusion where a liquid is absorbed into a solid particle
resulting in an increase in volume of the particle. It is normally instigated in response
to a concentration gradient between the solid (absorbent) and the liquid leading,
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potentially, to movement of the liquid towards the solid particle. Imbibition is also
described as the displacement of an immiscible fluid by another one within a porous
medium. This is a typical phenomenon in hydrocarbon reservoirs involving the
displacement of the non-wetting fluid out of the pores of the reservoir rock by the
wetting fluid [70-72]. It is another means of primary and secondary oil recovery
[72]. Water flooding is a form of secondary oil recovery that involves imbibition,
where water is injected to displace residual oil in the reservoir [73]. In a water-wet
reservoir rock, water—the wetting phase—displaces oil, which is the non-wetting
phase [72]. Imbibition is an important process that aid recovery of oil in fractured
reservoirs [72, 74, 75].

Imbibition is a complex phenomenon encompassing the multifarious interac-
tions between gravity, capillary and viscous forces. Whereas, gravity and viscous
forces are external agents that could be used to drive imbibition, capillary forces
are generated internally within the porous medium. On this basis, there are two
categories of imbibition: spontaneous/natural and forced. Spontaneous or natural
imbibition is the process whereby a wetting fluid displaces a non-wetting fluid
within a reservoir rock due to capillary pressure [70, 72, 76, 77]; for instance,
water displacing oil in an oil-saturated reservoir rock. On the other hand, forced
imbibition are caused by viscous and gravity forces. These external agents create
pressure gradients that enable the displacement of non-wetting by wetting fluids.
The manner of flow between the wetting and non-wetting fluid determines the
type of spontaneous imbibition. Co-current spontaneous imbibition happens
where the directions of flow between the wetting and non-wetting fluid are the
same. Contrastingly, counter-current spontaneous imbibition happens when the
wetting and non-wetting fluid are flowing in opposing directions [70, 75, 78]. In
a water-wet reservoir rock, the prevalence of any type of spontaneous imbibi-
tion—hence, oil recovery process—depends on the extent of exposure of the rock
to water. Oil recovery is dominated by co-current imbibition when the rock is not
wholly in contact with water [78]. This form of imbibition is the predominant
process that produces oil and occurs in the region of the rock surface in contact with
oil. Co-current imbibition evokes a much higher oil recovery rate in comparison
to counter-current imbibition, implying a greater production efficiency; in other
words, the rock surface in contact with oil produces more oil in contrast to the
surface in contact with water [78]. The linear rate of co-current imbibition is shown
by Unsal et al. [79] to be up to four times higher than counter-current imbibition.

2.2.6 Thermal treatment

Kerogen, which is a solid, insoluble and rich source of organic compounds in oil
shale and other sedimentary rocks, can be converted to shale oil by thermal dissolu-
tion, hydrogenation or pyrolysis. These are ex situ processes conducted at the ground
surface after mining the oil shale and entails the use of very high heat to extract
shale oil. Pyrolysis is the thermal decomposition of the organic matter component
in solid fuel in an inert environment, and hydrogenation is a chemical treatment
involving the reaction between molecular hydrogen and another compound/ele-
ment with or without the presence of a catalyst. The process can be used to saturate
or reduce organic compounds. Hydrogenation can be used to attain high oil yields
from oil shales by converting its organic matter content to heavy oil, petrol, etc. [80].
Thermal dissolution is a hydrogen-donor solvent refining process [12]. It is a tech-
nique of shale oil extraction, whereby a hydrogen donor solvent such as tetralin is
introduced into the solid fuel at high temperatures resulting in the depolymerisation,
dissolution and cracking of the dissolved organic matter [12, 81, 82].
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2.2.7 Acidisation

The injection of certain types of acid into oil shales can lead to rock matrix dis-
solution—whereby, for instance, sediments and mud solids are dissolved—increas-
ing its permeability and porosity [83]. This technique can be applied to release
oil and gas trapped in very small quantities within the rock matrix by repairing a
previously damage formation (reflected by a restoration of permeability) and/or
enhancing the natural permeability through the creation of additional pores [83].
Examples of acids used in practice are hydrogen chloride (HCL), hydrofluoric acid
(HF), and organic forms such as methanoic (formic) acid (HCO,H or HCOOH) and
acetic acid (CH;COOH). To improve performance, acid blends are frequently used.
HCL can be combined with HF or sodium hydroxide (NaOH) [2] or organic acids.

For this technique to be successful, the rock must be, at least, partially soluble
in acid. Carbonates are readily soluble in acid; thus, this approach is suitable for
carbonate rocks—sedimentary rocks mainly composed of carbonate minerals—
e.g., limestone and dolostone [84]. Acidisation is also effectively applied to forma-
tions composed primarily of silicate minerals (e.g., sandstone, consisting majorly
of aluminosilicates and quartz); however, the two reservoirs (carbonate and silicate
reservoirs) are responsive to different types of acids. Sandstones are not soluble
in HCL, although this acid is highly acidic. They are more reactive to the relatively
weaker HF. HCL is more effective in formations with a rich content of carbonate
minerals. Since many formations may be a combination of carbonate and silicate
minerals, a blend consisting of a mixture of two or more types of acids is common
in practice [2, 45, 83].

Two acidisation techniques are notably used for reservoir stimulation: matrix
acidisation and acid fracturing [84]. Matrix acidisation entails the injection of acid
into the formation at a pressure below the fracturing point (fracturing pressure).
Hence, the formation is not fractured; instead, the acid forming new pathways for
fluid flow etches the rock. The key mechanisms include mineral dissolution and
the mobilisation of fragmented rock particles resulting in the creation of worm-
holes [84].

Acid fracturing is analogous to hydraulic fracturing but with the use of acids
to react and etch channels within the walls of the fracture. The central difference
between matrix acidisation and acid fracturing is the injection rate. In acid fractur-
ing, the solution is pumped into the formation at a high rate leading to a build-up
in the fracture pressure, and the initiation and proliferation of fractures. The high
flow rate implies that there will be a shorter reaction time and the acid solution is
not retained long enough to etch long channels on fracture walls.

Acidisation is less suitable for shale than in other rocks; nonetheless, it can still
be applied in stimulating shale formations rich in carbonates [2, 45, 85]. Wormholes
are not easily created in shales because of its low permeability, therefore matrix
acidisation will likely not be effective [45]. Acid fracturing is the preferred and
most suited strategy whereby new fractures are created within the formation and
then, together with existing fractures, are roughened by the etching process to fur-
ther enhance permeability and porosity. For oil shale formations, further improve-
ment in reservoir conductivity is observed through the use of acid blends (e.g.,
sodium hydroxide mixed with hydrochloric acid (NaOH-HCL) and hydrochloric
acid mixed with hydrofluoric acid (HCL-HF)). This is demonstrated in Alhesan
et al. [2]; however, sufficient enhancement in permeability and porosity can still be
established by applying a single type of acid, e.g., HCL, on shales which are rich in
carbonates (e.g., [45, 85]). Carbonate minerals such as calcite (calcium carbonate,
CaCO03), a constituent of carbonate-rich shale, dissolve in HCL.
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Generally, the mineralogy of shale varies between formations and impinges
upon its mechanical properties [86, 87]. Shale may content a significant amount of
any or a combination of clay, calcite or quartz minerals. Although HCL augments
the porosity and permeability of calcite-rick shales, it is observed to have contrary
effects on shales with low calcite or high clay content; this is caused by formation
damage or impairment as a result of clay swelling and related acid-rock reactions
[85]. HCL reaction with calcite is typical presented as [87]:

CaCO, +2HCL — CaCl, + H,0 + CO, 1)

2.3 Tight reservoirs

Tight oil/gas reservoirs are sometimes referred to as shale reservoirs, but a
broader and more accurate definition given in Zhang et al. [9] describes it as an
ultra-low permeability reservoir rock (sandstone, siltstone, shale and carbonate
rocks) closely related to oil shales. The latter concept is adopted in this discourse;
notwithstanding, discussions are largely focused on tight sandstones with intermit-
tent allusions to other types of tight oil/gas reservoirs. What qualifies a reservoir to
the termed ‘tight’ is primarily based on its permeability, porosity, and closeness to
(or interbedding with) source rocks [9, 88]. Threshold values of 12% for porosity
[9] and 0.1 mD for permeability [6, 9, 88] are usually the main distinguishing set of
criteria. Recovery from tight reservoirs can be achieved through methods including
hydraulic fracturing, water imbibition, surfactant treatment/flooding, acidisation
and the generation of an electro-kinetic potential [83, 89-92].

2.3.1 Hydraulic fracturing: tight reservoirs

In a broad sense, the concept of hydraulic fracturing, is generic for all reservoirs,
as described in Section 2.2.2. The discussion in this section is not stand-alone;
rather, it complements the narrative in Section 2.2.2 and Section 2.2.3. There are
three typical approaches for implementing hydraulic fracturing [91, 93]: hydraulic
proppant fracturing, water fracturing and hybrid fracturing. The choice of tech-
nique is dependent on the formation, and rock and fluid type. Hydraulic proppant
fracturing is the conventional technique involving the injection of very viscous gels
mixed with a high concentration of proppants. Proppants prop the created fractures
thereby maintaining an elevated conductivity. This method creates comparatively
short fractures and is suitable for formations of moderate to high permeability [91].

Water fracturing is the injection of water composed of slick water (friction reducers)
and alow concentration of proppant to produce extensive but low-width fractures. A
conceptual representation of a fracture geometry is illustrated in Figure 7. The lengthy
geometry of the fracture allows it to connect the wellbore to distant reservoir areas.
Water fracturing is appropriate for low permeability (< 1 mD) reservoirs, since fractures
with small widths are not effective in moderate to high permeability formations
[91, 95, 96]. A key leverage of water fracturing is the considerable cheaper cost in
relation to other hydraulic fracturing methods (i.e., hydraulic proppant fracturing and
hybrid fracturing), whereas a major weakness is proppant settlement due to the low
viscosity of injected fluids, which causes a non-uniform proppant distribution within the
propped fracture [95].

Hybrid fracturing is a combination of different hydraulic fracturing stimulation
methods, borrowing the advantages of individual treatment approaches. In essence
and in the context of the discussion here, it is a blend of hydraulic proppant frac-
turing and water fracturing. Succinctly, the procedure entails an initial injection
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Width

Figure7.
Fracture geometry as produced by a vertically oriented wellbore [94].

of slick water to create fractures, followed by a treatment with a cross-linked
gel consisting of the desired concentration of proppants. The cross-linked gel is
conveyed to the extreme ends of the fracture [91]. Hybrid fracturing combines the
benefits of both conventional fracturing and water fracturing. Effective fracture
half-lengths and fracture conductivities are higher in the induced fractures [93] and
the polymer loading in the cross-linked gel is considerably less than what is used
for conventional hydraulic proppant fracturing. This has a knock-on effect on the
extent of polymer damage [91]. Some of the issues associated with hydraulic prop-
pant fracturing are applicable to hybrid treatment [91].

The choice of hydraulic fracturing technique for tight reservoirs depends on
several factors. If cost is a chief factor, water fracturing is preferred.

2.3.2 Water imbibition: tight reservoirs

As in oil shales, water imbibition can be employed to enhanced oil and gas
recovery in tight reservoirs [90]. Oil is preferentially driven out from pores during
water imbibition due to greater capillary forces. Surfactants may be introduced
during water imbibition to convert the wettability of rock from oil-wet to water-wet
and to reduce the interfacial tension between liquid phases—oil and water—in the
reservoir.

2.3.3 Application of electrokinetics potential

Electrokinetic potential instigates colloidal dispersion. This technique enhances the
effect of water imbibition in clay-rich and tight reservoirs (e.g., sandstone) by stimu-
lating colloidal movement through the dislodgement and transport of pore clay linings
[89]. The removal of clay linings in pores enlarges pore throats and/or creates new
flow pathways, causing a direct increase in permeability and porosity. Electrokinetic
potential and water injection can be used in tandem to improve efficiency.

2.3.4 Acidisation—Tight reservoirs

Acidisation of carbonate rocks (e.g., limestone and dolostone) to improve per-
meability and porosity can be successfully achieved with hydrochloric acid (HCL).
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Shales or sandstones containing significant proportions of carbonates can also be
treated with HCL. The use of HCL becomes problematic when applied to other
kinds of reservoir rocks; for instance, sandstones (chiefly composed of quartz
and aluminosilicates), which are insoluble in HCL. The following are some of the
problems associated with HCL [83]:

1.1t causes formation damage by blocking pore throats thereby reducing porosity
and permeability.

2.It escalates the rate of reaction and corrosion at elevated temperatures.
3.There is a risk of later-stage adverse secondary reactions.

However, sandstones react favourably with hydrofluoric acid (HF). The fine
particles of quartz and aluminosilicates which block the pores, especially at the
near-wellbore region, are soluble in HF. HF can be introduced directly into the res-
ervoir or produced through other chemicals like ammonium bifluoride (NH/HF,).
Normally, mud acid (a blend of aqueous HCL-HF) is used to repair damages around
the vicinity of the wellbore [83, 97]. Fluoride ion (F~) is the only one of its kind
that reacts with quartz in a way that repairs the damage near the wellbore [97].

Mud acid can be prepared by mixing a fluoride ion-releasing chemical, ammonium
bi-fluoride salt (NH,HF,), with HCL. The reactions are expressed in Eq. (2) [98]:

HCL—->H"+CI” )
H'+NH,HF, — NH,Cl+2HF 3)

For sandstone reservoirs, acidisation is performed in three steps: preflush, main
flush and after flush [83]. In practice, at the preflush stage, HCL has been used for
the dissolution of carbonates and positive ions (e.g., [83, 99-101]); nonetheless, its
effectiveness is inconsistent and there are reported incidences of damages [102]. To
circumvent this, it is possible to blend HCL with other chemicals to neutralise its
adverse effects. This is demonstrated in Shafiq ez al. [97], where HCL is combined
with acetic acid (CH;COOH) to improve dissolution of carbonates and positive ions
(sodium, calcium and magnesium), whilst eluding the damage that would have
been triggered by pure HCL.

The second (main) stage of the acidisation process is the use of a fluoride ion
(F7) containing acid to dissolve the minerals (e.g., SiO,). HF is a commonly used
acid but the fluoride ion is very reactive leading to a premature expending of the
acid near the wellbore region. To decelerate the reaction rate, HF must be combined
with other mineral acids. These are buffer acids, which may be, for instance, HCL
or formic acid (HCOOH). The buffer acid retards the reaction rate of HF with the
formation and preserves the pH of products of the reaction, which in turn prevents
the precipitation of silica [97]. Other acid blends (mud acids) proposed by Shafiq
etal., [97] for the main stage of acidisation include Hydrofluoric-phosphoric acid
(HF-H;P04) and fluoboric-formic acid (H;0BF,- HCOOH). In the former, H;PO4
is a substitute for HCL, while H;OBF, replaces HF in the latter. The product of the
reactions between HF and silica mineral is fluosilicic acid (H,SiFg). The reaction
process is presented in Egs. (4) and (5) [98, 103]:

SiO, + 4HF — SiF, +2H,0 )
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SiF, +2HF — H,SiF, (5)

Compounds such as silica gelatinous precipitate (Si(OH),) are eventually
formed when fluosilicic acid is decomposed to silicon tetrafluoride (SiF,) (Eq. (6)),
which is then hydrolysed (Eq. (7)).

H,SiF, —2HF +SiF, 6)

SiF, + 4H,0 - Si(OH), + 4HF )

There is also a tendency for other precipitates to form, which can be avoided by
the circulation of HCL at the preflush stage to remove ions [97, 100]. The after-flush
stage restores the wettability of the formation and removes the expended acids.
Mutual solvents, HCL, acetic acid and other suitable chemicals are candidates for
finalising the treatment process [104].

Table1 is a summary illustration and cross-section of approaches for stimulating
the production of unconventional reservoirs.

Reservoir type Category of stimulation method

Heavy oil formations Cold production

* Diluent injection

* CHOPS

Thermal stimulation

¢ Cyclic steam injection

* Steam flooding

Oil shale formations Horizontal wells

Hydraulic fracturing

Transverse vertical fractures

Surfactant treatment

Water imbibition

Thermal treatment

Acidisation

Tight formations Hydraulic fracturing

Surfactant treatment

Water imbibition

Electro-kinetics potential

Acidisation

Table 1.
Techniques for stimulating unconventional veservoirs.

3. Fracturing fluids and fluid systems

The crux of hydraulic fracturing is the injection of fluids to generate, within
the formation, a pressure that is greater than the breakdown value. The breakdown
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pressure is fundamentally a function of the formation in situ stresses, the initial
pore pressure and the rock tensile strength [105]. Several breakdown pressure
models have been developed since the first and classical version derived by Hubbert
and Willis [106]. Hubbert and Willis’s model is built on the premise that fracture
initiation and breakdown takes place when the hoop stress or minimum tangential
compressive stress at the wall of the wellbore is equal to the rock tensile strength.
The initiated fracture starts to grow when the fracture propagation pressure is
attained. For solids-free (clean) injection fluids, the fracture propagation pres-

sure is normally less than that required for fracture initiation [107]. The fracture
propagation pressure is the pore pressure at the tip of the fracture. It is lower than
the bottom-hole pressure, and this difference depends on permeability, injection
rate, fracture length [108], and other factors such as the properties of the fracturing
fluid. At times, the fracture propagation pressure is considered as the bottom-

hole treating pressure. In this case, its magnitude depends on the in situ stresses

and the net drop in pressures [109]. The net pressure drop is influenced by the
tortuosity between the wellbore and the fracture, and the viscous flows within the
wellbore perforation tunnel and the propagating fracture. The characteristics of

the fracturing fluid and fluid system are therefore important in hydraulic fracturing
operations.

Some key parameters to consider when choosing or designing a fracturing fluid
system include the fluid rheology, conductivity, compatibility between the reservoir
rock and fluid, pressure drop along the fracture, environmental impact of the
fluid constituents, costs, fluid viscosity and proppant transport ability, and fric-
tion losses (in the wellbore, perforations and fractures). The ideal fracturing fluid
should be easy to produce; possess enough viscosity for proppant transport and
shear resistance; minimise fluid losses, friction forces, and proppant and formation
damage; be economically viable; and be compatible with the reservoir rock and in

situ fluids [110]. Fracturing fluids can be classified as water-based, oil-based, foam-
based and acid-based.

3.1 Water-based fracturing fluids

These are aqueous-based fluids composed of water mixed with proppants and
chemical additives such as friction reducers. Water-based fracturing fluids can
be categorised as slickwater, linear, crosslinked and viscoelastic surfactant fluids.
Slickwater is mainly water; the proportion of water is normally dominant and might
be up to 99% of the composition of the fluid. Other constituents (proppants and
additives) account for less than 2% of the total volume [110]. The friction reducers
(e.g., acrylamide-based polymers, surfactants and biocides) lower the viscosity
to values below that for normal water. Because of its low viscosity and proppant
concentration, it is possible to inject slickwater at high velocities to create narrow
fractures [111].

Linear fluids are uncrosslinked solutions based on polymers (i.e., biopoly-
mers or synthetic polymers or polysaccharides) [111]. Guar, cellulose and their
derivatives are examples of biopolymers. Generally, linear fluids are higher in
viscosity and thus better than slickwater in proppant conveyance and suspen-
sion. Crosslinked solutions are formed when two polymer chains are bonded to
enable a fluid type with improved physical characteristics. Examples are cross-
linked polymer (guar, guar derivatives, cellulose and cellulose derivatives, etc.)
fluids. Typical crosslinkers include borate and other metal-based (Aluminuim,
Zirconate, Titanate, etc.) ions [46, 111]. In comparison to linear fluids, cross-
linked fluids have higher gel viscosity (hence, proppant carrying capacity) and
stability at high temperatures [46, 111]. The high viscosity of crosslinked fluids
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and their tendency to form filter cakes at the fracture walls means that they must
be degraded and removed at the end of the operation using breakers (enzymes
and oxidisers), to avoid damage to formation conductivity [46].

Viscous fluids are suitable where high fracture conductivity is desired. Viscoelastic
surfactant (VES) fluids are not formed with crosslinkers but mainly reflect the
distinctive characteristics of surfactants. They contain less residues and are viscous
under shear—i.e., they become highly viscous at low shear rates [46, 112, 113]. For
VES fluids, crosslinkers are not necessary; rather, when these fluids are mixed with
water the surfactants create micelles that increase its viscosity. Viscosity is reduced
when VES fluids are in contact with hydrophobic and organic fluids (e.g., oil and
gas); hence, breakers are not required to lower the fluid viscosity during clean-up
[46]. VES fluids also facilitate reduction in surface tension of the reservoir fluid,
which enables the outflow of water trapped within the rock pores. This is crucial
in formations sensitive to water [114]. The deficiencies of VES fluids are their high
costs, excessive leak-off rates in very permeable formations (> 200 mD) due to their
inability to build a filter cake at the fracture wall, and their instability and decrease in
viscosity at high temperatures (> 135°C), [46, 112, 114].

3.2 Oil-based fracturing fluids

Oil-based fracturing fluids are principally applied in formations that are water
sensitive. The earliest practices of hydraulic fracturing were conducted using oil-
based fracturing fluids [115]. These were mainly hydrocarbons including kerosene,
diesel and crude oils. These fluids are generally low in viscosity, which is normally
increased by the addition of chemicals such as fatty acids, aluminium phosphates
and aluminium esters [114, 116]. An increase in viscosity is imperative for improved
stability and proppant-carrying capacity at high temperatures. Oil-based fractur-
ing fluids can perform better than their water-based counterparts. Comparative
studies completed by Perfetto et al. [116] show that for wells stimulated by oil-based
fracturing fluids, there is a slower long-term decline in production, shorter clean-up
times and improvements in economic returns. Other notable benefits are minimal
contamination, lower specific gravity, lower pipe frictional losses, stability at high
shear rates, and less difficulty in optimising proppant pumping and the fracturing
process. The drawbacks of oil-based fracturing fluids is the hazard they pose due
to high flammability and negative environmental impacts. Additional efforts to
combat health and safety concerns are vital.

3.3 Foam-based fracturing fluids

Foam fluids are fundamentally gas/liquid composed of significantly higher
proportion of gas in comparison to the liquid fraction. They are viscous fluids. The
gas fraction forms the internal phase since it is suspended in the external phase (the
liquid). It is differentiated from other gas/liquid mixtures (e.g., dispersions and
mist) by the percentage of gas in the total volume. Typically, the gas fraction (F®)
of foams is in the range 52% < = F® < = 96% [117]. Dispersions (normally classified
as energised fluids) and mists consist of gas fractions below 52% and above 96%
respectively [114, 117, 118]. Figures 8 and 9 are schematic representations of these.
Foams are characterised by three main parameters: rheology, quality and texture
[117]. Quality, herein, refers to the percentage of gas in the mixture. The texture is
the bubble size distribution of the dispersed gas.

Obviously, foams are also preferred for water-sensitive formations because
they aid flowback and the amount of water needed for treatment is lower. Carbon
dioxide (CO,) and nitrogen (N,)—as gas phases—and water, polymers (e.g., guar)
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0% to 52% Quality 52% to 74% Quality

74% to 96% Quality >96% Quality

Figure 8.
Foam qualities depicted by different gas—liquid compositions [117].
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Figure 9.
Classification of gas—liquid mixture depending on the proportion of gas fraction [119].

and acids—as liquid phases—are common components of foams fracturing fluids
[120, 121]. Table 2 presents the main categories of foam-based fracturing fluids.
These are water-based, hydrocarbon/oil-based, alcohol-based, acid-based and
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Fracturing foam type Main composition Target reservoirs

Water-based fracturing foams Water, foaming surfactant/agent, Low pressure formations
and N, or CO, gas

Hydrocarbon-based fracturing Hydrocarbon, foaming surfactant/ Water-sensitive low pressure

foams agentand N, gas formations

Alcohol-based fracturing foams Methanol, foaming surfactant/ Water blocked low pressure
agent, and N, gas formations

Acid-based fracturing foams Acid, foaming surfactant/agent, CO, Low pressure and depleted
and N, gas formations

CO02-based fracturing foams Liquid CO,, foaming surfactant/ Low pressure formations

agent and N, gas

Table 2.
Classification and constituents of foam-based fracturing fluids [47, 119, 120, 122, 123].

CO,-based fracturing foams. Water-based foams are more popular because they are
readily available and the technology requirement is low.
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The major advantages of foam-based fracturing fluids are as follows [118, 120]:
* Considerable reduction in water requirement in comparison to water-based
fracturing fluids; this is directly reflected in the quantity of waste water and its

undesirable impact on flora and fauna, and other aspects of the environment

* High recyclability of the foam, which reduces the amount of waste water
and cost

* High proppant transporting capacity, which is about 85% greater than water-
based fracturing fluids

* Low fluid loss

* Low hydrostatic pressure (head)

* Enablement of backflow of the injected fluid

* Low pressure drops

* Low injection pressure requirements

* Low energy demand for pumping

* Low damage to the formation

* High compatibility with formation fluids

The main disadvantages of foam-based fracturing fluids are given thus [120]:

* Limited choice of surfactants to aid foaming and stabilisation because of the
need for them to be completely degradable and environmentally friendly for
minimal impact on groundwater, the surrounding land and aquatic life

* High cost due to the peculiarity of equipment, and technical and planning
requirements
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3.4 Acid-based fracturing fluids

The common types of acid-based fracturing fluids are described in Section 2.2.7
and 2.3.4. These are hydrochloric acid (HCL), hydrofluoric acid (HF), and organic
forms of acids such as methanoic (formic) acid (HCO2H or HCOOH) and acetic acid
(CH3COOH). During acid fracturing, fracture conductivity is increased by etching
channels along fracture walls. This method of fracturing is, therefore, effective in
reservoir rocks that are soluble in acid. Carbonate formation rocks (sedimentary)
such as limestone and dolostone are soluble in acid; hence, they are the most com-
mon beneficiaries of acid fracturing. Nevertheless, innovative applications of acid
fracturing on rocks with low acid solubility (e.g., sandstone) are becoming more
recognised [83, 97, 124]. HCL is the most popularly used acid fracturing fluid, espe-
cially for carbonate rocks, but the solubility of some reservoir rocks (e.g., sandstone)
to this acid is low. Thus, the application of HCL in low-soluble formation rock is
limited. Although weaker in strength to HCL, HF are more reactive to formation
rocks rich in aluminosilicates and quartz—such as sandstone—and, hence, better
candidates. In practice, acid blends (mud acids) are preferred and frequently used
(e.g., [2, 83, 97, 104]). Examples are HCL-HF, NaOH-HCL, fluoboric-formic acid
(H30BF4-HCOOH) and hydrofluoric-phosphoric acid (HF-H;PO,).

4. Summary and conclusion

The imperative of reservoir stimulation is borne out of the need to maximise
exploitation of hydrocarbon reserves. Candidate reservoir formations that benefit
from stimulation operations span across both conventional and unconventional
reservoirs. Stimulation is necessary in conventional reservoirs to enhance the
productivity of depleted oil and gas formations, which is accomplished through
enhanced oil/gas recovery (EOR & EGR) strategies. EOR/EGR is even more per-
tinent to the exploitation of unconventional reservoirs (i.e., heavy oil, oil shales,
tight sandstones, tight limestone formations, etc.). The advent of the exploration of
these peculiar hydrocarbon formations has revolutionised the oil and gas industry,
driving down energy prices and revealing potential opportunities for cleaner fuels.
It is also essential for coal bed methane (CBM) reservoirs to be stimulated in order
to instigate and/or improve productivity.

Unconventional reservoirs are complex, distinctive and diverse. They greatly
differ from conventional reservoirs in terms of their structure, composition, and
rock and fluid properties. Due to these features, there are increased challenges
in producing from this type of reservoirs. The stimulation of oil and gas uncon-
ventional reservoirs has been ongoing for many decades and over the years, the
employed techniques have evolved to become more effective, economical, sustain-
able and environment-friendly. The diversity of unconventional reservoirs with
respect to their structural layout, rock type, hydrocarbon content, proximity to
conventional formations, etc., brings to the fore the impracticability of applying a
single set of stimulating techniques across board.

Heavy oil reservoirs consist of high-viscosity and high-density hydrocarbon
fluids. They are generally produced via two methods: cold production and thermal
stimulation. Cold production is carried out either by injecting a diluent to decrease
the viscosity of the reservoir fluid or by ‘cold heavy oil production with sand’
(CHOPS). Alternatively, thermal stimulation is typically implemented in any of
the following two ways: cyclic steam injection and steam flooding. Oil shale res-
ervoirs are normally produced by any or a combination of methods, including the
use of horizontal wells, hydraulic fracturing, creating transverse vertical fractures
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(along horizontal wells), surfactant treatment/flooding, water imbibition, thermal
treatment and acidisation. Tight reservoirs are primarily produced by hydraulic
fracturing, surfactant treatment/flooding, water imbibition, application of elec-
trokinetic potential and acidisation.

The process of selecting an appropriate approach is an important aspect of the
routine because of the disparity in different types of unconventional reservoirs and
the availability of a seemingly wide range of options of stimulating techniques. A
thorough site reconnaissance and an assessment of the effectiveness, efficiency and
impact of the selected method is indispensable. These should consider, amongst
other factors, reservoir productivity, cost, environmental impact, and health
and safety.
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Abstract

The modern hydraulic fracturing technique was implemented in the oil and
gas industry in the 1940s. Since then, it has been used extensively as a method of
stimulation in unconventional reservoirs in order to enhance hydrocarbon recovery.
Advances in directional drilling technology in shale reservoirs allowed hydraulic
fracturing to become an extensively common practice worldwide. Fracturing tech-
nology can be classified according to the type of the fracturing fluid with respect
to the well orientation into vertical, inclined, or horizontal well fracturing. Depth,
natural fractures, well completion technology, capacity, and formation sensitivity
of a shale reservoir all play a role in the selection of fracturing fluid and fracturing
orientation. At present, the most commonly used technologies are multi-section
fracturing, hydra-jet fracturing, fracture network fracturing, re-fracturing, simul-
taneous fracturing, and CO, and N, fracturing. This chapter briefly reviews the
technologies used in shale reservoir fracturing.

Keywords: hydraulic fracturing technology, unconventional reservoirs, fracturing
fluids, well fracturing

1. Introduction
1.1 Development of fracturing technology

In the past four decades, various technologies have been developed and imple-
mented to improve the production from shale gas formation as it is a commercially
feasible source of energy. Hydraulic fracturing is a technique applied to enhance
hydrocarbon extraction from subsurface geological formations by injecting a fluid
at pressure higher than formation pressure to crack open the hydrocarbon forma-
tion rock. The hydraulic fracturing technology is not new; first experiment was con-
ducted in 1947, and the first industrial implementation was in 1949 [1]. Hydraulic
fracturing has, since then, been used for stimulating unconventional reservoirs and
enhancing oil and natural gas recoveries. The first operation of fracturing treatment
was performed by gelled crude, and later gelled kerosene was used. By the end of
year 1952, many fracturing treatments were carried out by processed and live crude
oils. This type of fluids is low-cost and permitting greater volumes at lower cost.

In 1953 water-based fluids began to be utilized as a fracturing fluid, and a number
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of gelling agent additives such as surfactants were added, to the fracturing fluids,
to reduce emulsion with formation fluid. Subsequently, additional clay stabilizing
agents were improved and incorporated with water and used as a hydraulic fractur-
ing fluid to fracture many reservoir formations. Alcohol and foam were also used
to improve water-based fracturing fluids and utilized to fracture more formations.
Currently aqueous fluids such as acid, brines, and water are utilized as base fluids
with around 96% of all fracturing treatments using a propping agent. During the
early years of the 1970s, the key advance in using fracturing fluids was in applying
metal-based cross-linking agents to increase the viscosity of gelled water-based
fracturing fluids designed for deeper wells at higher-temperature conditions [1].

The key factor of technological revolution is due to the fast evolution of drilling
and completion techniques as well as the improvement of the fracturing technology.
From the primary explosion technology of nitroglycerin to the newest fracturing
technology of synchrotron, the developed fracturing technology has gradually
improved the shale gas recovery efficiency.

The earliest nitroglycerin explosion technology was used in the 1970s in a verti-
cal well with an open-hole completion. This technique affected wellbore stability
and caused very limited penetrations. In 1981, a new fracturing fluid combined
of nitrogen (N,) and carbon dioxide (CO,) foam was utilized in vertical wells in
shale gas formations. This implementation led to gas recovery increase by 3-4
times and reduced formation damage. Subsequently, in 1992 the first horizontal
well was drilled in shale gas formation in Hammett basin. Horizontal wells then

Stage Year Total well Fracturing technology
number
Initial 1979 5 High-energy gas fracturing
1981 6 N, and CO, foam fracturing
1984 17 Cross-linked gel fracturing, liquid quantity 105 gal (378 m3)
1985 49 Cross-linked gel fracturing, liquid quantity 5 x 105 gal
(1892 m3)
1988 62 Cross-linked gel fracturing
1991 96 Horizontal well and cross-linked gel fracturing
1995 200 Horizontal well fracturing and cross-linked gel fracturing
1997 300 Riverfracing treatment, liquid quantity 5 x 105 gal (1892 m3)
1999 450 Riverfracing treatment, inclinometer fracture monitor
2001 750 Riverfracing treatment, microseismic fracture monitor
2002 1700 Horizontal well fracturing, riverfracing treatment
Development 2003 2600 New well configuration with 719 vertical wells, 85 horizontal
wells, and 117 directional wells
2004 3500 150 wells with horizontal well stage fracturing 2—4 stages
2005 4500 600 new horizontal wells where drilling time is greatly
reduced
2006 5500 Synchronous fracturing, lower development costs
2007 7000 Horizontal well fracturing, synchronous fracturing
2008 9000 Repeated fracturing
Steady 2009 13,000 Maintain capacity, lower costs, enhancing oil recovery

Table 1.
Stimulation development of Barnett shale gas formation [3].
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steadily supplanted the practice of vertical wells. A cross-linked gel was applied as

a thickening or cross-linking agent during the period from the 1980s to the 1990s.
The fracturing technique of horizontal wells can effectively generate fractured
networks and increase the hydrocarbon flow area. This method is favorable because
it minimizes the cost and increases hydrocarbon recovery. Thus, the development of
large-scale hydraulic fracturing using horizontal wells contributed to the economic
development of shale gas resources [2].

A major development was made in 1998 in fracturing technology by introducing
a water-based liquid fluid instead of gel. This new fracturing fluid has a low sand
(proppants) ratio of approximately 90% less than that used in the gelled fracturing.
Thus, fracturing fluid associated cost was minimized by more than 50%. This type
of fracture fluid can provide better fracturing performance that may increase the
recovery efficiency up to 30% [2].

After the year 2000, a new technology called the segmental fracturing
technology has been developed and utilized in horizontal wells during shale
gas exploitation. This technology has further been developed and improved to
include more than 20 segments leading to improvements in both the recovery effi-
ciency and drainage area. Horizontal segmental fracturing technology is broadly
used in the United States in the development of shale gas wells over the standard
method by 85% [2].

After the year 2005 using both techniques of segmental fracturing technology
and microseismic crack monitoring in shale gas development using fracture hori-
zontal wells has significantly enhanced shale gas recovery. A new brand of fractur-
ing technology was subsequently introduced in the year 2006 which is synchronous
fracturing technology that has been utilized in the Barnett shale gas basin. Table 1
summarizes the development of drilling and completion methods and the history of
shale gas development in the Barnett basin, United States [3].

2. Main fracturing mechanisms of improving shale gas reservoir
production

The mechanism of fracturing stimulation of shale gas reservoirs is not the same as
a conventional or sandstone gas reservoir. Shale gas reservoirs, in general, cannot be

Figure 1.
Sketch map of vertical well and horizontal well fracturing [4].
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found as conventional traps, but they are self-generating and self-storage gas reser-
voirs. The natural fracturing network can particularly enhance shale tight formation
permeability [4]. Shale gas capacity can be attained through microfractures in shale
formation. These fractures involve both a percolation path and a storage space of
shale gas. They create the necessary communication and connectivity for the shale
gas to reach the wellbore. Furthermore, shale gas recovery factor can be achieved
through the existence of reservoir fractures’ and its density and characteristic and

Fracturing
technology

Technical physical features

Application area

Stage fracturing

It is widely used with high technology
maturity

Fracturing process conducting with
multiple stages

* A horizontal well with multiple
production zones and vertical stack
tight reservoir

Riverfracing
treatment

Easy preparation of fracturing fluid with
low cost

The main element of fracturing fluid
is drag-reducing water, to create a
denser fracture network, improving
permeability

Forcing the gas to flow from the reservoir
to the wellbore with greater ease

Less pollution impact on geological
formation and limited sand carrying
capacity

Suitable to medium formation depth
(1.5-3 km),

Natural fracture system developed
reservoir

Hydra-jet
fracturing

Applied to create fractures at different
directions and broaden the fracture net-
work to increase hydrocarbon production

It does not require mechanical seal; thus
it saves operational time

Barefoot well completion

Repeated
fracturing

Reinstate the fracture to enhance fluid
recovery.

Fracturing multiple wells simultaneously

Development of new wells

Capacity decline of production well

Simultaneous
fracturing

It is a simultaneous operation process for
multiple wells to save operation time

It has a better effect on the reservoir than
fracture networks

For reservoirs with big borehole
density and nearby well location

Network
fracturing

Applying high-displacement fractur-
ing fluid during the operation to open
natural fracture and create network
fractures

Increases formation permeability

Low formation permeability in
which natural fractures are not well
developed

CO,and N,
foam fracturing

Causes less formation damage and
pollution

Low filtration and good sand carrying
capacity

Good for shale gas desorption

‘Water-sensitive reservoir

Shallow reservoir (<1.5 km) and low
well pressure

Large hydraulic « Utilizes a huge amount of gel * No specific condition for the
fracturing « High operation cost for well completion reservoir; thus it is widely used
 Causes more damage to the reservoir
Table 2.

Technical chavacteristics and application of fracturing technologies [7].
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opening degree in the reservoir. Shale reservoirs are usually well stimulated and
completed with good natural fractures and bedding. High brittleness is one of the sig-
nificant parameters, which relates to the share failure during shale reservoir hydraulic
fracturing process. It is responsible for the formation of complex fracture networks
and the connections between natural fractures. Hence, the main purpose of utilizing
stimulation technology on shale gas formation is to generate effective fracture net-
works to improve the reconstruction volume and enhance the reservoir capacity [5].

2.1 Main applied technology of shale reservoir fracturing

Fracturing technology of shale reservoirs can be classified based on the type of
well fracturing into three categories, vertical, deviated, and horizontal fracturing
wells, as shown in Figure 1. Fracturing technology can also be divided based on
the type of fracturing fluid used such as gas, foam, gel, etc. Target zone can be
fractured into different sections as single section and multi-section fracturing.
Moreover, various factors should be taken into account while choosing the choice
of fracturing fluid and fracturing technology such as the shale gas reservoir depth,
capacity and formation sensitivity, natural fractures, and the well completion
technology [6].

The most commonly used fracture technologies now are the multi-section
fracturing, riverfracing, hydra-jet fracturing, fracture network fracturing, re-frac-
turing, and simultaneous fracturing. However, more attention is being given to CO,
and N; fracturing. This fracturing technology’s features and application conditions
are different as shown in Table 2.

3. Multi-fracture network fracturing

Since it was proposed for the first time by Giger in 1985 [8], the concept of hori-
zontal well fracturing has been widely practiced as a valuable technique to improve
well production and increase the recovery of unconventional reservoirs. Horizontal
well fracturing treatments in field generally create multi-fractures in selected inter-
vals along the wellbore. Processes of fracture initiation and propagation in horizon-
tal wells are different from those in vertical wells due to the larger contact surface
area with the formations, thus resembling more complex reservoir situation. When
multi-fractures are propagated, they often join or intersect with each other, form-
ing patterns that are known as multi-fracture networks, which immensely increase
the storage capacity and the fluid transmissibility of formations. Multi-fracture
networks are not easy to be assessed or studied due to the complexity; however, they
are evaluated using mathematical and statistical techniques and may be represented
using fractals.

3.1 Creation of the multi-fracture network

The classical hydraulic fracturing theory indicates that the main formed fracture
is a symmetric bi-wing plane extending parallel to the direction of maximum prin-
cipal stress. However, field hydraulic fracturing treatment is completely different
as complex fracture networks take place where the main fracture and other smaller
branch fractures simultaneously extend in the fracture propagation zone [9-11].

Microseismic mapping shows that hydraulic fracturing in shale forms a multi-
fracture network system [12-15] which consists of complex fractures as shown in
Figure 2 [16]. It was concluded from the mapping that natural fractures’ direc-
tion was to the northwest and the propagation of the induced hydraulic fractures
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direction was to the northeast where they intersected with natural fractures. This
led to many crosscutting linear features and formed a complex fracture. Based on
fracture extension characteristic in shale reservoirs, hydraulic fractures are clas-
sified into four major types [16]: single plane bi-wing fracture, complex multiple
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Figure 2.
Multi-fracture network extension in shale reservoirs during hydraulic fracturing (after Warpinski et al. 2008

[16]).

Simple fracture Complex fracture

Complex fracture Complex fracture
with fissure opening network

Figure 3.
The hydraulic fracture classification complexity (after Warpinski et al. 2008 [16]).
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fracture, complex multiple fracture with open natural fractures, and complex
fracture network as shown in Figure 3.

Confirming field observation from seismic mapping, simulation experiments
[17-22] show that induced hydraulic fracture presents three types of extensions
when intersecting with natural fractures: crossing the natural fractures, extending
along the natural fractures or crossing, and extending along at the same time. It
was concluded that fracture network would highly form during fracturing process
of naturally fractured formations [23]. Moreover, several laboratory experiments
confirmed that fracture network exists [24, 25] and found that the fracture network
would easily form under low fluid viscosity injection [26, 27]. Other observations
proposed that multi-fracture networks in shale reservoirs area are key to increase
stimulated reservoir volume (SRV) where treatment success relies on whether
hydraulic fracture could extend to form multi-fracture network [28-30].

3.2 Factors affecting multi-fracture network fracturing

Understanding fracture initiation and propagation rules are the main issues
faced when commencing hydraulic fracturing because several important geological
and engineering factors affecting the multi-fracture network formation are to be
considered [31].

3.2.1 The geological factors.

1. Mineral composition. Brittleness is controlled by mineralogy as brittleness
mineral concentration, the rock brittleness gets higher, and the development
of natural fractures becomes better (mineral concentration increase/decrease).

2.Mechanical properties. Poisson’s ratio and Young’s modulus are combined
to reflect the rock ability to fail under stress (Poisson’s ratio) and maintain a
fracture (Young’s modulus) once the rock fractures. The lower Poisson’s ratio
and higher Young’s modulus value, the more brittle the rock, and the fracture
extends into fracture network.

3. Distribution of natural fractures. As natural fractures have great effect on
hydraulic fracture extension, the more developed the natural fractures are, the
more complex is the extension of hydraulic fracture.

4.Horizontal stress field. Multi-fracture network is controlled by intersecting
intensity between induced fractures and natural fractures. Hydraulic fracture
would propagate along natural fractures under low horizontal stress and cross
natural fractures under high horizontal stress conditions.

3.2.2 The engineering factors.

1. Net fracturing pressure. Greater fracturing pressure would cause more com-
plex fractures where it is possible to induce branches of hydraulic fracture to
form a complex fracture network.

2.Fluid viscosity. The viscosity has an important influence on the complexity of
fracture extension; from the laboratory experiments, it is obvious if the fluid
viscosity gets higher; the complexity of fracture is significantly reduced. The
injection of high viscosity fluid in field treating will reduce the complexity of
fracture network [32-35].
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3.Fracturing scale. The impact of fracturing scale can be seen on the production
scale, as large amounts of the fracturing fluid volume are pumped; the longer
the total length of fracture network, the more complex the resulted fracture
network, and the higher the corresponding well production. Using large frac-
turing scale is an important measure to increase the SRV, which is essential to
improve stimulation effect in the shale fracturing, where the bigger the SRV is,
the higher the production.

The essential goal for the treatment is to get the most out of each stage and each
cluster in the fracturing network. The optimization of fracturing fluid and minding
the aforementioned factors can help achieving even flow distribution and network
efficiency, both of which can help contribute to increased production. The practices
over have realized that, in most cases where it has been measured, only 30-60% of
the fractured clusters in a wellbore are providing measurable production [36].

4. Re-fracturing technology

Unconventional reservoirs show significant decline rates after few months of
production compromising the economics and imposing the need for increasing or
stabilizing production. The decline in production from the unconventional reser-
voirs is attributed to the closure and damage of the fracture networks within the
formations. Hence, re-fracturing as an emerging technology has become a viable
option for sustaining production and increasing reserves. Re-fracturing is a pre-
ferred option over drilling and completing new horizontal wells as it can be carried
at only a fractional cost of up to 25-40% [37], thus minimizing the related financial
and safety risks.

Production decline rates from unconventional reservoirs are more rapid than
those in conventional reservoirs because of the ultralow permeability, limited
reservoir contact, and the original completion strategy. The ability of re-fracturing
technology provides a potential to extend the productive life of the unconventional
reservoirs beyond the normal and up to an additional 20-30 years [38]. Re-fracturing
restores production from underperforming formations by increasing fracturing
networks, replacing damaged proppant, bypassing skin zones, and connecting old
and new fractures [39]. Successful re-fracturing can increase the estimated ultimate
recovery (EUR), shorten the capital return time, and increase the net present value
(NPV) of the unconventional reservoirs. Decline curve analysis (DCA) showed
that re-fractured wells achieved an average of 60% increase in NPV [40]; therefore,
re-fracturing application helps reduce the variability in the unconventional reservoir
performance and considered the best option for tackling production declines.

4.1 Re-fracturing process

Re-fracturing literally means a second hydraulic fracturing through same or
new perforations to repair or recreate fracture networks within the same formation.
If a re-fracturing treatment was carried out after a re-fracturing, then it would be
considered a tri-fracturing [41].

Practically, re-fracturing is carried out when the initial hydraulic fracturing
treatment was undersized or when suspected skin damage exists [42]. It is possible
to use the existing fractures for the re-fracture and still generate a new fracture
network sufficient to increase production. In a formation with its low in situ stress
anisotropy, pressure can be created within the fracture itself to cause the reservoir
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to be fractured in new directions. Reusing the existed fractures helps control

the cost of re-fracturing. Therefore, another approach for re-fracturing is to add
perforations between the existing fractures to create additional fracturing networks
as shown in Figure 4.

4.2 Re-fracturing methods

There are many ways available to perform re-fracturing; however, three most
common re-fracturing methods are selected for consideration, namely, the diver-
sion method, the coiled tubing fracturing method, and the mechanical isolation
method [43]:

* Diversion: This method uses diverting agents to plug the existed fractures or
perforations, allowing re-fracturing reallocation to new areas. However, it is
difficult to control which segment of the lateral would be stimulated that is
why it’s also known as a “pump and pray method.” Yet, this method is the most
widely used in the industry likely because it is the most cost-effective.

* Coiled tubing: This method utilizes resettable packers where re-fracturing is
targeted. However, at low rates through coiled tubing, this method is consid-
ered inadequate for open-hole environments.

* Mechanical isolation: This method typically uses expandable liners and plugs.
However, it requires new hardware for re-fracturing which increase costs
substantially because it would often need to use a full new liner.

As re-fracturing technology gains popularity in unconventional reservoirs, the
ability to isolate reservoir access points and redirect the fracturing fluids and prop-
pant to different parts of the reservoir is crucial to achieving a successful treatment.
All known methods have advantages and disadvantages; however, the often selected
method is based on their ease of use, cost-effectiveness, and environmental impact.
4.3 Selection for re-fracturing

Many wells are drilled with outdated completion designs; for that, they aren’t
efficiently producing the reservoir formations. These wells are specifically targeted
when engaging re-fracturing because it is an economical practice to mitigate the
flow rate decline and maximize reservoir deliverability [44].

The process of choosing which well to re-fracture is known as “candidate selection”
[45], and the following are criteria which are often considered [46]:

* Logs or tracers indicating unproductive sections of wellbore

* Initial completion used wrong fracture fluid or proppant type

* Degree of production depletion

* Degradation in fracture conductivity or propped half-length

* Productivity of the reservoir

* Performance of other nearby wells
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Figure 4.
(left) a hydraulic fracturing stimulation created a fracture network (vight) after re-fracturing, and additional
complex fracture network has developed (Allison & Parker 2014 [38]).

The selection methodology must be customized to fit the particular needs of
a given field where substantial incremental reserves can be added if the correct
candidate selection process is followed [47].

4.4 Evaluation of re-fracturing

After re-fracturing, a well may experience increase in production due to new
fractures or extension of existing fracture networks. The success of re-fracturing
can be determined by empirical parameters such as production rate 30 days before
and following re-fracturing, EUR ratio based on DCA [48].

Computer programs can simulate re-fracturing scenarios at a considerable
degree of accuracy despite the fact that all predictive methods lack robustness that
accounts for the original production depletion and the conditions after re-fractur-
ing. However, as technology advances, well performed computer models are able to
generate trustworthy forecasts that allow decision-makers to confidently evaluate
the economic success or failure of re-fracturing.

5. Simultaneous fracturing technology

Simultaneous fracturing or multiple fracturing (simul-frac) technology is
the hydraulic fracturing technique that fractures multiple wells simultaneously.
Simultaneous fracturing applies a shortest well-to-well distance to allow both the
proppants and fracturing fluid flow through the porous medium from well to well
under high pressure as shown in Figure 5. The purpose of the multiple simultane-
ous process is to increase the recovery efficiency and productivity, of the wells, by
increasing the surface area subject to flow through the newly created dense frac-
tures. The typical practice of simultaneous fracturing initiates with two horizontal
wells of the same depth; however, currently up to four wells can be simultaneously
fractured [46].

Many researchers have performed different field experiments to examine the
simultaneous fracture multiple adjacent horizontal wells to create complex frac-
ture networks. Even though field attempts have shown significant improvement
with simul-frac instead of stand-along wells [50], microseismic information [51],
and numerical simulations [52-58] also demonstrate a complex fracture network
made through simul-frac. However, the reasons behind its success are not yet
well understood. Multiple hydraulic fracture technique is a complex method that
requires considering not only the hydraulic fracturing procedure but also fracture
interaction between multiple fractures. The hydraulic fracturing treatment is a
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An example of simultaneous fracturing [49].

typical hydromechanical fracture coupling problem, wherein the following three
basic processes involve in [59]:

a.Rock deformation made by fluid pressure applied on fracture surface
b.Fluid flow into the fractures
c.Fracture growth

The fracture interaction between multiple fractures would significantly result in
stress shadow effects that can cause stress field and fracture geometry alterations.

With the advance of computer processes, more numerical tools have been
developed to become reliable and convenient techniques to investigate the treat-
ment methods of hydraulic fracturing. Moreover, the numerical technique of finite
element [60] is a well-established scheme to study rock engineering issues, and also
it is frequently used in the last three decades to simulate hydraulic fracture propaga-
tion [61]. However, there are many scientific articles published on different finite
element methods to numerically study the process of hydraulic fracturing [62-82].

6. Horizontal well staged fracturing technology

Horizontal well fracturing technology is the main technology promptly uti-
lized to low permeability reservoirs. However, in deep shale reservoirs, the use of
traditional single stimulation cannot meet the production requirements. Thus, a
new technology of horizontal well pressure cracking has been introduced. Zebo
et al. [83] found that, based on the process and concerned parameters of horizontal
well fracturing, increasing technical problems during reservoir exploration and
development, horizontal section becomes popular where sub-fractured horizontal
well technique has wide application potentials. Furthermore, the sub-fracturing
technology is an important tool in the technology of staged fracturing. Packer as
a completion tool does not consist of multicolumn zones, and supporting tools
are necessary for safety and to increase the possibility of successful fracturing
treatment.

The success of horizontal well fracture is mainly due to the mechanical proper-
ties of the rock, stress, shaft stress fracture initiation, and elongation mechanism.
Moreover, the horizontal well sub-fracturing should be considered to obtain better
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fracturing design and to ensure treatment success and efficiency. To achieve the
expected outcomes from well completion of a fracturing job, certain issues must
be monitored such as the borehole or near wellbore area, permeability anisotropy,
blocking natural cracks, and stimulation failure. Up to date, the horizontal well
fracturing technique has become one of the preferred tools to solve these problems.
Thus, the main applied technology of horizontal well fracturing consists of limited

flow fracturing technique and sub-fracturing process. The following section will
describe these techniques.

6.1 Limiting entry fracturing

This technique limits the number of perforations and their diameter while
injecting a large volume of fracturing fluid that causes increasing the bottom hole
pressure on a large scale. Therefore, the fracturing fluid is forced to shunt into lim-
ited entries creating new fractures as shown in Figure 6 [85, 86]. The main advan-
tages of this technique are a relatively simple operation, short operation time, the
fact that multi-fractures are created in a single operation which is environmentally
favorable for reservoir protection. However, this technique has some limitations
including high perforation back pressure, difficult to control any single fracture,
and fractures which may not form in perforations of long interval horizontal well.

An example where limited entry fracturing technology was applied in horizon-
tal well is Zhao 57-Ping 35 of Daqing Oil Field [84]. The well was divided into 4
sections each containing 19 perforations, and an isolating packer was set above the
kickoff point. Using two simultaneous pumping facilities, a total fracturing fluid
volume of 374.3m> with an average sand ratio of 35.6% was injected at a rate of
7.5 m*/min. The fracture initiation pressure was 30.5 MPa, four fractures were cre-
ated, and the total fracture span was 400 m. The entire operation took 79 minutes.
This treatment achieved success allowing the production after fracturing to increase
20-30 times and reach the production level of 4 vertical wells.

6.2 Staged fracturing technique

As limited entry fracturing cannot operate on all the target layers at one time,
staged fracturing technique is used when the horizontal section is long and many
layers are targeted for fracturing. Staged fracturing creates many fractures by
utilizing packers and/or other segmenting materials. Operating a section by section
at the time, one fracture is created in every section. The key points to achieve staged
fracturing are tools and technique that fulfill the treatment requirements.

There are three types of staged fracturing techniques often used: the bridge
plug fracturing, through coiled tubing fracturing with straddle packer and gel

Figure 6.
Technique of the limited entry fracturing of a horizontal well [84].
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Staged fracturing mechanism of horizontal wells [84].

complex-slug fracturing as shown in Figure 7. Contrary to packer separation, the
gel complex-slug fracturing avoids the risk of downhole tool stuck, but in the latter,
the fracture initiation points are difficult to control.

An example where gel staged fracturing technology was applied in well
Saiping-1 of Changqing Oil Field where four fractures were created. The process is
briefly described as the following: perforating the end of horizontal well section,
followed by first fracturing treatment, running a production test, and temporary
plugging the first section by sand filling gel plug and, next, repeating the process in
perforating the second, third, and fourth sections followed by a formation pressure
and production tests.

7. Evolution of fracturing fluid and the chemicals

The first hydraulic fracturing treatment was implemented in Hugoton Gas Field
in Grand County, state of Kansas, during 1947. By the end of 1952, many fractur-
ing treatments were performed with refined and crude oils. Thus oil-based fluids
were the first fracturing fluid utilized for this purpose due to their benefits which
are cheap and permitting greater volumes at a lower cost. But due to the safety
and environmental issues, which are associated with their applications, it was
encouraged that the industry move toward in developing an alternative fluid. At
the beginning of 1953, for the first time, water fluid was used as a fracturing fluid;
and a number of gelling agents were developed. However, water-based fluids with
water-soluble polymers mixed to prepare a viscous solution are commonly used
in the fracturing treatment. Since the late 1950s, more than 50% of the fracturing
treatments were performed with fluids consisting of guar gums, high-molecular-
weight polysaccharides composed of mannose and galactose sugars, or guar
derivatives [87].

In 1964, surfactant agents were added to reduce the emulsion formation when in
contact with the reservoir fluid; however, potassium chloride was added to decrease
the effect on clays and other water-sensitive formation components. Later, addi-
tional clay stabilizing agents were developed to enhance the potassium chloride,
allowing the use of water in different geological formations. In the early 1970s,

a major revolution in fracturing fluids introduced the use of metal-based cross-
linking agents to improve the viscosity of gelled water-based fracturing fluids for
extreme reservoir condition (i.e., high temperature). Later a critical development
was made on gelling agent to achieve a preferred viscosity. Also guar-based poly-
mers are still used in fracturing jobs at reservoir temperatures below 150°C. Other
fluid improvements, foams, and the addition of alcohol have enhanced the use of
water in more geological reservoir formations. Moreover, various aqueous fluids,
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such as acid, gas, water, and brines, are currently used as the base fluid in approxi-
mately 96% of all fracturing treatments employing a propping agent [87].

As the hydrocarbon drilling and production have moved toward deeper
reservoirs with high pressure and temperature condition, more fracturing treat-
ments have been developed to be compatible with these conditions. Therefore,
gel stabilizers and thermally stable polymers have been developed in which gel
stabilizers can be utilized with around 5% methanol, but synthetic polymers have
shown a sufficient viscosity at temperatures up to 230°C [88]. After that, chemi-
cal stabilizers have been developed and possibly used with or without a methanol.
The improvements, which are made in cross-linkers and gelling agents, have led to
systems that can permit the fluid to reach the well bottomhole in high-temperature
condition before cross-linking, therefore, reducing the effects of high shear in the
production tubing. Recently, nanotechnology has been introduced in the design of
new, efficient hydraulic fracturing fluids [88]. For example, nanolatex silica is used
to reduce the concentration of boron found in conventional cross-linkers. Recent
advancement in nanotechnology is the use of small-sized silica particles [20 nm]
suspended in guar gels to improve fracturing treatment [89]. Therefore, the fol-
lowing section will discuss the use of CO, and N; as fracturing fluid to enhance
the hydrocarbon fluid production and to store CO, into the geological formation
to minimize the greenhouse emission. Also it will provide a brief information on
hydra-jet fracturing.

7.1 Fracturing using CO, and N,

In the ordinary fracturing, large amounts of freshwater, sand, and chemicals are
injected into the ground at high pressure. It has been reported that up to 9.6 million
gallons of water on average are used for a single well fracturing; this lead to the use
of more than 28 times the water for wells before fracturing, putting farming, and
drinking sources at risk in arid regions, especially during drought [90]. Some of the
water used for fracking is brought back to the surface and recycled, but the most of
it is lost deep into the formations. Thus, fracking can increase demand for water by
up to 30 percent, and this can be a major increase for groundwater consumption.

To solve the water scarcity problem, the fracturing using water, carbon dioxide,
and nitrogen is commonly referred to the process in where substantial quantities
of both nitrogen and carbon dioxide are incorporated into the fracturing fluid.
Amounts of nitrogen and carbon dioxide are incorporated separately into an
aqueous-based fracturing fluid to provide a volume ratio of nitrogen to carbon
dioxide within an estimated range between 0.2 and 1.0 at wellhead conditions. The
volume ratio for the total of both carbon dioxide and nitrogen to the aqueous phase
of the aqueous fracturing fluid ranges between 1 and 4. The aqueous fracturing
fluid that contains the nitrogen and carbon dioxide is injected in the well under
conditions in which the pressure required is high enough to implement hydraulic
fracturing of the subterranean formation undergoing treatment. In order to provide
aviscous aqueous-based fracturing fluid, a thickening agent may be added into
water. Additionally, a propping agent is to be incorporated into a portion of the
fracturing fluid. Only then can carbon dioxide and nitrogen be added to the fluid.
Carbon dioxide is incorporated in its liquid phase and the nitrogen in its gaseous
phase. The use of carbon dioxide and nitrogen as fracturing fluids is discussed
briefly in this essay.

Currently, carbon dioxide fracturing is one of the most effective and cleanest
approaches available in order to increase oil and gas production. To produce the
viscous aqueous-based fracturing fluid, carbon dioxide is injected in its liquid
state using conventional frac pumps. Injection rates for it can be improved by
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incorporating booster capacity. An upside of using carbon dioxide in this process

is that it can carry high concentrations of proppant in foam form due to its density
and is compatible with all treating fluids (including acids). Because of that density,
it is also not susceptible to gravity separation. Additionally, carbon dioxide can

be pumped with synthetic and natural polymers, lease crude, or diesel as a foam

or microemulsion, increasing the hydrostatic head to or greater than that of fresh
water and decreasing the viscosity of the system. This feature of carbon dioxide
results in vastly reducing horsepower costs and a decrease in the applied treating
pressures. Another benefit of carbon dioxide is that it dissolves in water which
causes it to form carbonic acid that dissolves the matrix in carbonate rocks. It
buffers water-based systems to a pH of 3.2 which can also control clay swelling and
iron and aluminum hydroxide precipitation. Known to act as a surfactant to sig-
nificantly reduce interfacial tension and resultant capillary forces, carbon dioxide
thus removes fracturing fluid, connate water, and emulsion blocks. In regard to it
being one of the cleanest approaches in increasing gas and oil productions, carbon
dioxide provides the energy to remove formations fines, crushed proppant, reaction
products, and mud that is lost during drilling. In addition to that, swabbing of treat-
ing fluids can be greatly reduced which will allow for saving in associated treatment
costs. Lastly, unlike other agents a carbon dioxide treatment with a 70 quality foam
job allows low amounts of the water to contact the formation, roughly 30 percent
compared to a gelled water fracturing. This decrease chances of clay swelling and
inhibited production. All these benefits of using carbon dioxide as a fracturing
fluid in wells with low bottomhole pressure or sensitivity to certain fluids make it a
strong alternative candidate.

Although containing different properties, nitrogen similar to carbon dioxide
comes with many benefits for fracturing fluids. Nitrogen for the fracturing fluids
can be supplied by air products and provides both performance and cost advantages
over certain formations of water-based fluids. Although water-based fracturing
fluids are commonly used for hydraulic fracturing due to their advanced proppant
transport into the fracture, they do also come with disadvantages. Because they
can cause water saturation around the fracture and clay swelling which can result
in hindering the mass transport of hydrocarbons from the fracture to the wellbore,
water-based fluids are often unsuitable for water-sensitive formations. Nitrogen
fracking fluids are an excellent alternative to water-based fluids in water-sensitive
formations, depleted reservoirs, and shallow formations as they do not result in any
water saturation.

Four main types of nitrogen fracturing fluids are used commercially: pure gas,
foam, energized, and ultrahigh quality (mists). Foam fracturing fluids typically
consist of a water-based system and a gas phase of nitrogen volume in the range of
53 to 95%. Below 53% nitrogen, the fracturing fluid is considered energized. Above
95 percent nitrogen, the fracturing fluid is considered a mist. Cryogenic liquid
nitrogen fracking fluid is considered to be the fifth type of nitrogen fracturing flu-
ids used. However, it is rarely employed for commercial operations due to material
restrictions and equipment requirements.

7.2 Hydra-jet fracturing

The process of hydra-jet fracturing combines hydra-jetting with hydraulic
fracturing and involves running a specialized jetting tool on conventional or coiled
tubing. Dynamic fluid energy jets form tunnels in the reservoir rock at precise loca-
tions to initiate the hydraulic fracture which is then extended from that point out-
wards. By repeating the process, one can create multiple hydraulic fractures along
the horizontal wellbore [91-93]. The idea of hydra-jet fracturing is not a new one.
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In fact, it was used a century ago with low-pressure jets [94] where waterjets with
erosive materials were used to cut rock and glass. Because erosion does not involve a
backflow hindering the sand cutting process, cutting steel plates, wellheads during
the Iraqi war, and rock quarries tend to be easily be done. Hydra-jet cutting may be
mistakenly claimed as a result of a perforating process which can be seen when used
on the rocks sandstone and limestone.

For these two rocks, assume that the jet is used to perforate formation rock. Also
assume that the jetting process creates a perforation with a larger inside diameter
than the jet nozzle. The velocity of the fluid flowing into the perforation tunnel
would be incredibly elevated. Near the bottom of the perforation, the velocity of the
flowing fluid would dramatically decrease. If the flow area is sustained and there is
no presence of friction, the fluid pressure will be equal to the original jet pressure
per the example. However, this tends to be an unlikely happening because pressure
losses are typically high. To further explain this, jet boundary friction works to
convert kinetic energy to heat loss causing jet flaring. This drastically reduces jet
velocity, which in turn reduces the pressure per unit area of impact. This results
in a low-pressure transformation efficiency. More importantly, rocks can still be
fractured when enough pressure is applied to the jets even at this low of a pressure
efficiency rate. An important note is that laboratory tests have shown that rock frac-
turing is commonplace when jet pressures are high. However, when high-pressure
and low-energy transformation efficiencies are used hand in hand, they are techni-
cally and economically impractical.

8. Summary

The desired objective of fracturing is to develop and effectively produce from
a shale reservoir. To ensure a successful fracturing treatment, a proper fracturing
technology must be utilized based on the reservoir characteristics as the reser-
voir mineral content, physical properties, and geological condition. The utilized
formation fracturing technique has a different desired environment to achieve
the maximal recovery. During the process of fracturing treatment, the content
of a fracturing fluid should be checked based on the formation mineral content
and physical properties to improve reservoir permeability and reduce formation
damage.

The forming of multi-fracture network is the key to obtain an effective hydraulic
fracturing treatment in shale reservoirs. If higher treating net pressure is achieved,
lower fluid viscosity is used, and larger fracturing scale attempt would be more
helpful to form a fully fracture network. The reservoir geological factors also have
high attributes, where brittleness index, elastic characteristic of rock mechanical
properties, horizontal stress, and existence of natural fractures are useful to obtain
better results of fractures developing into multi-fracture network.

Re-fracturing has the potential to re-energize natural fractures and extend and
replace low conductivity existing fracture network. Utilizing re-fracture treatment
successfully depends on technology that allows access to larger volumes of uncon-
ventional reservoirs. Monitoring the effectiveness of well completions helps guide
technologies and methods to gain control of the wellbore to maximize EUR and
NPV. Re-fracturing treatments have significant impact on production, and econom-
ics of unconventional reservoir development and consideration should be taken to
determine the best way to achieve successful re-fracturing as production starts to
decline.
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Chapter 3

Hydraulic Fracturing in Porous
and Fractured Rocks

Duvvuri Satya Subrahmanyam

Abstract

There are various methods to determine in situ stress parameters, each having its
own advantages and limitations. Among the methods available, the hydraulic frac-
turing method is the most adopted method for in situ stress measurements because
of its simplicity and reliability. But the legitimacy of this method becomes ques-
tionable in fractured and porous rocks as the amount of experimental work has thus
far been limited, especially in the case of its validity in fractured and porous rocks.
The relatively slow rates of pressurisation have ensured that when fracture initia-
tion occurs, the sudden increase in volume may lead to a marked drop in pressure in
the fractured section, which is easily recognised from the pressure record. This is
because pressure cannot be developed if the rate of leakage in the formation is equal
to or higher than the flow rate applied for fracture initiation.

Keywords: hydraulic fracturing, fractured rocks, porous rocks, high flow rate,
overcoring

1. Introduction

Hydraulic fracturing provides only plane principal stresses, and no information
on the other components of the tri-axial stress field is available [1]. In hydraulic
fracturing, continuous water pressure is applied in confined area which tends the
rock to be tensile and while pressure exceeds the strength of rock, water escapes in
weak plane formed [1-15].

Haimson studied on various rock specimens of variable pore pressures. Around
400 specimens have been tested under rational loading conditions. All the speci-
mens failed under tensile manner. He was the one who pointed out the role of water
pressure in fracture propagation. His study proved that water pressure increases the
pore pressure in turn unable to obtain actual results. The reliability and validity of
this method is also questionable when dealing with porous and fractured rocks
encountered in underground mines [2-8, 16].

The main objective is to develop a proper and add-on technique for hydraulic
fracturing for stress measurement in porous and fractured rocks. Hydraulic frac-
turing tests were conducted by using different flow rates of water inside the frac-
tured rocks and high viscous fluid in porous strata. The stresses evaluated by this
method was correlated with normal flow rate hydraulic fracturing method at the
same locations where the rock mass was not fractured, and to circumvent the effect
of the porousness, by overcoring technique since porosity does not have any influ-
ence on overcoring procedures. The correction factor was introduced during stress
evaluation by hydraulic fracturing method in fractured and porous rocks. Normal
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flow rate is flow rate of fluid during hydraulic fracturing test ranging from 6 to
8 I/min.

This new technique will be helpful in conducting the stress measurements in
porous and fractured rocks, which will be highly beneficial to both mining and
hydropower related excavations.

The measurement of the state of in-situ rock stress provides essential data for
the rational design of underground excavations based on the principles of rock
mechanics [13].

The hydraulic fracturing test to determine the stress tensor is rather simple and
robust, and it also gives the required magnitude and orientation of the maximum
principal stress [17]. Several techniques and equipment have been developed, and
are still being developed, to measure this parameter [8].

The main disadvantage of this hydraulic fracturing method when compared to
other methods such as overcoring, flat jack and stress-meter, is its limitation when
applied to porous and fractured rocks [14, 18]. Rock mass may contain natural
occurring discontinuities, including fractures which dissipate fracturing liquid.
Hence, it is more difficult to use the hydraulic fracturing process to determine stress
conditions in porous and fractured rocks. Whereas in ‘non-fractured rock mass’,
i.e., rock mass without fractures, this limitation is not there. As rocks in a large
number of underground coal mines belong to this category, i.e., porous and
fractured rocks, finding a methodology to accommodate such rock conditions is
essential.

If a high flow rate of fluid is used, experience has shown that there is a tendency
of induced fractures to rotate and change the direction of the initial fracture. As the
direction of the induced fracture is one of the input parameters for the evaluation of
hydraulic fracturing stress, any change in the direction of fracture due to the
influence of some external factor, like the flow rate, will give rise to an anomalous
pressure or stress value [15].

If, instead of water, a higher viscosity fluid is used for fracture initiation, pres-
sure can be readily developed inside the induced or pre-existing fractures which can
be taken for evaluation of stress, but the influence of viscosity on the evaluation of
magnitude and direction of stress is not validated.

The above discussed two points show that the limitation in adopting hydraulic
fracturing method in porous and fractured rocks is rather due to non-availability of
proper technique than the principle of hydraulic fracturing.

2. Hydraulic testing of pre-existing fractures method

Hydraulic testing of pre-existing fractures (HTPF) method provides an evalua-
tion of the complete stress tensor (six components), independent of borehole ori-
entation and material properties.

A portion of a borehole is closed off by use of two inflatable rubber packers
adequately pressurized so that they hold on to the borehole wall (Figure 1).

The water is pumped under continuous flow rate into the portion, gradually
increasing the pressure on the borehole wall until a fracture is begun in the rock, or
a pre-existing fracture is opened. Pumping is halted, allowing the interval pressure
to deteriorate. Several minutes into the shut-off phase, the pressure is released and
allowed to return to ambient circumstances. The pressure cycle is repetitive several
times maintaining the same flow rate. Key pressure values used in the computation
of the in-situ stresses are plucked from the pressure-time record. The repeated
cycles deliver redundant interpretations of the key pressures. The attitude of the
induced hydraulic fracture, or of the pre-existing fracture, is achieved using an
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Figure 1.
Typical HTPF test equipment setup.

oriented impression packer. Hydraulic fracturing orientation is related to the direc-
tions of the principal stresses [1-15].

HTPF, tests yield an evaluation of the normal stress supported by fracture planes
with different known orientations, and the complete stress evaluation results from
an inversion of these results.

The main difference between HTPF and Hydraulic fracturing tests are certain
assumptions made; otherwise, the process remains same. The following are certain
assumptions:

1.There is no theoretical limit to the depth of measurement, provided a stable
borehole can access the zone of interest [3].

2.The method assumes that isolated pre-existing fractures, or weakness planes,
are present in the rock mass, that they are not all aligned within a narrow range
of directions and inclinations, and that they can be instantly opened by
hydraulic tests. When the straddled interval includes multiple fractures, it is
necessary to verify that only one single fracture has been opened, for the
opening of pre-existing fractures change the local stress field [6].
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3.Fractures used in stress computations are delineated on the borehole

wall under the assumption that their orientation persists away from the
hole [5].

4.For a complete stress tensor determination, the method requires a theoretical
minimum of six tests.

5.The procedure is applicable for all borehole orientations. It is independent of
pore pressure impacts and does not involve any material property
determinations.

6.1t presumes that the rock mass is consistent within the volume of interest.
When tested fractures are isolated from one another by more than 50 m, a
hypothesis on stress gradients is essential.

Following are the assumptions in hydraulic fracturing technique:

1.There is no theoretical limit to the depth of measurement, provided a stable
borehole can access the zone of interest and the rock is elastic and brittle.

2. Principal stress directions are obtained from the fracture demarcation on the
borehole wall under the notion that fracture attitude persists away from the
hole.

3.Evaluation of the maximum principal stresses assumes that the rock mass is
linearly elastic, homogeneous, and isotropic. It involves considerations of pore
pressure effects.

2.1 Hydraulic fracturing in fractured rocks

In Haimson’s thesis [10], about 400 tests on hollow cylindrical and cubical
specimens of 5 different fractured and non-fractured rocks were conducted under
constant tri-axial external loading and increasing borehole fluid pressure [12]. In all
of the samples tested, the induced hydraulic fractures were always found to be
tensile and no shear failure was observed. The fractures in all the rock types were
either vertical or horizontal depending on the applied stresses. These fractures are
observed in pairs, mostly parallel to the nearly vertical wellbore axes, and on
diametrically opposite sides of the borehole walls [15].

Haimson and Fairhurst [19]showed that the pumped flow increases the pore
fluid pressure in fractured/porous formations and produces additional stresses and
displacements (Figure 2).

Hence it is difficult to get the breakdown pressure (Pc) or the peak pressure in
the first pressure cycle in normal flow rates in fractured rocks. Before reaching its
peak, pressure typically declines even if pumping is continued at the initial flow rate
as the pressure required to induce a hydraulic fracture in HF tests, or fracture
reopening in hydraulic fracturing tests on preexisting fractures (HTPF) tests is not
sufficient enough. It clearly indicates the following:

1. Critical pressure cannot be reached
2.The slope declines in the pressure-time curve,

3.Declining slope with constant flow rate in subsequent cycles
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Figure 2.
Existing fractures in a borehole.

4. Shut-in pressure cannot be reached, signifies that maximum fluid is infiltrated
in the fractures. (The shut-in pressure denotes at which a hydrofracture pauses
generating and closes following pump shut-off. The determination of the shut-
in pressure Pg; is when a sharp break is detected in the pressure-time curve
after the initial fast pressure drop following pump shut-off) [9].

In normal conditions or in good rock mass, the shut-in pressure (Psi) reaches, after
the pump is shut off following breakdown or fracture reopening. But in the present
case in fractured rocks, shut-in pressure cannot be achieved even after repeated
cycles. The first difficulty is the pressure decay just before shutting off, and the other
difficulty will be not getting shut in pressure to calculate the minimum principal stress
[17, 20].

2.2 Difficulties for stress measurements in fractured rocks by various methods

a. The overcoring test method does not permit the testing of rock mass with
preexisting fractures with in the test section. The presence of fractures at or
near the strain gauges results in erroneous measurements. In addition, the
presence of fractures prevents a suitable length section of core being obtained
for biaxial testing and determination of the elastic properties of the rock.

b. Flat jack measurements give only induced stress of the area, hence this
method is also not suitable.

c. Classical method of hydraulic fracturing test is not suitable as the new
fracture cannot be created in the zone of already existing fractures.

d. HTPF method of normal flow rate of water is also not suitable to reopen the

existing fractures as the pressure is not sufficient to create the fracture or
reopen the existing fracture.

2.3 Solution through innovation

* High flow rate technique with HTPF method can be suitably used in fractured
rocks
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* High viscous liquid instead of water can also be used for stress measurements
in fractured rocks

The above solutions are originally proposed by the author. It will be patented
soon at Office of Controller General of Patents, Government of India.

2.3.1 Methodology adopted

1.Hydraulic fracturing measurements were conducted by using different flow
rates of water inside the fractured rocks. The stresses evaluated by this method
was correlated with normal hydraulic fracturing method at the same locations
where the rock mass was not fractured.

2.Hydraulic fracturing measurements were conducted inside the boreholes by
using a viscous fluid. The stress evaluation was made using latest software. The
stresses evaluated by hydraulic fracturing with viscous liquid method were
correlated with stress measured by overcoring method. The stress measured by
overcoring method was used as bench-mark for validation as this method does
not influence the presence of porous feature in the rock. The correction factor
was introduced in the stress evaluation by hydraulic fracturing method in
porous rocks.

2.4 High flow rate technique in fractured rocks

In the literature on hydraulic fracture experiments it is generally assumed that a
crack will initiate when the tensile stress at the borehole wall exceeds the tensile
strength of the rock. It is possible, however, that in regions under tectonic shear
stress, shear failure could be induced in the rock about the borehole at much lower
fluid pressures than would be required to produce tension cracks, simply by lower-
ing the effective pressure (confining pressure minus pore pressure) to the point
where the shear strength of the rock is exceeded [14].

Haimson [11] showed that the compressional strength of the rock mass depends
on effective pressure and differential stress. He suggested that a sample subjected to
a given confining pressure and differential stress could be made to fail in shear or
tension simply by controlling the pore pressure [21]. One way of testing this
hypothesis would be to vary the pore fluid injection rate. At slow injection rates the
water or any other fluid which is having low viscosity would have time to be drawn-
out into the fractured zones and lower the effective pressure, whereas at fast
injection rates a steep pore pressure gradient would develop near the borehole. If
fluid were pressurized fast enough, even though the shear strength of the rock near
the borehole would be surpassed, the load on the area would be supported by the
neighbouring rock in which the pore pressure was still low. In this way, shear failure
of the sample would not occur and instead, a tension crack would form when the
tensile strength of the rock near the borehole was exceeded [7].

In settings with extreme overpressure, pore-water pressure approaches the pres-
sure required for natural hydraulic fracturing. Unlike other fractured seals, hydraulic
fractures remain open only if pore pressure exceeds fracture pressure [13].

To test this hypothesis, a series of 24 experiments was conducted at different
zones inside the EX-size boreholes (core drilled boreholes of 38 mm diameter)
where the rock mass is highly fractured. In all these experiments, the differential
stresses were ranging from 10 to 200 bars and the fluid injection rates were varying
by 4-16 1/min. It was assumed that the failure mechanisms (shear or tension)
observed for different injection rates would be controlled by the pore pressure
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distribution in each test at the time of failure. The results are validated with normal
flow rate of HTPF method in good rock mass zones of the same bore holes. Rock
mass quality are characterised using a rating system. The rock mass is categorised
into different classes (i.e., very good to very poor), incorporating the combined
effects of different geological and geotechnical properties. This enables the com-
parison of rock mass conditions throughout the site and the delineation of regions of
the rock mass ranging from 'very good' to 'very poor', thus providing a map of the
boundaries of rock mass quality. The details of the investigations, stress evaluation
procedure in fractured rocks and the results are given below.

2.5 Balloon phenomena

At slow bloating rate it is very difficult to inflate the punctured balloon as the air
will be leaked through the hole, but at the heavy bloating rate it is possible to inflate
the punctured balloon even though the leakage exists. Hence the solution is the rate
of bloating should be much higher than the rate of the leakage through the puncture
(Figure 3). The same balloon phenomena are applicable in the case of hydraulic
fracturing testing in fractured rocks. At slow injection rates the fluid would have
time to diffuse into the fractures and lower the effective pressure, whereas at fast
injection rates a steep pore pressure gradient would develop near the borehole, i.e.,
If fluid were injected fast enough, even though the shear strength of the rock near
the borehole would be exceeded, the load on the sample would be supported by the
surrounding rock in which the pore pressure was still low. In this way, shear failure
of the sample would not occur and instead, a tension crack would form when the
tensile strength of the rock near the borehole is exceeded (Figure 4). Hydraulic
fracturing is initiated when the fluid pressure exceeds the minimum principal
compressive stress by the tensile strength of the host rock. Typical in-situ tensile
strengths of rocks are in the order of 0.5-6 MPa (Haimson & Rummel [22], Amadei
& Stephansson [23], Enever & Chopra [24]) [2, 19]. The propagation is made
possible by the linking up of discontinuities in the host rock ahead of the hydraulic
fracturing tip. Discontinuities are significant mechanical breaks in the rock, nor-
mally with low or negligible tensile strengths.

2.6 Brief about project area

The experiments have been conducted inside the underground tunnels of proposed
underground powerhouse and intake drift area of at Teesta Stage-IV Hydroelectric

2
n'
=
-

-

Figure 3.
Balloon phenomena similar to hydraulic fracturing test in fractuved/porous rocks.
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Figure 4.
Induced fracture/reopening of existing fracture in fractured rocks by high flow rate technique.
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Figure 5.
Configuration of boreholes at powerhouse area-Teesta Stage-IV HEP.
project (Figure 5). Teesta-IV Hydroelectric Project was conceptualized in North Sik-
kim district, Sikkim for harnessing the hydro-power potentiality of Teesta River. The
project is located in village Sangklang near Mangan in North Sikkim District.

The geology of the project area is represented by, quartzose phylite with garnet
like crystals & ferruginous quartzite. The borehole logging and the cores retrieved
from the boreholes are shown in Figure 6a-c.

2.7 Investigation procedure

Experiment procedure involves (Figure 7) selection of study area in fractured
and non-fractured rock mass, conducting hydraulic fracturing tests in study area by

Figure 6.
Cores retrieved from the borehole at (a) and (b) powerhouse area; (c) intake drift.
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Figure 7.
Flowchart describing methodology and experimental procedures.

high flow rate in fractured rock mass and normal flow rate in non-fractured rock
mass. At last, compare the results obtained with fractured and non-fractured rock
mass and concluding with results.

After the hydraulic fracturing assembly was positioned at a pre-determined test
section where the rock mass is highly fractured (selected based on core inspection
Figure 6). The back flow from the fracture into the interval section was observed
by short valve closures during the venting phase. Finally, the packers were deflated,
and tool was moved to the next test section. After all the hydraulic fracturing tests
were conducted in all the boreholes, an impression packer tool with a soft rubber
skin was run into the holes to obtain information of the orientation of the induced
or opened fracture traces at the borehole wall (Figure 8).

Experiment 1 (powerhouse upstream)

In trial 1, the experiments were conducted in the EX-size hole at the depth of
10-16 m where the rock mass was completely fractured. This particular zone was
selected after careful observation of core logging data. The injection unit was placed
at this depth for the pressurization. The pressure was injected at a rate of 6 1/min for
a duration of 50-250 sec and the pressure was instantaneously increased up to
50 bars. Critical pressure could not be reached which eventually dropped to zero at
the end of cycle. The shut- in pressure could not be achieved even though the pump
was shut-off at certain peak levels (Figure 9). It clearly indicated that water has

Figure 8.
Tracing of fractures from impression packer at powerhouse downstream area.
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Figure 9.
Experiment 1.

been escaped from the existing fractures and the required pressure could not
develop to reopen the fracture. Normal stress required for reopening of the pressure
could not build up across the fracture. The pressure time diagram for the flow rate
of 6 1/min is given below (Figure 9).

Experiment 2

In trial 2, the experiments were conducted in the EX-size hole at the depth of
10-16 m where the rock mass was completely fractured. This particular zone was
selected after careful observation of core logging data. The injection unit was placed
at this depth for the pressurization of the zone. The pressure was injected at a rate of
9 I/min for a duration of 50-250 sec and the pressure was increased up to 60 bars.
Critical pressure could not be reached but there was a decline in the pressure which
eventually dropped to zero at the end of cycle. The shut- in pressure could not be
achieved even though the pump was shutoff at certain peak levels (Figure 10). It
clearly indicated that water has been escaped from the existing fractures and the
required pressure could not develop to reopen the fracture. Normal stress required
for reopening of the pressure could not build up across the fracture. The pressure
time diagram for the flow rate of 9 I/min is given below.
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Figure 10.
Experiment 2.
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Figure 11.
Experiment 3.

Experiment 3

In trial 3, the experiments were conducted in the EX-size hole at the depth of
10-16 m where the rock mass was completely fractured. This particular zone was
selected after careful observation of core logging data. The injection unit was placed
at this depth for the pressurization. The pressure was injected at a rate of 12 I/min
for a duration of 50-250 sec and the pressure was increased up to 70 bars. Critical
pressure could not be reached but there was a decline in the pressure and which
eventually dropped to zero at the end of cycle. The shut-in pressure could not be
achieved even though the pump was shutoff at certain peak levels (Figure 11). It
clearly indicated that water has been escaped from the existing fractures and the
required pressure could not develop to reopen the fracture. Normal stress required
for reopening of the pressure could not build up across the fracture. The pressure
time diagram for the flow rate of 12 I/min is given below.

Experiment 4

In trial 4, the experiments were conducted at the same depth of 10-16 m where
the earlier experiments were conducted with the flow rate of 6, 9 and 12 I/min. But
in this case the flow rate was instantaneously increased to 15 I/min. The pressure
was injected at a rate of 15 1/min for a duration of 80 sec and the pressure was
automatically increased up to 95 bars. In the first cycle a clear critical pressure could
be reached and there was no declining of pressure abruptly. Shut in pressure
obtained at 50 bars after the pump was shut off. It clearly indicated that water flow
has been required 15 I/min for the existing fractures to reopen.

Where Py is the shut-in pressure, represented as the point of intersection between
the tangent to the pressure curve immediately after pump shut-off and that to the late
stable section of the pressure curve (Figure 12) (Enever and Chopra, 1986). The
pressure time diagram for the flow rate of 15 I/min is given below (Figure 13).

3. Stress evaluation procedure and results
The in-situ stress measurements were conducted under the following situations:
i. Influence of topography.

ii. Presence of anisotropic rock.
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Shut-in pressure related to Hydraulic fracturing.
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Figure 13.
Experiment 4.

Topography is the study of the land surface and forms the basis for landscapes.
For example, topography refers to mountains, valleys, rivers, and craters on earth
surface. If a tunnel is being excavated beneath a land consisting of different rock
covers or overburden layers, anisotropic conditions are imminent [18].

3.1 Fracture orientation analysis—PLANE

The orientation (strike, dip angle and dip direction) of induced fracture traces
obtained from impression packer testing is determined with the program PLANE in
consideration of the borehole diameter and orientation [17]. Also, it differs with
fracture traces as shown below.

Case I: Vertical borehole—angle from north to mark (0-360 degrees)
Case Ia: Fracture traces parallel to the borehole axis. Distance from mark
(reference line) to fracture trace (Figure 14).

Case Ib: Inclined fractures (Figure 15).

Case II: Inclined borehole—angle from vertical line to reference mark (0-360
degrees)
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Figure 15.
Inclined fractures.

Case Ila: Fracture traces parallel to the borehole axis.
Case IIb: Inclined fractures

In all cases the result of the calculations is the strike direction (North Over East),
the direction of inclination (North over East) and the inclination (90 degrees =
vertical) of the fracture plane.

3.2 Data Interpretation code GENSIM

Impression packer tests suggest that in many cases hydraulic testing had been
carried out along differently orientated fractures in the rock mass. The interpreta-
tion of these data requires sophisticated methods like the GENSIM rather than
simple classical hydrofrac hypothesis.

The GENSIM algorithm assumes that the vertical is a principle stress axis and the
vertical stress is equal to the weight of overburden rock stress. Stress—depth
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dependence is neglected within the program through which GENSIM is limited to
short depth intervals

Ooh = (Psi — n2.cv)/(m2 + l2.o‘H/O'h) (1)

Where, [, m, n in the equation are the cosines of the direction of the induced
fracture planes obtained during study; P is the shut-in pressure in MPa obtained
from pressure record for certain depths and oy/oy, is the stress ratio condition which
prevails in ground conditions as 1.5, 2 and 2.5 considered for determining the minor
principal horizontal stress.

Results in Table 1 were done by using shut-in pressure data as given in
Tables 2-4 derived from the measurements in the borehole and varying the ratio
oH/oh and the strike direction of 6H in the horizontal plane.

The stress gradient is plotted to observe any induced stress due to excavation or
topography of rock cover (Figure 16). It is clearly understood that results deter-
mined are free from any influence.

Principal stresses Intake drift  powerhouse powerhouse
drift drift
(upstream) (downstream)
Vertical stress (o,) in MPa (calculated with a rock 4.24 5.08 6.35
cover 160 m and density of rock = 2.7 g/cc)
Maximum horizontal principal stress (oy) in MPa  6.81 + 1.26 5.46 £ 1.905 8.88 + 0.855
Minimum horizontal principal stress (o,) in MPa  4.54 + 0.84 3.64 +1.27 592 +0.57

Maximum horizontal principal stress direction N 20 degrees N 120 degrees N 110 degrees

K = oylo, 1.60 1.35 1.39

Table 1.
Stress tensors as evaluated at various locations.

SL Fracture inclination/dip (degrees) Fracture strike (degrees)  Shut-in pressure,
no. [90 degrees = vertical] [N over E] P (MPa)
1 8.1 40 3.7
2 34.4 40 6
3 65.8 223 4
4 68.4 159.0 6.3
Table 2.

Fracture ovientation data obtained from BH-1 and BH-2 with high flow rate-15 I/min (location: Powerhouse
upstream; Teesta stage-1V Hydroelectric project West Bengal).

SL Fracture inclination/dip (degrees) Fracture strike (degrees)  Shut-in pressure,
no. [90 degrees = vertical] [N over E] P (MPa)

1 72 175 4

2 39 139 5

3 23 26 5

4 64 54 4

5 60 57 6

Table 3.

Fracture orientation data obtained from BH-5 and BH-6 with high flow rate-15 I/min (location: intake drift;
Teesta stage-IV Hydroelectric project West Bengal).
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Sl Fracture inclination/dip (degrees) Fracture strike (degrees)  Shut-in pressure,
no. [90 degrees = vertical] [N over E] Pg; (MPa)
1 44.2 171 7.6
2 63.2 136.1 6.5
3 77.4 52.6 7.8
4 58.5 156.8 6.0
Table 4.

Fractuve ovientation data obtained from BH-3 and BH-4 with high flow rate-15 l/min (location: powerhouse
downstream; Teesta stage-1V Hydroelectric project West Bengal).
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Figure 16.
Stress gradient in fracture rock mass.

4. Hydraulic fracturing test with normal flow rate in same test section
of good rock mass

It is necessary to find out or validate the results obtained by using high flow rate
technique to measure the maximum principal horizontal stress and its direction in
highly fractured rock mass. Hence two to three zones of good rock mass area where
the rock mass is not highly fractured were identified in the same borehole and
conducted the experiments with normal flow rate method of 4-6 1/min to create the
new fracture for classical hypothesis or to reopen the existing fractures. Tests with
normal flow rate in non-fractured rock mass would give nearer result to correlate
with the high flow rate technique. Other methods may show some difference

All the experiments were conducted in the EX-size hole at the depth where the
rock mass was not fractured. These particular zones were selected after careful
observation of core logging data. The injection unit was placed at this depth for
the pressurization. The pressure was injected at a rate of 6 1/min for a span of
50-250 sec and the pressure was instantaneously increased up to 90-100 bars.
The shut-in pressure could be achieved even though the pump was shut-off at
certain peak levels [25]. It clearly indicated that normal stress required for
reopening of the pressure could build up across the fracture [21]. The detailed
procedure of the experiments, results obtained at different places are given
below (Tables 5-8).
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Sl Fracture inclination/dip (degrees) Fracture strike (degrees) Shut-in pressure P
no [90 degrees = vertical] [N over E] (MPa)
1 8.11 40 3.76
2 34.44 40 6
3 65.88 22.36 4
4 68.46 159.07 6.3
Table 5.

Pressure and fracture ovientation data derived from BH-1 and BH-2 with normal flow rate (6 l/min) in the
powerhouse drift (upstream); Teesta stage-IV HEP West Bengal.

SL Fracture inclination/dip (degrees) Fracture strike (degrees) Shut-in pressure Pg;
no [90 degrees = vertical] [N over E] (MPa)
1 44.28 171 77
2 63.27 136.14 6.6
3 77.4 52.65 7.8
4 58.5 156.82 6.0
Table 6.

Pressure and fracture orientation data derived from BH-3 and BH-4 with normal flow vate (6 l/min) in the
powerhouse drift (downstream) Teesta stage-IV HEP West Bengal.

SL Fracture inclination/dip (degrees) [90  Fracture strike (degrees) Shut-in pressure P
no degrees = vertical] [N over E] (MPa)

1 72.99 175.99 4.2

2 39.06 139.43 5.6

3 23.33 26.46 5.53

4 64.03 54.66 4.6

5 60.8 57.76 6.77

Table 7.

Pressure and fracture ovientation data derived from BH-5 and BH-6 with normal flow rate (6 L/min) at
Intake drift Teesta stage-IV HEP West Bengal.

Principal stresses Intake drift ~ Powerhouse Powerhouse

drift drift
(upstream) (downstream)

Vertical stress (o,) in MPa (calculated with a 4.24 5.08 6.35

rock cover 160 m and density of rock = 2.7 g/cc)

Maximum horizontal principal stress (oy) in 7.575 £ 1.47 728 £2.23 8.95+ 0.931

MPa

Minimum horizontal principal stress (o) in MPa 5.05 & 0.9803 4.42 +1.04 5.97 + 0.621

Maximum horizontal principal stress direction N 20 degrees N 120 degrees N 110 degrees

K = oylo, 1.78 135 1.40

Table 8.
Stress tensors as evaluated at various locations.
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Figure 17.
Stress gradient in non-fractured rock mass.

The stress gradient is plotted to observe any induced stress due to excavation or
topography of rock cover (Figure 17). It is clearly understood that results deter-
mined are free from any influence.

5. Comparison of results obtained from both methods

The hydraulic fracturing tests were conducted by using high flow rate technique
in fractured rock mass and normal flow rate technique in good rock mass zones in
the same boreholes. A total of 24 hydraulic fracturing tests were attempted in
different EX size boreholes inside the tunnels of proposed powerhouse and Intake
drift areas. The testing zones selected at the depths between 7 and 27 m. In most
hydraulic fracturing testing, at the depth of 7-30 m, pumping rates of 4-6 1/min are
sufficient to conduct the entire test. Such pumping rates were sufficient to conduct
good hydraulic fracturing tests, but proved to be insufficient for tests in the frac-
tured zones. As this problem became apparent during testing, a high-pressure pump
was used in order to achieve higher pumping rates (up to 18 1/min). HTPF method
was used for data interpretation and the analysis of the results was done by using
PLANE software and GENSIM.

The software PLANE incorporates the impression data with the compass data as
input parameters and gives the strike, dip and dip direction as the output known as
fracture orientation data.

The software GENSIM computes the stress field based on measured shut in
pressure and fracture orientation data. Assumption is that the vertical stress is a
principal stress and is equal to the weight of the overburden. The powerful GENSIM
program requires only the shut-in pressure and the orientation of an induced or pre-
existing fracture. As a result, the role of breakdown pressure and fracture reopening
pressure are nil as far as stress computation is concerned [17].

After obtaining the results by both methods it is observed that the direction of
maximum principal horizontal stress is not changed. The magnitude of maximum
and minimum principal horizontal stresses is also almost same with negligible or
fraction of difference. The stress gradients are observed in fractured and non-
fractured rock mass. No influence found of any induced stress at any location. The
results are compared in Table 9.
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Stresses Fractured rock Non-fractured Remarks
mass rock mass

Maximum horizontal principal stress N20toN N20toN No change in

(oH) orientation 120 degrees 120 degrees orientation

Stress gradient (ou/o,) 1.19.Z + 1.2 0.7.Z — 423 No change in stress
R?=0.47 R*=07 gradient

Stress gradient (on/0y) 0.74.Z + 0.8 0.49.Z — 2.53 No change in stress
R*=0.47 R*=0.46 gradient

Table 9.

Comparison of vesults determined in fractured and non-fractured rock mass.
6. Hydraulic fracturing in porous rocks

Hydraulic fracturing method is the accepted technique for measurement of in-
situ stresses in hydroelectric projects and in metalliferous mining projects in India
and abroad. But its use in coal mines is limited to a few British and Australian coal
mines. This is mainly because of the occurrence of porous rocks in coal mines in
India and elsewhere.

Scanty literature is available for this type of studies as this procedure of experi-
ments is still in the budding stage. Hence literature references have not been elab-
orately quoted since it was not an objective of this work to critically compare
aspects of our experience with those of other works. The method used in the present
study is described here in its near original form in order to place on record the
experience gained.

6.1 High viscous fluid technique in porous rocks

The porosity has major effects on hydraulic fracturing technique which results in
fracture deviation away from the actual orientation (Figures 18 and 19). High
viscous liquid instead of water is used for pressurization during hydraulic
fracturing, but the influence by using viscous liquid on the stress is not known
(Figures 20 and 21). The results (Tables 10-12) are validated with overcoring
technique that is applicable in porous rocks. Over coring method does not get
influenced from the presence of porosity in the rock mass [2, 7, 14, 19].

Figure 18.
Hydraulic fracturing test with normal flow rate in porous rocks.
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Figure 19.

Probable Rotation of the induced fracture

Hydraulic fracturing test with high flow rate in porous rocks.

Figure 20.
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SL Trace dip (degree) [0-90 Trace orientation (degree) [North-  Shut-in pressure
no. degrees] East] (Mpi)

1 87 165 9

2 88 160 9.3

3 58 73 8

4 84 128 10.34

5 62 25 5

6 59 84 6

Table 10.

Fractuve orientation data obtained from borehole at KTK 8 incline, Singareni Collieries Company Ltd.

Telangana.
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Sl Fracture inclination (degrees) Fracture strike (degrees) [N P

No. [90 degrees = vertical] over E] (Mpa)

1 40 25 45

2 50 71 8

3 60 20 4.25

4 70 05 5.015
Table 11.

Fracture orientation data obtained from Bovehole at Shantikhani longwall mine, Singareni Collieries
Company Ltd. Telangana (using high viscous liquid).

Principal stresses KTK 8 Shantikhani
Vertical stress (o) in Mpa (calculated with a rock cover 160 m 6.59 11.02

and density of rock = 2.7 g/cc)

Maximum horizontal principal stress (o) in Mpa 7.31+£191 11.25+ 0.4815
Minimum horizontal principal stress (o3,) in Mpa 3.65 4+ 0.957 4.50 & 0.1926
Maximum horizontal principal stress direction N 30 degrees N 20 degrees
K = oy /oy 111 1.02

Table 12.

Stress tensors as evaluated at various locations.

7. In-situ stress measurements by overcoring technique in porous
rock mass

Overcoring measurements are common in civil and mining engineering and
conducted for design of underground openings [2]. The quality of the measurement
depends on quality of drilling, gluing and overcoring, and on the rock characteris-
tics such as anisotropy, discontinuities, and heterogeneity [2, 7, 14, 16, 18, 25].

7.1 Overcoring test procedure

Drilling HX size hole— HX size (150 mm diameter) hole was drilled up to a
depth of 7 m in the roof sandstone (Figure 22).

Cove retrieval—The overcored rock is recovered from the hole using core-
breaking chisel that is attached to the rods used for wedging the core off the face
(Figure 23). An intact length of core (>500 mm) free of fractures and joints is ideal
for a satisfactory overcore. The recovered core was considered satisfactory, and free
of fractures and voids [16].

Drilling EX size borehole (Pilot hole)— After removal of the HX size core from
the borehole, the EX-size Pilot hole (38 mm) was drilled up to 50 cm exactly at the
centre of the HX size bore hole from 7 to 7.5 m (Figure 24). This hole was collared
concentrically with the large diameter hole. To achieve this, the EX-starter barrel is
screwed into a stabilizer and about 60 cm of hole drilled. The drill string is then
withdrawn and the Pilot hole is drilled with EX twin tube barrel attached to a
stabilizer, to a depth of about 60 cm.

When the EX-hole reached the target depth, water was circulated for an addi-
tional 10 min so that the drilling sludge and cuttings could be flushed out. The
barrel and drill string are then removed and the EX core is recovered for inspection.
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Figure 22.
Overcoming method.

Preparation of glue—It was ensured that the resin and hardener had the correct
temperature specification for the expected temperature range. These two were
mixed (Figure 25) according to the prescribed procedure. Any air pockets
remaining were removed by carefully dispersing the glue with a small rod.

Selection of gauge position—The recovered E core was closely inspected to
locate the best possible position for the strain gauges. The distance from the strain
gauges to any likely weakness planes must be maximized. The other requirement
was that the gauges should be at least one diameter away, preferably more, from the
other ends of the EX-hole.

Figure 26 show a suitable location of the gauges with respect to the core length.
Positioning the gauges too far from the collar can cause problems as the core may
break during overcoring and damage the shank and the HI Cell as it tends to rotate
in the barrel.

EX size hole measurement—The range of depths that the HI Cell can be placed is
limited by the requirement to be approximately beyond two over-core diameters
from end of the overcore hole and before the E hole end, minus the stub left when
the core is broken out of the hole. Typically, the stub length is up to 150 mm.
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Figure 23.
Retrieval of HX size core.

Figure 24.
Drilling of EX size borehole (Pilot hole).

The strain gauge position was measured and it was decided to keep it at 60 cm
from the collar of the Pilot hole. The depth to the position where the strain gauges
are to be glued, was recorded. The installation rods were marked with tape, which
indicates the depth to the end of EX size hole (Pilot hole). The tape was made to
coincide with the edge of the collar of the over-core hole.
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Figure 25.
Preparation of glue.

Figure 26.
Selection of gauge position and fixing the pin.
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Having determined the distance of the gauges from the EX-size hole (Pilot hole)
end, the piston was mounted in the shell at the glue extruded position. The piston
rod was then cut to length and taped onto the end of the piston.

Piston attachment—The piston was sprayed with a silicon-based releasing agent
to prevent it from bonding to the inside of the gauge shell. The piston is aligned in
the Cell as indicated by the scribed lines on the piston and upper rim of the Cell
(Figure 27). Each of the four holes was lined up, and lead shear pins were placed
through the cell wall into the piston.

Installation of HI cell—The completed Cell assembly was inserted in the orienting
tool, attached to the trolley (Figure 28). The installation tool containing the HI Cell
was screwed into the installation rods and the whole assembly pushed up the hole.

Each rod and coupling connections were firmly tightened and the cables were
also kept taut. The rods were pushed up the hole until the first tape mark was
reached. This indicated that the tip of the piston rod was about to enter the E hole.
The Cell was then pushed slowly into the EX-size hole (Pilot hole).

When the second tape mark was reached, the piston rod tip was resting against
the end of the Pilot hole. Some extra force was required to break the shear pins and
then the rods were pushed slowly inwards so that the glue could evenly distribute
itself between the rock and the gauge surface.

In this way, the installation was completed. Once the epoxy glue had gelled and
curing was reasonably advanced, the installation rods and the trolley were recov-
ered. Overcoring was commenced after 24 h of installation.

Overcoring—The Cell cable was passed through the centre of each rod, and the
rod string was held with a slight tension to ensure that it was not cut by the
overcoring barrel (Figure 29).

Figure 27.
Piston attachment for CISRO HI cell.
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Figure 28.
Installation of CISRO HI cell.

Figure 29.
Overcoring test at KTK 8 Incline.
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Figure 30.
CISRO HI cell-strain gauge configuration.

The cell contains three strain rosettes 120 degrees apart. The gauge configuration
is as follows: two axial, three tangential and four gauges inclined at £45 degrees in
the 9-gauge cell. The 12-gauge cell has one additional 45 degrees and two additional
tangential gauges (Figure 30). The gauges are 10 mm long and are located 0.5 mm
below the outer surface of the cell.

7.2 Determination of strains

Generally, when determining the observed strains from overcoring, a
stable value is preferential before overcoring starts and after overcoring stops.
The difference among these values is understood to correspond to the strain relief
involved in the overcoring process [12]. Generally, each HI-Cell plot shows a peak
strain followed by a flat portion that decreases toward the end of the over-core
(Table 13). The final strains for the site overcore were obtained by averaging the
readings in the flat portion of the curve. The recommended overcoring speed of the

Distance (cm) A0 A90 A45 B45 B135 B90 CO C90 D135 D135 E90 F90

0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0
15 4 3 0 4 6 6 0 0 0 6 0 0
20 6 10 0 10 45 25 35 0 0 55 0 0
25 9 43  —-60 35 89 30 5 =50 15 120 -20 —-60
30 18 140 -35 65 95 55 180 -75 =20 220 -45 =90
35 -75 190 50 95 156 220 300 125 35 280 —100 -114
40 230 220 280 150 320 380 530 580 350 400 390 180
45 235 250 300 432 330 390 540 590 360 410 403 190
50 130 180 150 350 195 250 320 320 250 350 360 150
55 95 90 102 320 190 240 142 220 222 340 220 135
60 98 65 90 280 18 230 95 175 212 250 120 125
65 96 64 95 275 184 220 92 165 150 230 115 124
70 95 63 94 274 183 219 91 163 149 229 114 124
75 94 62 93 273 182 218 90 162 148 228 113 124
80 93 61 92 272 181 217 89 161 147 227 112 124
Table 13.

Change in strain from overcoring HI-Cell.
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Figure 31.
Overcoring, strains for the KTK 8 incline site.

chuck is 120 rpm to minimize core breakage. Figure 31 shows overcoring strains as
a function of distance for each HI-Cell [14].

7.3 Biaxial testing

In biaxial testing of an overcore section, with no additional instrumentation
besides the strain gauges already glued to the inside of the Pilot hole. Measurements
can be conducted in the field, in direct unification with overcoring (Figure 32).
Only radial (biaxial) compression loading is applied to the sample, and there are no
restrictions regarding the orientation of the symmetry plane of the rock sample
[16]. The biaxial test is exceptionally critical because it establishes the elastic prop-
erties of the system, including core, epoxy, and cell, that unlock in situ stress from
the over coring strains (Table 14). Plots of strain-versus-pressure are shown in
Figure 33. The calculated elastic properties, namely, Young’s modulus and Poisson’s
ratio are given in Table 15.

7.4 Discussion on the results

The calculation of the in-situ state of stress from the measured strains obtained
from overcoring measurement in sandstone is based on the theory presented by
Amadei [2]. Stress 201X programme allows the user to ascertain stresses and rock
properties from raw data output from a CSIRO HI cell and plot overcore (Figure 31)
and biaxial tests (Figure 33). The programme is for genuine ES&S CSIRO HI cells
having preset values for alpha and beta angles for the strain gauges. Stress 201X

Overcore iyt raulimhangh

et
CSTRO HI -4 \

cell

Biaxial

Figure 32.
Biaxial test.
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Pressure, MPa A0 A90 A45 B45 B135 B90 CO C90 D135 D135 E90
0 0 0 0 -10 20 -30 —-40 50 —60 —65 —40
1 10 -10 15 8 -15 20 —-40 =50 -70 —80 -90
3 20 20 27 15 -177 -26 -50 —-80 —-100 -110 —120
3.5 25 =30 32 22 -8 -30 -55 -100 -130 130 150
4 30 —40 34 28 -19 —-40 -60 -110 -130 -140 -160
5.5 40 50 47 38 -25 -50 -70 -150 -160 —-180 —200
7 50 —60 57 48 -35 —-60 -90 —-200 —-220 240 260

Table 14.
Change in strain from cyclic biaxial chamber loading to 7 MPa.

= AD

o A%0
0 ——A A5

£ ——B45
7 ——B135
2 100 e
8 - =e=5
= 150 “-\ -0
.200 \ —-=C30
250 -+-C45
—=D135
-300 ——E90

Biaxial, Load (Mpa) =

Figure 33.
Plot of micro strain versus pressure.

Sl No. Location Young’s modulus, GPa Poisson’s ratio
1 KTK 8 11.6 0.3
Table 15.

Elastic properties calculated from biaxial test.

code was originally developed for CSIR-type triaxial strain cell with a maximum
number of 12 strain rosettes with up to 4 strain gauges per rosette. The input values
for this program (Table 16) are from the averaged circumferential and axial strains
for overcore (Table 13) and biaxial test results (Table 15). The final calculated
stress values from Stress 201X program are given in Table 17.

SL.no. Parameters Mine data

1 Location KTK 8-21 incline

2 Hole number KTK 1

3 Test number HI1

4 Hole bearing —

5 Hole dip —

6 Date time installed 18-11-2014, 2.00 AM
7 Date time over coring 19-11-2014, 3.00 AM
8 E collar depth 12 cm

9 E hole length 600 m

10 Strain gauge depth 7m
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SLno. Parameters Mine data
11 Rock temperature 300°C
12 Temperature offset —0.10°C
13 Drill water temperature 250°C
14 Cell type CISRO HI Cell
15 Cell number 8069
16 Over core diameter 144.5 mm
17 E hole diameter 38.1 mm
18 Diameter of gauges 35 mm
19 Inner diameter of cell 35 mm
20 Young’s modulus of epoxy 2.6 GPa
21 Poison ration of epoxy 0.4
22 K1 1.1258
23 K2 1.2503
24 K3 1.081
25 K4 0.9505
26 Cell gauge factor 2.103
27 Read out gauge factor 2.000
28 Orientation of B90 Gauge (#6) 180
29 Core length 800 mm
30 Maximum biaxial test pressure 15 MPa
31 Rock type Sandstone
32 Modulus, GPa 11.6
33 Poisons ratio 0.3
34 Maximum temperature change 20°C
Table 16.

Input parameters for software—Stress 201X.

SL no Location Depth, m o oL oy Orientation
1 KTK 8 269 6.8 3.1 6.2 N 30 degrees
Table 17.

Stress values from the ovecoring tests.

7.5 Comparison of the different stress results

The final results of magnitude of the minor and major stress components in
the horizontal plane obtained from hydraulic fracturing method show in good agree-
ment with the corresponding stress components obtained from overcoring (Table 18).

Two tests were conducted in apparently uniform sandstone by using hydraulic
oil as the fracturing fluid. Impression packer images revealed the induced cracks in
the reopening pressure. The average horizontal orientation of the cracks obtained at
this site shows reasonable agreement with the orientation of the major secondary
principal stress component in the horizontal plane obtained from overcoring.
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KTK 8-21 incline

Method of test O (MPa) 6h (MPa) Oy (MPa) Orientation

Hydraulic fracturing 6.59 3.65 7.31 N 30

Over coring 6.8 31 6.2 N 30
Table 18.

Comparison of vesults from the two methods.

8. Discussion and inference

The standard long term instantaneous shut-in pressure revealed reasonable pact
with the magnitude of the vertical principal stress component obtained from
overcoring at the site. In all the sites tested, this was the only instance in which a
viscous fracturing fluid had to be employed specifically to enable a crack to be initiated.

There was no indication of crack spin on the impression packer images.

The results indicate the effect of test fluid viscosity on the ability to reliably
estimate the magnitude of minor stress component in the horizontal plane from the
long term instantaneous shut-in pressure when crack initiation under a seal is
suspected. While the agreement was acceptable, for practical purposes, for the tests
conducted with water (especially considering the relatively severe influence of exper-
imental errors at the absolute stress levels involved) the discrepancy in the case of the
tests conducted with oil was disproportionate. It was also noticed that the relative
differences between the tangent intersection and tangent divergence estimates for
instantaneous shut-in pressure decreased as the viscosity of the test fluid intensified.

Re-pressurization of the test zones originally tested with oil or hydraulic oil
produced instantaneous shut-in pressures and crack reopening pressures consistent
with the results obtained using oil as the only test medium. Testing using a
combination of fluids such as this may represent a practical means. These results
have important implications in the field wherever the hydraulic fracturing stress
measurements are required in fractured and porous rock mass. It is suggested to
have a re-look at the long-standing view that the hydraulic fracturing method is not
suitable for fractured and porous rock mass. But this study has disproved this
assumption. In situ stress may vary from point to point, and method to method in a
rock mass, and may have different values when measured over different volumes.
Such variations are intrinsic and should not always be seen as anomalies or errors in
the measurement themselves and cannot be concluded that no comparison or cor-
relation can be drawn from different methods [18].

9. Conclusions

The work described here however represents the results of field evaluation
programme, in which a very pragmatic point of view is being taken. The opportu-
nity is taken to evaluate the results obtained from hydraulic fracturing with the
results acquired from overcoring at the same site. The results acquired from
overcoring are deemed to deliver a trustworthy indication of the in situ stress field.

The in-situ state of stress is measured for two principal reasons

a. To predict rock response to changed loading conditions caused by

construction or excavation, including new engineering procedures that
require use of the in-situ stress field as part of the design, and
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b. To further understand the tectonic processes.

The hydraulic fracturing stress measurements had become a broadly used tech-
nique for determining in situ stresses at depth. It is a technique for understanding
rock mass behaviour in conjunction with stability of the excavations in rock.
Because of the rapidly expanding use of this method, the method is still evolving in
certain rock mass conditions [1, 3-11].

Hence the key objective of this project is to develop a proper methodology for in
situ stress measurement by hydraulic fracturing method in porous and fractured
rock media, encountered in some of the coal mines as well as in some of the
underground tunnels of hydroelectric projects in the Himalayas.

To fulfil the objective of the project, it was proposed to conduct in situ stress
measurements in fractured and porous rock mass areas by two different methods at
the same location. The hydraulic fracturing stress measurements were conducted by
adopting both high flow rate and normal flow rate method in fractured rocks and
high viscosity liquid method, and overcoring methods in porous rocks. The stress
results by the two methods were correlated with already recognized or established
technique as a benchmark. The results of hydraulic fracturing stress measurement
methods were authenticated, so that this method can be implemented for stress
measurement in porous and fractured rocks and use them widely in mining and
hydroelectric projects. This will aid in producing a data bank for in situ stress,
which will be highly advantageous for both mining and hydropower industries
wherever the rock mass is fractured or porous and the stress measurements are
indispensable for designing the support systems.

In the first part of the project, two sites were selected inside a proposed power-
house tunnel of one of the hydroelectric projects in the Himalayas where the rock
formations are fractured. Boreholes were drilled 10-30 m deep depending upon the
requirement and site conditions. In situ stresses were measured inside these bore-
holes by hydraulic fracturing method using manipulation of flow rate. The stress
evaluation was made using latest software. The stresses evaluated by this method
was correlated with normal hydraulic fracturing method at the same locations
where the rock mass was not fractured.

A total of 24 hydraulic fracturing tests were attempted in different EX size
boreholes inside the tunnels of the proposed powerhouse and intake drift areas
where the rock mass was fractured. The testing zones were selected at depths
between 10 and 30 m. In normal conditions, and in good rock mass, the pumping
rates of 4-6 1/min are sufficient to conduct the hydraulic fracturing test, but such
pumping rates proved to be insufficient for tests in the fractured zones. As this
problem became apparent during testing, a high-pressure pump was used to achieve
higher pumping rates of up to 18 I/min.

It was observed that with increasing or decreasing pressure in each cycle, the
pressure also declined automatically after certain increment of pressure. It is
interpreted that, since the flow of water is affected by the whole fractured rock mass,
the pressure changes were due to the opening of fractures at different spatial positions.

The hydraulic fracturing tests in good rock mass exposed, repeatable pumping
pressures, with the same fracture. This indicates that we were creating a new
hydraulic fracturing in a formation which had less tensile strength. Data was evalu-
ated from preexisting reopened fractures, and the orientation of these fractures was
analysed to understand how the instantaneous shut-in pressures during the test are
related to the value of normal stress across the fracture.

The most reasonable explanation, however, is that at the fast-pumping rate the
pressure gradient was so large that the tensile strength of the rock near the borehole
exceeded before the shear strength of the outer part of the rock mass was reached.
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After shut-off of the pump, instantaneous shut-in pressure was obtained to get the
normal stress across the fracture and to calculate the minimum principal stress
magnitude and direction.

Stress measurements were conducted by using high viscous liquid in porous
rocks; in the same rock mass, at about 1 m away, overcoring method using CSIRO
Hollow Inclusion Cell was also carried out. The stresses obtained from hydraulic
fracturing method using high viscous liquid were correlated with stresses measured
by overcoring method. The stress measured by the overcoring method was used as a
benchmark as this method does not suffer from the presence of porosity of the rock.

The average long term instantaneous shut-in pressure showed reasonable agree-
ment with the magnitude of the near vertical principal stress component obtained
from overcoring at the site. This was the case in which a viscous fluid had to be
employed specifically to enable a crack to be initiated, and the shut-in pressure used
to make estimates of some stress component magnitudes.

The results indicated the effect of test fluid viscosity on estimation of the mag-
nitude of minor horizontal stress components. It was observed that the relative
differences between the tangent intersection and tangent divergence estimates for
instantaneous shut-in pressure decreased as the viscosity of the test fluid increased.

10. Summary

Hydraulic fracturing method is the accepted technique for measurement of in
situ stresses in hydroelectric projects and in metalliferous mining projects in India
and abroad. But its use in coal mines is limited to a few British and Australian coal
mines. This is mainly because of the occurrence of porous rocks in coal mines in
India and elsewhere.

Despite the extensive theoretical work on the subject of hydraulic fracturing
that had been carried out by the mid-1960s, it is for only restricted for fractured
rocks. Extensive studies couldn’t provide proper solution for conducting hydraulic
stress measurements, where it is difficult to conform on the legitimacy of the
results [1-15].

The stress measurements in coal mining areas are determined using overcoring
methods. Though porosity of the rock mass does not have influence on the stress
measured using this method, due to workable limitations, it can be used for shallow
depth only. However, the need for the stress measurements at the deeper levels is
essential for proper planning of layouts etc. Therefore, it has been widely accepted
that hydraulic fracturing technique will be suitable for porous media also provided
the practical limitations are overcome.

To fulfil the objective,

a. The hydraulic stress measurement has been conducted by adopting high flow
rate method in fractured rocks.

b. The in-situ stress results have been compared with the in-situ stress results by
adopting normal flow rate obtained in the same test section of good rock mass

condition.

c. The results of hydraulic fracturing can be validated, and the method can be
adopted for in-situ stress measurement in fractured rocks.

d. The hydraulic stress measurement has been conducted by using high viscous
liquid in porous rocks.
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e. The in-situ stress results have been compared with the in-situ stress results by
overcoring method obtained in the same test section of porous rock mass

condition.

f. The results of hydraulic fracturing can be validated, and the method can be
adopted for in-situ stress measurement in porous rocks.
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Chapter 4

Hydraulic Fracture Conductivity
in Shale Reservoirs

Javed Akbar Khan, Eswaran Padmanabhan and Izhar Ul Haq

Abstract

Optimum conductivity is essential for hydraulic fracturing due to its significant
role in maintaining productivity. Hydraulic fracture networks with required frac-
ture conductivities are decisive for the cost-effective production from unconven-
tional shale reservoirs. Fracture conductivity reduces significantly in shale
formations due to the high embedment of proppants. In this research, the mechan-
ical properties of shale samples from Sungai Perlis beds, Terengganu, Malaysia,
have been used for computational contact analysis of proppant between fracture
surfaces. The finite element code in ANSYS is used to simulate the formation/
proppant contact-impact behavior in the fracture surface. In the numerical analysis,
a material property of proppant and formation characteristics is introduced based
on experimental investigation. The influences of formation load and resulted defor-
mation of formation are calculated by total penetration of proppant. It has been
found that the formation stresses on both sides of fractured result in high penetra-
tion of proppant in the fracture surfaces, although proppant remains un-deformed.

Keywords: shale, hydraulic fracturing, proppant embedment, contact analysis,
fracture conductivity

1. Introduction

The purpose of injecting proppants in shale reservoirs is to maintain the fracture
conductivity for a longer period and to prevent the fracture from closure due to
subsurface stresses. On the other hand, the proppants themselves can be a problem
in the case where they develop surface penetration in the formation. As a result, the
proppant is embedded into the formation and decreases the fracture conductivity of
the reservoir as shown in Figure 1. Due to inhomogeneous stress distributions
between quartz grains and proppants, high tensile stress concentrations beneath the
area of contact between quartz grains and proppants are observed even at small
external stress applied to the rock-proppant system. These high-stress concentra-
tions are responsible for the early onset of damage at the fracture face and
determine the type of proppant failure [1].

Water imbibition and some other tests on saturated shale were carried out to
observe the crack generation process and compare the failure patterns as well as
damage resistance of saturated shale kernels and unsaturated shale kernels.

The average damage resistance of saturated kernel water is found to be around
11.69 MPa compared to 30.57 MPa of unsaturated shale kernels, which implies
that water can decrease the resistance to shale damage and helps in generating
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Figure 1.
Propped hydraulic fracture conductivity [2].

fractures [3]. Fracture networks created during the process of hydraulic fracturing
usually have a complex pattern. Most of these fractures are kept open by the
incorporation of proppants in the form of proppant packs, as shown in Figure 1.
In the case of secondary fractures, other than bi-wing fractures, proppants are
unable to enter into the fractured surface due to narrow apertures and thus, these
fractures cannot maintain conductivity for a longer period. The effective vertical
and horizontal stresses are responsible for the decrease in hydraulic fracture con-
ductivity and an estimated 60% decrease in propped fracture conductivity occurs
by increasing effective stress from 6.2 to 34.48 MPa [4].

Considering the narrow apertures of secondary hydraulic fractures, a partial
monolayer of proppant, that is, a single layer of proppant having uneven distribu-
tion of proppants over the fracture surface, can be introduced instead of multilayer
proppant to maintain the maximum possible conductivity for production improve-
ment [5]. The variation in the aperture and surface roughness of the hydraulic
fractures are considered as main reasons for the uneven distribution of proppants.
In this regard, the study of the conductivity of fractures with narrow apertures,
filled with a monolayer of proppant, can be used for the optimization of hydraulic
fracturing and the analysis of production in shale reservoirs. In the past, various
types of compression, such as long-term and short-term compression on a single
proppant, have been studied in-depth by diametric compression tests and DEM/
FEM simulations. Most proppants have shown creep behavior under long-term
compression [6]. Figure 2 shows that the embedment potential is related to many
factors especially the proppant material, shape, concentration, and ability of the
proppant to resist sinking in the fracture zone [9]. During hydraulic fracturing
treatment, high fluid velocities in the fracture are generated by the small contact
area between the wellbore and fracture, which results in the erosion of the proppant
and fracture connectivity [10].

A computational fluid dynamics study with Eulerian granular modeling (EGM)
that is based on solid pressure model and kinetic theory indicates that the transport
of the proppant in complex fracture geometries is significantly affected by the
dynamics of the fracturing fluids and the properties of the proppant [11]. According
to parametric studies, a higher injection rate and lightweight proppants are benefi-
cial for the transport of the proppant through the fracture junctions and to carry
proppant in hydraulic fractures and natural fractures [11]. A DEM-CFD (discrete
element method-computational fluid dynamics) and the experimental study indi-
cate that during the closure period, the height of the proppants pillar decreases and
diameter increases [12]. The proppant flowback could occur easily with a large
proppant pillar height or a large fluid pressure gradient. However, the higher bonding
strength of the fibers results to improve the stability of the proppant pillar [12].
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Flowchart showing factors responsible for embedment [7, 8].

Proppant pillar is defined as concentrations of proppant in the form of pillars that
maintain the aperture of the hydraulic fractures. The change in the optimum dis-
tance which is defined as the distance between proppant packs that has the potential
to maintain the maximum conductivity after proppant embedment under a sparse
distribution condition is primarily controlled by closure pressure, the rock’s elastic
modulus, and the proppant elastic modulus. It also states that the proppant concen-
trations and the poroelastic effect do not influence this optimum distance [13].
Studies based on analytical and discrete element method (DEM) have led to the
understanding of the effects of various factors such as proppant size combination,
concentration, time ratio, elastic modulus-to-stress ratio, and looseness coefficient
[14, 15]. In these studies, deformation was considered elastic; however, actual
phenomena can be captured by considering the intermediate states of elasticity and
plasticity such as elastoplastic behavior of rock as well as proppant. In the case of
monolayer proppant distribution, the embedment depth and contact stress decrease
with the increase in proppant concentration [16]. In the past, machine learning and
computational fluid dynamics approaches have been used to explore the well oper-
ation and the transport of sand particles by the injection of foam [17-23].

The production performance of fractured wells depends on two factors, that is,
formation parameters and fracture parameters [24]. Formation parameters include
porosity, permeability, and geo-mechanical properties of the formation, while the
fracture parameters comprise a length, aperture, and conductivity of fractures
[25, 26]. Hydraulic fracture conductivity reflects the transport capacity of the
permeable channel through the reservoir and any alteration to this permeable
channel will directly impact the stimulation achieved from the fracturing treatment
[27]. The experimental study performed on shale samples with fluids shows that the
reduction in the elastic modulus can lead to a significant reduction in the effective
fracture conductivity [28]. Zhang et al. reported an 88% reduction in fracture
conductivity by injecting water at 27.58 MPa closure stress [29]. In this study, water
as a fracturing fluid has been injected to find the excessive proppant embedment
caused by the interaction of water with shale matrix, altering the hydraulic fracture
conductivity. Water injection increased of local pore pressure and reduction of
bonding strength of mineral in clay-rich shale that led to the softening of shale.
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The effects of rock stiffness, the roundness of proppant, and the effective
stresses on the conductivity of the fracture were studied by a geomechanics-fluid
mechanics-coupled numerical workflow considering the interaction between rock
matrix and proppant as well as fluid flow in a hydraulic fracture during the process
of the reservoir depletion [30]. Compared to the weak shale, less embedment of
proppant is observed in sandstone, having high stiffness, which indicates that the
rock matrix with higher stiffness is helpful in maintaining the fracture aperture and
conductivity [30]. The correlation between the fracture conductivity and the
corresponding production performance was quantitatively analyzed using the finite
element method [31]. The proposed research can provide valuable information on
the unconventional maximization of resource recovery [31]. For future extensions,
a network of fractal fractures with a stochastic-based fractal fracture network com-
bined with micro-seismic events can be coupled to quantify the complex fractures
of the network to improve fracture conductivity and production performance [31].

The hydraulic fracturing process is a costly job; therefore, improving the reser-
voir quality evaluation mechanism and optimization of the technical parameters are
important. As the low-quality hydrocarbon (HC) shale reservoirs are also gaining
increasing attention, to this end, optimization of the hydraulic fracture conductivity
is of utmost importance to make the job profitable. To estimate the actual hydraulic
fracture conductivity in shale reservoirs, the computational contact analysis of
proppant between fracture surfaces has been carried out in this study. In the
numerical analysis, a material property of proppant and formation characteristics is
introduced from the experimental analysis. The influence of formation load and
resulting deformation of formation is calculated by the total penetration of
proppant. The deformation mechanism and proppant embedment in shale rocks,
saturated with fracking fluid, are then simulated. The finite element code in ANSYS
is used to simulate the shale reservoir/proppant contact-impact behavior in the
fracture surface. The embedment depth of the shale samples was obtained by
numerical as well as experimental methods and the permeability was calculated by
the Kozeny—Carman correlation.

2. Procedure

In this section, steps to measure embedment and fracture conductivity of frac-
tured shale have been presented. Governing equations of numerical simulation to
study the impact of embedment on the reduction of fracture conductivity have been
presented in Section 2.3. The conductivity reduction due to embedment was
modeled with a computational fluid dynamics (CFD) approach. We used the CFD
software package CFX (ANSYS Inc.) in this work and applied the boundary condi-
tions as shown in Figure 3 and Table 1. Initially, geotechnical characteristics of
shale formation were calculated to define these properties in the software.

2.1 Elastic geo-mechanical properties

Dynamic elastic properties of the shale lithofacies, that is, Young’s modulus and
Poisson’s ratio were calculated using compressional and shear velocities measured
on shale core samples. The following equations [32] are used to obtain the
respective values.

P, V2(3V2 - 4V2)

ey
V:-V?

Dynamic Young Modulus (v) =
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\AAR

2(v2 - v2) @

Dynamic Poisson’s Ratio (E) =

where V; and V), represent the shear and dynamic wave velocities in Km/s and
P, is the bulk density of the shale in gm/cc. The results (Table 2) show that massive
siliceous shale has a high value of Young’s modulus and a low Poisson’s ratio in

Figure 3.

The direction of flow at inlet and outlet across the proppant.

Injected
medium

Water, dynamic viscosity: 0.890 [cP], reference temperature: 25 [C], normal speed: 0.5
[ms ']

Analysis type Steady state

Boundary conditions

Wall

Wall roughness: smooth wall

Inlet

Flow regime: subsonic

Turbulence = medium intensity and eddy viscosity ratio, it is the ratio between the
turbulent viscosity and the molecular dynamic viscosity. Eddy viscosity ratio is often
also called turbulent viscosity ratio or simply viscosity ratio.

Outlet

Flow regime: subsonic
Relative pressure = 0 [Pa]
Pressure averaging: average over whole outlet

Domain
models

Buoyancy model: non-buoyant

Morphology: continuous fluid

Turbulence model: SST is used which is the shear stress transport turbulence model, it is
a widely used and robust two-equation eddy-viscosity turbulence model used in ¢
omputational fluid dynamics. The model combines the k-omega turbulence model and
K-epsilon turbulence model such that the k-omega is used in the inner region of the b
oundary layer and switches to the k-epsilon in the free shear flow.

Convergence control: length scale option = conservative

Maximum number of iterations = 100

Subsystem: momentum and Mass, U-Mom, V-Mom, W-Mom, P-Mass, Subsystem:
Turb-KE which is turbulence kinetic energy, it is defined as half the sum of the
variances (square of standard deviations) of the velocity components and Turb-Freq
which is turbulent frequency here infers to the vortex shedding frequency (the
frequency with which the vortices are shed behind the proppant during fluid flow).

Assumptions

(1) The proppants are rigid body; (2) monolayer/single proppant is used in the
embedment and conductivity analysis. In addition, deformation is calculated in the
formation, while no deformation proppant only penetration in the formation is
considered; and (3) the entire simulation is isothermal.

Table 1.

Basic input parameters, conditions, and assumptions.

97



Emerging Technologies in Hydraulic Fracturing and Gas Flow Modelling

Lithofacies Young’s Young’s Poisson’s  Poisson’s Average Average
name modulus modulus ratio ratio Young’s Poisson’s
(GPa) (GPa) (dynamic)  (static) modulus ratio
(dynamic) (static) (GPa)
Massive 30 09 0.33 0.25 19.5 0.29
Argillaceous

Shale (MAS 1)

Massive 32 12 0.35 0.23 22 0.29
Argillaceous
Shale (MAS 2)

Massive 46 16 0.27 0.15 31 0.21
Siliceous Shale
(MSS)

Table 2.
Elastic and strength properties of the lithofacies identified in this study.

Formation stress

U

Fracture ’ Fracture
conductivity after Proppant conductivity before
embedment embedment

s

Formation stress

Figure 4.
Reduction in the fracture conductivity by embedment in the fracture surfaces, modified from Zhang et al. [29].

comparison with massive argillaceous shale facie. Static Young’s modulus and static
Poisson’s ratio were measured on cylindrical core samples of 2.0 in diameter and
4.0 in length. The specimens were failed in a triaxial setup and the deformations
(axial and radial strains) were measured on the installed strain gauges. The static
elastic parameters were calculated using the following equations.

Og

Static Young Modulus (E) = — 3)

€a
. . , . €
Static Poisson’s Ratio (v) = —— (4)
€

where ¢, represents axial stress, while ¢, and ¢, represent axial and radial strains
measured on the samples under deformation. Like dynamic parameters, the static
Young’s modulus of the massive siliceous shale is also greater than the static Young’s
modulus of argillaceous shale facie. Overall, values obtained for the static moduli
are less than the dynamic moduli values measured on the same samples (Table 2).
This is per previous findings done on producing shale formations. The correlation
between dynamic and static moduli is shown in Figure 4. Strength parameters of
the lithofacies are calculated using the equations below.

E

Shear Modulus (G) = A+ 0) (5)

Plane Strain Modulus (E”) B (6)
e Strain Modulus =1
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2.2 Calculation of embedment depth

The factors responsible for the change in fracture width and conductivity after
hydraulic fracturing in shale reservoirs include proppant embedment and proppant
deformation. The embedment of the proppant involves the penetration of the
proppant inside the fracture surface, while proppant deformation is directly related
to the strength of the proppant [33]. The deformation of the proppant can be
described by Eq. (7), as the proppant can be assumed as an elastic body while the
penetration of proppant into a body can be solved using contact mechanics [34].
The contact problem can be formulated as a constrained minimization problem,
where the objective function to be minimized is the total potential energy (/1) of the
bodies in contact. The energy for this system can be written as

(u) = %ku2 —fu (7)

where k is the stiffness matrix, # is the displacement field, and f'is the external
force. Several constrained minimization algorithms can be used to solve the prob-
lem of the equation, such as the penalty method, the Lagrange multipliers method,
and the augmented Lagrangian method. The results presented in this paper are
based on the augmented Lagrangian method according to the ANSYS implementa-
tion. Augmented Lagrangian methods are a certain class of algorithms for solving ¢
onstrained optimization problems. They have similarities to penalty methods in that
they replace a constrained optimization problem with a series of unconstrained
problems and add a penalty term to the objective; the difference is that the aug-
mented Lagrangian method adds yet another term, designed to mimic a Lagrange
multiplier. The augmented Lagrangian is related to, but not identical with the meth
od of Lagrange multipliers. A general discussion of these techniques can be found in
the literature on contact mechanics [35-37]. In this study, a numerical model is
developed based on the experimental investigation carried out on the embedment
of 20/40 mesh proppant (size between 20 and 40 pm) on shale samples from Sungai
Perlis beds, Terengganu, Malaysia. The core samples were subjected to uni-axial
stress of 20 MPa to find the proppant embedment in the formation, as shown in
Figure 4. Such a high compression force was applied to investigate the embedment
under reservoir conditions.

The embedment cell consists of a transparent cylindrical tube where a shale
sample is placed. A metal loading ram is used to load the shale-proppant stack and
deformation is measured as the axial load is increased. The deformation in shale,
assuming elastic behavior, is quantified using Young’s modulus and the applied
load. Figure 5 shows the universal testing machine (UTM) used for measuring

®)

Figure 5.
Embedment by compression (a) embedment test by bi-axial compression and (b) sample under UTM machine.
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Figure 6.
Hllustration of embedment of the surface due to external load.

compression and tensile strengths of materials and samples used in the proppant
embedment tests.

In this study, the contact behavior of proppant and rock was carried out using
structural mechanics. Experimental boundary conditions are implemented to find
the impact of load on proppant penetration in the rock surface. The resulting
properties from experiments are introduced in a finite element model to find the
effect of fracture surface on the embedment of proppant, as shown in Figure 6.
A finite element study with ANSYS Workbench has been performed for the com-
putational contact analysis [38]. In a subsurface reservoir, proppants experiences
compression from both sides in the formation; therefore, biaxial test should be
carried for precise estimation of embedment. Proppants inside the fracture also
contact each other due to subsurface stresses. Due to external force, the stress-
displacement relationship is as follows:

u,

V.o, + Fon (8)

where p is the density, kg/m3 ; u is the displacement, mm; o is the stress tensor;
F, is the external force per unit volume; # = 1, indicating the proppant, # = 2,
indicating the rock matrix. The stress—strain relationship and strain-displacement
relationship are shown in Egs. (9) and (10):

c=C.ze 9

£ = % [(W)T + Vu} (10)

where ¢ is the strain tensor; E is Young’s modulus, GPa; v is the Poisson’s ratio.
As we assume that Young’s modulus and Poisson’s ratio of the reservoir rock would
change from the outer surface of the fracture toward the inside as shown in Figure 7
and the specific correlation is expressed as follows:

E=f() (11)

v =) 1)
where [ is the distance from the surface of the fracture toward the inside as
shown in Figure 7. The closure pressure causes the proppant to embed into the

fracture surface and the porosity of the propped fracture to change. The embed-
ment of the proppant (4.n,) can be expressed as follows:

hem =Up —Up (13)

where u,, is the displacement of the no-contact part between the fracture and
the proppant under closure pressure; u, is the displacement of the contact part
between the fracture and the proppant.
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Figure 7.
Change in Young’s modulus due to fracturing fluid intevaction with the shale.

As the focus is proppant embedment into the shale formation, therefore,
proppant is assumed as a rigid body. Thus, no deformation occurs in the proppant.
However, the deformation of the shale surface is simulated with the penetration of
proppant under uni-axial and bi-axial loads.

2.3 Calculation of fracture conductivity

CFD-CFX is used to calculate pressure drop and velocity across the inlets as
shown in Figure 3. The finite volume method is adopted to solve the three-
dimensional Navier-Stokes equations. Consistent with the experimental conditions
for conductivity measurements, the flow was the steady state at 25°C. The continu-
ity and momentum balance equations for the steady-state flow are shown below.

Continuity equation

ou Jdv Jw
A T 14
0x+0y+az (14)
Momentum equations
ua_u+va_uwa_u _ﬁ"r‘ (92_u+02_u+az_u (15)
P\"ox 9y “oz) " ox  M\ox2 Tay2 T oz2
uﬁ+y@wa_v —E_i_ 62_v+()2_v+02_v (16)
P\" ox dy dz) oy #\ox2 dy* 022
oW 0w owN _oP  (Pw Fw Fw (17)
P\"ox dy 0z) 0z #\ox2 0y?  0z?

where x, y, z are the dimensions; u, v, w are the velocity directions in x, y, 2
directions; p is pressure inside fracture. Fracture permeability was determined
according to Darcy’s law provided in Eq. (18).

_QuL
K= AP (18)

where K is the permeability, Q is the flow rate of the injected fracturing fluid,
u is the viscosity, L is the length of the fracture around the proppant, A is the cross-
sectional area of the fracture zone, and AP is the differential pressure between inlet
and outlet across the proppant. The conductivity of hydraulic fracture is generally

101



Emerging Technologies in Hydraulic Fracturing and Gas Flow Modelling

defined as the maximum ability of the fracture to transmit a reservoir fluid through it.
The conductivity is measured in pm”.cm based on the propped fracture width (cm)
and permeability (pm?).

Fracture conductivity = Kf = Wf (19)

where Kf is the proppant permeability, pm” and Wf is the fracture width, cm.

3. Results and discussion
3.1 Experimental measured embedment

The main purpose of this experiment is to find the depth of the proppant
embedded into the shale rock; the resulted embedment depths were used to validate
the numerical model. Figure 8 shows the images after the proppant embedment test
with some embedment occurring on the shale core at the (a) bottom and (b) top of
the shale core sample with the 20/40 mesh proppants, that is, proppant having a
size between 20 and 40 pm. The embedment depths of proppant in shale formation
soaked underwater are recorded in the experiments, which are 76 pm at the top and
64 pm at the bottom surface. Table 3 shows the proppant embedment depth in
soaked and unsoaked shale samples.

3.2 Numerical measured embedment

Contact analysis with finite element method has been performed to quantify the
conductivity loss due to proppant embedment based on computational contact
mechanics. A similar contact analysis has been also investigated between rail/wheel
[26]. Initially, the model was developed and validated according to the boundary
load as applied in the experimental procedure. As shown in Figure 9, the load is

Figure 8.
SEM images of proppant (20/40 mesh) embedment on the original cove soaked in fracking fluid: (a) bottom of
the core and (b) top of the core.

No Penetration with water (pm) Penetration without water (pm)
(MAS 1) 305 170
(MAS2) 310 150
(MSS) 290 170
Table 3.

Proppant embedment depth in the shale samples.
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Figure 9.

Proppant under vertical principal stvess: (a) total deformation and penetration due to an external load,

(b) directional deformation along the Z axis, one surface under load while another surface in static, (c) plot of
directional deformation profile, (d) normal stress profile along with the formation and proppant, and (e) plot
of normal stvess profile along with the formation and proppant under uni-axial load.

103



Emerging Technologies in Hydraulic Fracturing and Gas Flow Modelling

applied at the top surface, while the lower surface has been kept static to validate
the results with a uni-axial compression test. In the case of the uniaxial load test, the
resulted embedment depth in this study is found different for the top and bottom of
the fracture surface, similar to an earlier experimental study performed using dif-
ferent types of proppants [39]. The significant difference between embedment
profiles is the result of different proppant types being tested. 20/40 Ceramic
proppants are rounder, more spherical, uniform, and stronger than 20/40 Ottawa
proppants. This difference in proppants makes 20/40 Ottawa sand more prone to
proppant embedment as well as any other damage mechanism caused by mechani-
cal and chemical factors in fractures [39]. The present study shows that even though
the proppant is strong enough to get deformed, and there is a penetration of
proppant in the rock surface due to fracking fluid flow that has reduced Young’s
modulus of the fractured surface. Initially, ceramic proppant and rock properties
are introduced based on the shale formation. A pair of contact between surfaces and
proppant is defined. Then, the external loads are applied to the rock surfaces to
obtain the stress transfer across the proppant of contact surfaces. The penalty-based
method is used to simulate the contact behavior [27, 40]. The finite element method
is a numerical method that can be successfully used to generate solutions for prob-
lems belonging to a vast array of engineering fields: stationary, transitory, linear, or
nonlinear problems. For the linear case, computing the solution to the given prob-
lem is a straightforward process, and the displacements are obtained in a single step
and all the other quantities are evaluated afterward. When faced with a nonlinear
problem, in this case with a contact nonlinearity, one needs to account for the fact
that the stiffness matrix of the systems varies with the loading, the force vs. stiff-
ness relation being unknown before the beginning of the analysis. Modern software
using the finite element method to solve contact problems usually approaches such
problems via two basic theories that, although different in their approaches, lead to
the desired solutions. One of the theories is known as the penalty function method
[40]. The penalty method is simple to implement in practice. The penalty is a sort of
friction coefficient, and one can specify a friction model that defines the force
resisting the relative tangential motion of the surfaces in a mechanical contact
analysis. By selecting a penalty, one can use a stiffness (penalty) method that
permits some relative motion of the surfaces when they should be sticking. By
applying the penalty method, the penetration of the proppant has been achieved
higher at the top which is 75 pm, whereas the penetration at the bottom surface is
recorded 60 pm. The penetration of proppant in numerical model has been achieved
almost the same as recorded in the experiments, which was 76 pm at the top and
64 pm at the bottom surface. The similarity of the results shows that the developed
model has satisfactory results and parametric study can be carried out for further
analysis. Once the model has been validated with the experimental results, then the
external force was applied on both sides of the proppant to represent the actual
condition in the fracture formation.

3.3 Impact of embedment on fracture conductivity

In this section, the change in pressure and velocity of backflow of fluid across
the proppant has been presented. Embedment has a profound impact on the pres-
sure drop as well as velocity profile as shown in Figure 10. In this study, three
different embedment cases have been considered (0, 60, and 80%). The percentage
of embedment is defined as the proportion of the total proppant that is embedded
through the fracture surface. Without embedment, a slight difference between
inlet and outlet pressure has been recorded; however, a significant difference
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Figure 10.

Velocity and pressure profiles in the fracture zone around the single proppant with and without embedment.
(a) Pressure profile with no embedment. (b) Velocity streamlines with no embedment. (c) Pressure profile with
60% embedment. (d) Velocity streamlines (a streamline is a line that is tangential to the instantaneous velocity
direction (velocity is a vector, and it has a magnitude and a direction. Color represents velocity magnitude) with
60% embedment). (e) Pressure profile with 80% embedment. (f) Velocity streamlines with 80% embedment.

between inlet and outlet pressures can be seen at 60 and 80% embedment as shown
in Figure 10(b) and (c). Inlet velocity in all cases is 0.5 m/s but around the
proppant, the flow velocity is recorded around 2 m/s and at outlet, the velocity is
achieved 1.5 m/s.

Based on the different embedment depths, the velocity of the injected fluid
varies significantly as shown in Figure 11. In all cases, injection velocity is constant,
that is, 0.5 m/s. A sudden increase in the fluid velocity is recorded around the
proppant and a decrease in velocities is presented at the end of the proppant.

The results show a significant decline in the velocity at 80% embedment;
therefore, fracture conductivity is recorded significantly low at high embedment
(see Figure 12). As fluid flowing continues around the exit sides of the proppant,
it begins to slow down due to eddy generated at the outlet/backside of the proppant.
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Velocity profile of injection fluid around the proppant under different embedment percentages.
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Figure 12.
Fracture conductivity obtained with finite volume method based on experimental and numerical measured
embedment depths with finite element method.

The Lagrangian analysis is capable of revealing the underlying structure and
complex phenomena in unsteady flows [41].

Distance is measured from one side (fracture inlet) of the proppant until the
other side (fracture outlet) of the proppant. All the three positions of proppants
have been presented in Figure 10(a), (c), and (e). Numerical analysis is conducted
by finite volume method to obtain pressure drop across the proppant and resultant
fracture permeability. Table 4 shows the fracture conductivity based on
embedment percentage.

Finally, fracture conductivity is achieved based on fracture permeability and
fracture width. Figure 12 shows that fracture conductivity was measured based on

106



Hydraulic Fracture Conductivity in Shale Reservoirs
DOI: http://dx.doi.org/10.5772/intechopen.100473

Embedment Fracture width  Height Length Injection flow Fracture conductivity
(%) (mm) (mm) (mm) rate, cc/min (pm?.cm)
0 0.85 1 1 17 26
60 0.34 1 1 17 9
80 0.17 1 1 17 5
Table 4.

Embedment and vesultant fracture conductivity.

embedment depth obtained with experimental and finite element methods. A
dramatic decrease in fracture conductivity has been obtained with the increase of
embedment depth. The reason for a significant decrease in the conductivity is the
significant pressure drop across the embedment. The results show that pressure loss
at 60 and 80% embedment is 29,716 and 64,721 pa, respectively.

4, Conclusion

A numerical model is developed for contact analysis of proppant embedment in
the formation based on experimental investigation. Initially, the model was devel-
oped based on the experimental design of proppant embedment in the laboratory
where the load is applied uni-axially from the top. Then, the study is extended by
applying load from top as well as from the bottom side of the proppant in the
fractured surface to simulate the actual reservoir condition. The amount of
proppant embedment has been computed on both sides of the proppant in the
fracture surface. Also, the deformation and normal stress profile have been plotted
along with the formation and proppant. The total penetration of the surfaces has
been recorded 141 pm on each side as the equal loads have been applied on both
sides of formations around the proppant. This shows that actual proppant embed-
ment is very high if stresses are present on both sides of the proppant in the
fracture. The computational contact mechanics analyses have been able to capture
the actual conductivity of fracture showing that the finite element method can be
used to estimate embedment depth and has comparable results with experimental
measurements. Long-term production of hydrocarbon from shale reservoirs is
directly related to fracture conductivity in the hydraulically stimulated reservoir
volume. This study shows that the uncertainty and reduction in hydrocarbon pro-
duction profile with time can be mimicked by exact estimation of proppant
embedment and fracture closure with finite element method since it relates to
fracture conductivity. The presented method can serve as a valuable criterion to
effectively reduce the loss of hydraulic fracture conductivity in shale reservoirs
with time. Based on this numerical model, the required fracture conductivity can be
achieved by keeping the extra width of fracture in the design criteria to reduce the
conductivity loss in the formation.
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Chapter 5

Review of Geochemical and
Geo-Mechanical Impact of
Clay-Fluid Interactions Relevant
to Hydraulic Fracturing

Gabriel Adua Awejori and Mileva Radonjic

Abstract

Shale rocks are an integral part of petroleum systems. Though, originally
viewed primarily as source and seal rocks, introduction of horizontal drilling and
hydraulic fracturing technologies have essentially redefined the role of shale rocks
in unconventional reservoirs. In the geological setting, the deposition, formation
and transformation of sedimentary rocks are characterised by interactions between
their clay components and formation fluids at subsurface elevated temperatures
and pressures. The main driving forces in evolution of any sedimentary rock forma-
tion are geochemistry (chemistry of solids and fluids) and geomechanics (earth
stresses). During oil and gas production, clay minerals are exposed to engineered
fluids, which initiate further reactions with significant implications. Application of
hydraulic fracturing in shale formations also means exposure and reaction between
shale clay minerals and hydraulic fracturing fluids. This chapter presents an over-
view of currently available published literature on interactions between formation
clay minerals and fluids in the subsurface. The overview is particularly focused on
the geochemical and geomechanical impacts of interactions between formation
clays and hydraulic fracturing fluids, with the goal to identify knowledge gaps and
new research questions on the subject.

Keywords: Shale geochemistry and geomechanics, Clay minerals, Hydraulic
fracturing fluids, Shale formation fluids

1. Introduction

Clay minerals interactions with fluids have gained attention in the petroleum
industry because of their presence in source rocks, reservoir rocks and seal rocks in
petroleum systems. In conventional reservoirs, interactions between clay minerals
and fluids have been studied in relation to wellbore integrity and fines migration
during production. The inception of enhanced oil and gas recovery, hydraulic
fracturing and carbon storage technologies, highlighted knowledge gaps in terms of
interactions between clays and fluids injected into the subsurface. Research efforts
are focused to understand the impact of clay-fluid reactions geochemistry on shale
geomechanics, and deciphering the mechanisms that drive these interactions in
order to optimise various technologies adopted by the industry.
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In retrospect, studies on interactions between clay minerals and formation
fluids have been going on in the petroleum industry well before introduction of
the advanced technologies alluded to above. These studies were mainly focused on
the relationship between clay minerals interactions with formation fluids during
formation, migration and deposition of hydrocarbons. For example, Drits et al. [1]
studied clay mineral-fluid interactions in order to gain insight into transformation
processes in clay minerals during generation and migration of hydrocarbons.

This review seeks to present a concise overview of published studies on interac-
tions between clay minerals and various fluids in the subsurface with particular
emphasis on hydraulic fracturing fluids. Reaction mechanisms as well as geochemical
and geomechanical impacts are assessed.

2. History of clay-fluid interactions

Trends of research on interactions between formation clay minerals and fluids
over the years have largely been determined by the exigencies of the petroleum
industry. The drive for this is the need for in-depth understanding of reactions in
order to characterise reservoirs and cap rocks, as close as possible to iz situ condi-
tions. Summary of research trajectories in major periods is explained in the following
paragraphs and captured in Figure 1.

2.1 Petroleum formation and migration

The focus of researchers in the 1940s and 1950s, during worldwide oil and gas
exploration, was to investigate the origins of petroleum. Reactions between clays
and subsurface fluids were studied extensively. At that time, the major concern
was assessment of quality of organic source rocks and the mechanisms involved
in generation of oil and gas. In this regard, researchers such as Weaver [2, 3] and
Sarkissian [4] recognised that analyses of clay rocks (shales) could be used to track
the generation and migration of petroleum in source rocks. Weaver [2] noted that
expandable clays are capable of withholding their pore water to greater depths. He
therefore inferred that waters in expandable clays at greater depths were responsible
for transporting hydrocarbons to reservoir rocks. This inference was premised on
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Figure 1.
Schematics of typical clay fluid interaction research topics and outcomes velevant to hydraulic fracturing of
shale formations.
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and supported by earlier studies where over 20,000 samples from major petroleum
producing basins in the US showed strong statistical correlation between expand-
able clay minerals and hydrocarbon production. Similar to Weaver [2], Sarkissian
[4] also studied petroleum deposits in the USSR and reported that clay minerals in
argillaceous rocks were significant in the formation and deposition of petroleum
resources. Premising on earlier works alluded to above, other researchers also

used clay rock analyses to determine the hydrocarbon emplacement and migration
times and for petroleum system analysis [1, 5-9]. Some of these works are sum-
marised below.

Hamilton [5] used K-Ar dating to assess the formation of illite relative to the
timing of generation and migration of hydrocarbons. Considerable correlation was
found to exist between these two events. He reported that, in most cases, the timing
of the expulsion of hydrocarbons was the same time authigenic illite formation
ceased. He concluded that the link between clay-fluid interaction and petroleum
generation and migration was therefore established, thus presence of authigenic
illite could be used as an indicator of petroleum formation and migration.

Kelly [7] used mineralisation history present in fractures to reconstruct the
migration history of hydrocarbons to their current reservoir and found that most
petroleum migration paths showed preponderance of illite and clay mineral precipi-
tates. He concluded that illite and other clay mineral precipitates can be used as an
indication of petroleum migration pathway.

Jiang [6] examined clay minerals from the oil and gas perspective and drew a lot
of parallels between various types of clays, their structural and geochemical trans-
formations as a function of formation and transport of hydrocarbons. Jiang’s work
is different from earlier works in the sense that he investigates comprehensively
the transformations that take place from deposition of rock to when petroleum is
formed and expunged.

2.2 Drilling and completion

Adverse economic impact posed by swelling clays during drilling and completion
caused intensification in studies of clay-fluid interactions with the aim of under-
standing the problem and solving it in the shortest possible time. Research was thus
aimed at understanding the mechanisms that drive clay swelling during interactions
with engineered muds. The conditions of clay swelling and accompanying compli-
cations were studied thoroughly with abundant literature to that effect [10-16].

Van Oort et al. [14] undertook an overview of the mechanisms guiding clay-fluid
interactions. Their work identified the mechanisms by which various engineered
drilling fluids suppress adverse reactions of clay minerals with water based fluids
during drilling and completions. In concluding, the authors simplified their work by
categorising drilling fluids into five groups based on the mechanism by which they
stabilise clays in shale formations during drilling.

Shukla et al. [17] conducted a review of earlier works on clay mineral swelling
in unconventional reservoir systems. They concentrated on the various conditions
under which clays swell and the types of clay swelling. They also identified various
clay stabilisers and gave a brief on how these work.

2.3 Enhanced hydrocarbon recovery
At inception of shale gas, tight sands and other unconventional petroleum systems
development, enhanced hydrocarbon recovery techniques were at advanced stage.

The need to fine-tune these technologies to the needs of unconventional reservoir
systems spurred another era of research focussed on clay-fluid interactions in
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unconventional petroleum systems. One of the earliest works in this area was con-
ducted by Zhou et al. [15] who premised their research on the fact that injected fluids
caused formation damage due to clay swelling. They identified two types of swelling
due to these interactions; crystalline swelling and osmotic swelling, the later posing
significant adverse effects on reservoir quality. Alalli et al. [18] also noted that injected
fluids caused disequilibrium in formation which leads to dissolution and precipitation
of minerals in an attempt to return to equilibrium state. Dissolution and precipitation
patterns were thus examined in order to identify their impact on reservoir quality.
Dissolution of minerals, they noted, enhanced the porosity and permeability of for-
mation by creating additional pore volume and linking previously unconnected pores;
whereas precipitation of new minerals had adverse impact on reservoir quality due to
the occlusion of flow paths, due to mineral growth within the existing pore space.

Buller et al. [19] analysed the Haynesville shale play in East Texas to understand
what factors were responsible for efficiency of hydraulic fracturing in this forma-
tion. Their work concluded that, in high clay content zones, the efficiency of the
fracturing was low due to massive proppant embedment and migration of fines.
They postulated that post fracturing diagenetic events could also be initiated due to
clay minerals interaction with fracturing fluids.

A similar effort was undertaken by Radonjic et al. [20] in their research focused
on Caney shale. They sought to draw the link between mineralogical composition
and microstructure of Caney shale to mechanical responses in order to delineate
formations suitable for fracturing as well as predict mechanical responses of these
formations.

2.4 Geological CO, storage

Recent surge in research on interaction between clay minerals and CO, in the
subsurface is due to the advent of the concept of CO, capture, utilisation and storage
(CCUS). The CCUS technology may also incorporates enhanced hydrocarbon recov-
ery when CO2 injection is done in depleted oil and gas reservoirs. The importance of
clay-fluid reactions is seen in the fact that most target storage reservoirs and accom-
panying seal formations have high clay mineral contents. In addition, reactions
that cause immobilisation of CO, and the ability of caprock to withstand pressures
resulting from CO, plume beneath are directly related to the amounts and types of
clay minerals in the formation [21, 22]. Many studies have thus been conducted to
investigate clay-fluid interaction in the context of understanding their implications
on combined enhanced hydrocarbon recovery and CO, storage projects [23-29].

Olabode and Radonjic [27] studied the reaction between CO2-Brine and cap-
rock formation to assess the impact of mineral precipitation patterns on caprock
integrity at elevated temperature and pressure conditions. They concluded that,
precipitation of minerals could cause the sealing of micro-pores in caprocks thus
enhancing their ability store CO2 within the subsurface. Hui Du et al. [30] also
studied the sealing properties of caprock at nano and micro-scale with the premise
that the durability of the caprock is directly affected by the nanostructures and
microstructure of these rocks.

3. Clay minerals
3.1 Chemical composition & crystallographic structure of clay minerals

Clay minerals are a product of rock weathering, and form from decomposi-
tion of feldspar minerals in hard rocks such as granite. They are commonly
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described as soil particles with sizes below 2 pm, often labelled as nature’s
nanoparticles. In terms of chemical composition, clays belong to a group of min-
erals called alumino-silicates. The alumino-silicates are composed of complex
arrangement of atoms to form diverse structural configurations with the basic
components being silicon, aluminium and oxygen. Silicon and aluminium atoms
bond with oxygen to form silicon tetrahedral sheets and aluminium octahedral
sheets respectively. These sheets are subsequently bonded by sharing common
oxygen atoms, though the oxygen atoms at the edges of both sheets are left
unpaired. These unpaired oxygen atoms at the edges of the sheets impose nega-
tive charges on clay mineral surfaces rendering them water sensitive and highly
reactive to cations [31, 32].

Another factor contributing to high negative charges in clay minerals is the
isomorphic cationic substitution within the sandwiched tetrahedral and octahedral
sheets, which leads to imposition of excess negative charges on clay mineral surfaces
[33]. The mechanism described above contributes to higher levels of clay sensitivity
to water-based engineered fluids in subsurface.

3.2 Classification of clay minerals

Hughes [34] was one of the earliest researchers to attempt classification of
clay minerals relative in the petroleum industry. This classification was done
a few years after commercialization of X-Ray Diffraction (XRD) technology,
which was hitherto used by petroleum companies as a method of studying clay
minerals. Hughes [34] classified clay minerals into: Kaolinite, Smectite, Illite and
Chlorite groups as shown on Table 1. He also indicated other classes which are
mainly mixed layers of the four groups of clays. Descriptions by Hughes [34] are
captured below:

* Kaolinite is composed of one silicate tetrahedral and aluminium octahedral
thus a 1:1 clay mineral. This structure makes kaolinite relatively stable due to its
low surface area and adsorption capacity.

* Smectites are composed of two silicate tetrahedrals bonded with one alu-
minium octahedral thus a 2:1 clay mineral. Smectites have a very high rate of
expansion and/or shrinkage and are by far the most problematic clay miner-
als during drilling and production especially with water-base engineered
fluids. This behaviour is attributable to the large surface area and high cation
exchange capacities of smectites consequently leading to high adsorption
capacity.

* Illite is composed of tetrahedral and octahedral plates arranged in a 2:1 for-
mat just like smectites. They however have lower adsorption capacities than
smectites but higher than kaolinites.

* Chlorites consist of Brucite layers alternating with three-sheet pyrophyllite
type layers. Though Chlorite may occur as macroscopic or microscopic crystal,
they often occur as mixtures with other minerals in the microscopic state.

3.3 Clay mineral properties
Clay minerals are unique in a number of properties they exhibit; however, the

following attributes of clay minerals have significant impacts on their interactions
with fluids and are briefly captured below.
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Clay Type Chemical Formulae Surface Area CEC Configuration
(mzlgm) (meq/100 g)

Kaolinite AlL[Si4010] (OH)s 20 3-15 11

Illite (Ki_1.5AL [Sir—sAl1- 100 15-40 2:1 Non-Expandable

15020] (OH) )

Smectite (0.5Ca, Na)(7(Al, Mg, 700 80-100 2:1 Expandable
Fe)4[(Si, Al)§Oy0]*nH,0

Chlorite (Mg, Al, Fe),[(Si, 100 15-40 2:1 Non Expandable
Al)g0y](OH) 46

Table 1.
Four magor types of clay minerals velevant to hydvaulic fracturing.

3.3.1 Cation exchange capacity (CEC)

Cation exchange capacity (CEC) is defined as the amount of positive ion
substitution that takes place per unit weight of dry rock [35] and is expressed in
meq/100 g (milliequivalents per one hundred grams) of dry rock. Substitution of
ions in minerals is the product of interfacial electrochemical interactions. Some
of the most common cations exchanged are calcium (Ca%*), magnesium (Mg2+) R
potassium (K*), sodium (Na*) and ammonium (NH,"). CEC controls contribution
of clay minerals and clay-bound water to electrical conductivity of rocks as well as
the wettability characteristics of clay minerals during clay-fluid interactions.

Researchers developed various methods of measuring CEC over the years with
more accurate methods still being developed. Some of the earlier methods have
been exhaustively discussed in literature [36-40]. The most common methods
currently used for CEC determination include: wet chemistry method; multiple
salinity method and membrane potential method. These are however not without
their limitations.

Bush and Jenkins [40] developed a method based on the use of the wet
chemistry method in which several samples were investigated and a plot of best
fit generated. The main challenge with their method is that, some minerals are
capable of adsorbing water in humid environments though they have no CEC. Bush
and Jenkins [40] proposed their method as a supplementary method for the wet
chemistry method rather than a replacement.

Cheng and Heidari, [41, 42] introduced a new theoretical model of measuring CEC
based on energy balance between chemical potential and electric potential energy.
This involved the combined analysis of data collected from XRD (X-Ray Diffraction),
NMR (Nuclear Magnetic Resonance) and nitrogen adsorption—desorption isotherm
measurements with direct evaluation of CEC based on ammonium acetate method
and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements used in
cross-validation of the results. They however alluded to the fact that their method was
yet to be developed for complex rock composition.

3.3.2 Clay swelling

Clay swelling results mainly from fluid intake into the inter-layered structure
of clay minerals. Electrochemical interactions between clay minerals and fluids
are central to the swelling of clays. The type, quantity and charge of cations in
the interlayer zones of clay are the main driving forces in the swelling process.
Clay swelling and formation damage during enhanced oil recovery have also been
discussed extensively [43, 44].
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Two main types of swelling mechanisms have been identified in clay minerals
which include crystalline swelling and osmotic swelling [45, 46]. During crystalline
or surface hydration mechanism, the water molecules are adsorbed on the crystal
surfaces with hydrogen bonding holding the water molecules to oxygen atoms
exposed from the crystal surface. Subsequent layers of water molecules align to
form a quasi-crystalline structure between unit layers, which results in an increased
c-spacing. This type of swelling is common to all types of clay minerals, although
to a different degree. In osmotic swelling mechanism, the concentration of cations
between unit layers in clay minerals is higher than that in the surrounding water,
water is therefore osmotically drawn between the unit layers and the c-spacing
is increased. Osmotic swelling mechanism causes a larger swelling relative to the
crystalline swelling but only a few clay minerals, such as sodium montmorillonite,
swell in this manner [47].

4. Hydraulic fracturing

Hydraulic fracturing entails high rate injection of pressurised fracturing fluids
into low permeability formations often targeted at specific horizontal sections of
a wellbore in order to induce failure, consequently fracturing rock formation and
creating a fracture network that can provide permeability in otherwise almost-
impermeable rocks. Studies have shown that the fractures induced by hydraulic
fracturing fluids are formed normal to the direction of minimum horizontal stress
in the horizontal section of the wellbore. Horizontal wells are normally drilled in
trajectories parallel to the minimum horizontal stress in a given reservoir. However,
branch-like networks of micro-fractures are formed in all directions, resulting
in a hydraulic connectivity that provides permeability form otherwise imperme-
able shale matrix. The majority of fractures are kept open by proppants which are
transported by the injected fluid into the formation. Proppants ensure that frac-
tures remain open thus enhancing the contact area between reservoir and wellbore
which consequently serve as a conduit for hydrocarbon recovery, from otherwise
low permeability shales [48, 49].

Hydraulic fracturing entails lots of activities, thus, research is fine-tuned on
investigating and understanding certain key issues about hydraulic fracturing.
For example, Rikards et al. [50] indicated that one of the biggest problems in
hydraulic fracturing has to do with ability to find balance between proppant-
quality and proppant-transport efficiency. They intimated that high density
proppants pose proppant transport challenges whilst low density proppants
present issues of strength of the proppants. Also, the importance of fluid viscos-
ity in terms of providing sufficient fracture width to enable transport and proper
placement of proppants is another issue in hydraulic fracturing highlighted by
Montgomery et al. [51].

4.1 Hydraulic fracturing fluids (HFF)

Since inception of the concept of hydraulic fracturing, a lot of fluids have been
developed and experimented as possible suites for various formation types and even
geographical locations. These are discussed below.

4.1.1 Water-based fracturing fluid

Water-based fracturing fluids are the most common hydraulic fracturing fluids
in use today. This is due to their low cost, availability and their ability to transport
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proppants in place to maintain fracture conductivity. Though water-based hydraulic
fluids have several advantages over other types of fracturing fluids, they are more
susceptible to causing formation damage due to hydration of clays which may lead
to lower recovery rates for hydrocarbons. Ribeiro and Sharma [52] contend that
water-based fracturing in unconventional wells, most of which contain substantial
clay mineral component, presents significant challenges. One of the most effective
ways of dealing with this drawback, thus, has been to use energised water-based
fracturing fluids in which the fracturing fluid is energised with CO, or N,. This
significantly reduces the amount of water needed for fracturing and thus improves
the fracturing job in water-sensitive formations. Some water-based fracturing fluid
types are discussed below.

Slickwater fracturing fluids are primarily composed of water, sand proppants
and other chemicals to deal with friction, corrosion, clay swelling and other
adverse reactions due to injection of fluids into the subsurface. These fluids are
characterised by lower viscosities and the ability to generate complex fractures
which generally reach deeper into target formations. The drawback with this type
of water-based fracturing fluid is its poor proppant transport capacity. This is often
compensated for with higher pumping rates in order to maintain optimal velocities
that prevent settling of proppants.

Linear fracturing fluids were developed as a solution to the poor proppant
carrying capacity of slickwater fluids. This was achieved by increasing the viscosity
of fracturing fluid through addition of polymers in the fluids. These polymers are
capable of turning the aqueous solutions into viscous gels capable of transporting
proppants effectively but may also adversely affect the permeability of low permea-
bility formations by forming filter cakes on the walls of fractures. Linear fracturing
fluids are good in controlling fluid loss in low permeability formations but prone to
higher fluid losses in high permeability formations.

Cross-linked fluids were developed to obtain increased viscosity and perfor-
mance of gelled polymers without necessarily increasing the concentration of
polymers. To develop these fluids, Aluminium, Borate, Titanium and Zirconium
compounds may be used to crosslink hydrated polymers in order to increase the
viscosity of resulting fluid. The main advantage of these fluids is the reversibility of
crosslinks based on pH adjustments. This enables better clean up and consequently
improved permeability following fracturing treatment. Borate crosslinked fractur-
ing fluids have been reported to show rheological stability, good clean-up and low
fluid loss up to temperatures of over 300°F.

In viscoelastic surfactant gel fluids, increased viscosity and elasticity is
obtained by adding surfactants and inorganic salts into water-based fracturing
fluids to create ordered structures. These fluids exhibit very high zero-shear vis-
cosity and are capable of transporting proppants with lower loading and without
the comparable viscosity requirements of conventional fluids [53].

4.1.2 Oil-based fracturing fluid

Oil-based fracturing fluids are used mostly where a formation is water-sensitive
perhaps due to the presence of large quantities of expandable clay minerals. Oil-
based fracturing fluids have been found to better preserve fracture conductivity
[54, 55] as well as provide better performance in terms of proppant transport due
to the generally higher viscosity and lower specific gravity. In their work on wells
located in Bakhilov and North Khokhryakov fields in Western Siberia, Russian
Federation, Cikes et al. [54] studied the responses from wells after treatment with
oil-based fracturing fluids in a depleted oil reservoir. These wells were initially frac-
tured with water-based fracturing fluids but the treatment failed and did not yield
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significant improvements in the productivity especially for the long term. Following
fracturing with oil-based fracturing fluids, over ten-fold production improvement
was witnessed relative to pre-fracturing productivity.

Another advantage of oil-based fracturing fluids as noted by Hlidek et al. [56]
is that they are easier to clean-up and can be re-used. Hlidek et al. [56] compared
the cost of using water-based fracturing fluids to oil-based fracturing fluids in the
Montney (Canada) unconventional gas development. Based on their comprehensive
analysis, they concluded that the cost of using oil-based fluids was lower in the
long term since all the load oil could be recovered within 4 to 8 weeks and could be
reused in fracturing. The main disadvantage of oil based fracturing fluids however,
is environmental damage when not properly disposed of.

To enhance the efficiency and recovery of oil-based fracturing fluids, CO, has
been employed in energising these fluids. Energising oil-based fluids significantly
reduces the amount of fluid required to fracture a specific formation as well as
aids in fluid recovery following the fracturing process [57, 58]. Vezza et al. [58]
studied the impact of energised oil-based fracturing fluid in Morrow Formation in
Southern Oklahoma where they used gelled diesel/CO, as fracturing fluid. Their
results indicated an overall increase in production rate and predicted long-term sta-
bility of the wells. Gupta et al. [57] also reported improvements in well productivity
and stability after using energised gelled hydrocarbons in fracturing treatments. In
their study, they compared the use of conventional gelled fluids to CO, energised
gelled fluids in formations in Canada. Their conclusions were that: The use of
energised gelled hydrocarbon fracturing fluids led to improved production relative
to conventional gelled hydrocarbon fluids.

4.1.3 Gas fracturing fluid

Gas fracturing involves the injection of gas at high pressures into the subsurface
in order to create fractures within targeted reservoir locations. Nitrogen gas is the
most employed gas for fracturing purposes, due to its obvious advantages of avail-
ability, its inert nature and of course, cost [59]. The main limitation of gas fractur-
ing is the depth it can be used as a fracturing fluid since it has a low density and thus
is restricted to reservoirs of less than 5000 feet deep [60]. Recent advancements in
ultra-light weight proppants [50, 61] provides positive prospects that may counter
the depth limitation of gas fracturing to some extent.

4.1.4 Foam-based fracturing fluid

Another type of fracturing fluid is a foam-based fracturing fluid which is
generated from the combination of two phases of liquid and gas as well as addition
of surfactant to ensure stability [51]. The main advantages of this type of fracturing
fluid is its efficiency in water-sensitive areas and its relatively better proppant car-
rying capacity compared to water-based fracturing fluids [62]. High cost and risk of
flammability are the main disadvantages of foam-based fracturing fluids.

4.1.5 CO,-based fracturing fluid

Consideration of the use of CO2 as a fracturing fluid was mooted due to
problems encountered with water-based fracturing fluids in terms of perme-
ability damage. Liquid CO2 is considered an alternative to water-based fractur-
ing fluids because it causes minimal formation damage plus clean-up is easily
achieved. Lower viscosity, miscibility of CO2 with hydrocarbons, ease of displac-
ing methane from organic matter and the ease of recovery of CO2 enables it to
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create extensive and complex fractures at lower breakdown pressures [63, 64].
However, high pumping rates needed to enhance proppant carrying capacity of
CO2 makes CO2-based fracturing fluids relatively expensive. Additionally CO2 is
not readily available at all sites. The future applications may change if CO2 can be
sequestered.

5. Mechanisms of clay minerals-HFF interactions
5.1 Hydration imbibition and fluid retention

Imbibition describes the displacement of immiscible fluids from within the
formation matrix. In the context of this topic, the fluid within the formation
matrix is hydrocarbon and brine, whereas the invading fluid is the hydraulic
fracturing fluid, mostly water. The displacement described above occurs at times
where the fracturing fluid comes into contact with the formation face creating
disequilibrium. In order to gain equilibrium, fracturing fluid is drawn into the
matrix spontaneously, without the application of any form of pressure. This
phenomenon is known as spontaneous imbibition. Handy [65] defined it as the
process in which a fluid is displaced by another fluid within a porous medium due
to the effect of capillary forces alone. Other researchers like Bear [66], Bennion et
al. [67], Hoffman [68] and Dutta [69] have also interrogated the mechanisms of
hydration imbibition.

Imbibition of water into shale matrix has been identified as the major water
retention mechanism when using water-based hydraulic fracturing fluids [70, 71].
Research into the controlling factors of imbibition of water in fracturing fluid into
formation matrix revealed it to be the function of several parameters which are
briefly discussed in the following:

5.1.1 Fluid and rock properties

Fluid and rock properties have been identified as determinants of the amount
and rates of imbibition. Ma et al. [72] reported that when water displaces oil and gas
within the formation, the rate of imbibition becomes directly proportional to the
viscosity of water. Pore sizes of formation inversely affect imbibition since smaller
pore sizes generate greater capillary pressures and thus higher imbibition.

5.1.2 Initial water saturation

The initial amount of water present in matrix of rocks has been investigated
by several researchers to ascertain its impact on the quantum of imbibition, but
findings have been inconsistent, thus making it difficult to draw any conclusions.
Whereas Blair [73] and Li et al. [74] found that an initially high water saturation of
formation led to lower volumes of imbibed water, Cil et al. [75] and Zhou et al. [76]
found the opposite in their experiments. Other works by Li et al. [74], Viksund et al.
[77] and Akin et al. [78] also concluded that initial water saturation had no effect on
imbibition of water by the formation. They explained that volume of water imbibed
is a function of capillary pressure and effective permeability but these show an
inverse and direct relation with water saturation respectively. The amount of water
imbibed is therefore not controlled by a single parameter, but will depend on which
of the two variables is dominant in any given formation. In this regard, they con-
cluded that the influence of initial saturation on imbibition should be ascertained
for every formation independently.
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5.1.3 Temperature

The impact of temperature on imbibition is not direct however; temperature
of a formation has impact on wettability and fluid properties which subsequently
impact imbibition. Experimental investigations by Handy [65], Pooladi-Darvish
and Firoozabadi [79] concluded that higher temperatures led to faster rates of
imbibition.

5.1.4 Clay content

Total clay content directly relates to the effect of pore size on rate and amount of
imbibition. Due to small pore size of clay-rich rocks, higher clay content in a forma-
tion results in smaller pore sizes thus greater imbibition. This position is confirmed
by Zhou et al. [80] who performed several experimental and numerical analyses on
the Horn Shale gas formation and concluded that high clay content in a formation
leads to high volumes and rates of imbibition respectively.

5.2 Osmosis

According to Zhou et al. [81], earlier researchers viewed imbibition to mainly
be the product of capillary pressure but findings from recent studies have chal-
lenged this position. Recent research shows osmosis contributes significantly to
water imbibition and thus clay minerals and hydraulic fluid interactions especially
for unconventional reservoirs which are often characterised by high clay mineral
contents.

During osmotic imbibition of water into formation, formation clay minerals
act as semi-permeable membranes through which fracturing fluids invade the
matrix of the formation. Here, solutes from the concentrated formation fluids try to
move into lower solute fracturing fluids but due to the semi permeable membrane
formed by presence of clay, the solutes are unable to cross this barrier. Continuous
accumulation of solutes near the semi-permeable membrane creates an attraction
force that draws water into the formation in order to balance out the concentration
differential.

6. Geochemical and geomechanical impacts of clay mineral-hydraulic
fracturing fluids interaction

6.1 Water-blocking effect

Inorganic clayey matrix is generally known to be water-wet therefore provid-
ing favourable conditions for imbibition of water from fracturing fluid within
fractures. In this process, the invading water displaces gas from the surface of clay
matrix which leads to the formation of a multiphase flow environment near the
fracture surface (Figure 2). Development of this phenomenon can create an unfa-
vourable saturation condition, under which gas flow through fractures is hindered,
thus lowering yield for wells. The phenomenon is known as water-blocking and it
is has been described by researchers as one of the most severe damages in reservoirs
with ultra-low permeability [82-84].

Recent experimental works on the imbibition of water by shale rocks showed
that the imbibed water remains within the pore network, thus reducing the perme-
ability to gas of the reservoir [81]. Simulation and history matching also confirmed
that invasion and wetting of clay mineral surfaces by water from fracturing fluid
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Fracture and near-fracture clay-fluid reactions after hydraulic fracturing
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Figure 2.
Fracture and near-fracture clay-fluid interactions (adapted from [103]).

was responsible for decline in gas production. Reduction in gas flow due to water
blocking effect has also been reported by Shanley et al. [85], who observed drastic
reduction in gas production when water concentrations in fractures exceeded
40-50%. Detailed study of water-blocking phenomenon has showed that this
phenomenon may cause permanent damage for some shale formations whiles the
damage is transient for other shale types [70, 71, 86]. The details of mechanisms
and variables that determine whether damage is temporal or permanent are still
being investigated.

6.1.1 Water-blocking effect as a transient effect

Water-blocking during fracturing of unconventional reservoirs is explained by
the presence of two pore types in unconventional formations. The first pore types
are the larger oil-wet pores located within the organic matrix of the formation. The
second type of pores are the smaller water-wet pores located within the inorganic
argillitic matrix. Pore throats of the larger oil-wet pores are however small. During
hydraulic fracturing, high pressure fluids break the formation to form fractures
with some fracturing fluids leaking off into near-fracture matrix. Once in the
matrix, the fluids first occupy the larger oil-wet pores. However, due to smaller pore
throats, fracturing fluid in the formation is segmented within each internal pore
with minimal linkage to other pores. This causes water to be domiciled in formation
as droplets filling larger oil-wet pores which subsequently makes remobilisation
difficult upon resumption of production. This phenomenon significantly reduces
hydrocarbon effective permeability. The natural healing process in this phenom-
enon occurs when fluid is drawn from larger pores into smaller water-wet pores
deeper within the reservoir thus dissipating the water blocking effect. This leads to
improved permeability and hydrocarbon production [71].

6.2 Mineral dissolution and precipitation

Clay minerals and non-clay minerals (carbonates and quartz) within a forma-
tion are susceptible to geochemical attack from the fracturing fluids. Most shale
formations were deposited in sea water-rich environments and have established
equilibrium of their minerals and fluids over geological time. Once these for-
mations are exposed to engineering fluids, especially water-based fluids, the

124



Review of Geochemical and Geo-Mechanical Impact of Clay-Fluid Interactions Relevant...
DOI: http://dx.doi.org/10.5772/intechopen.98881

geochemical equilibrium is no longer stable. Subsurface temperature, pressure, and
pH often enhance geochemical reactivity of scale-forming minerals, resulting in
changed porosity, and fracture permeability as a result of mineral dissolution and
precipitation [87, 88].

Dissolution of rock forming minerals has been reported at low pH. As pH
increases, ions from dissolved minerals recrystallise to form new minerals and/or
amorphous precipitate that may have an adverse effect on formation permeability.
At very high pH, clay minerals within a formation become unstable and may become
mobile. This situation leads to migration of illite samples which may occlude the
hydrocarbon flow paths within the formation (Figure 2).

6.3 Shale swelling

Shale swelling during hydraulic fracturing results from swelling of clay miner-
als within fracture face and shale matrix (Figure 2). Three mechanisms have been
noted to cause clay mineral swelling as water is adsorbed into nano-pores, micro-
pores, meso-pores and even macro-pores of clay minerals in the formation. The
first mechanism is swelling due to hydration of negatively charged clay surfaces
with several water layers depending on the type of clay. This has been observed in
various types of clays with different levels of water saturation [89, 90]. The second
mode of swelling is similar to what causes imbibition of water into clay minerals,
where the clay acts as a semi-permeable membrane. In this case water is moved into
the inter-layer spaces of clay minerals causing massive swelling [91]. In the third
mechanism, continuous expansion of clay interlayer leads to separation of the clay
layers into different clay components thus transforming initially intact clay layers
into inter-particle spaces [92, 93].

Swelling of clays within the fracture walls can lead to constricted apertures
which severely restrict flow of hydrocarbons during production [94]. Clay swell-
ing may also induce micro fractures in formations which may improve absolute

permeability [95, 96].
6.4 Stress development

During fracturing, interactions between shale and invading fluids lead to swell-
ing of clay minerals within the shale causing in-situ stress development. Osmosis
has been suggested as the potential transport mechanism which causes swelling
pressure build-up within shale rock. The reaction between clay minerals and invad-
ing fluid is observed to be a primary cause of damage to reservoir permeability dur-
ing and after hydraulic fracturing. Previous experiments have shown that a chance
of permeability impairment following fluid interaction with formation is directly
related to the specific clay mineral content of the formation [31, 71, 97]. In the case
that the solute concentration in fracturing fluid is significantly lower compared to
concentrations in clay interlayer, osmotic swelling is likely to occur, where fluid is
drawn into the interlayer with the aim of balancing the solute concentrations. This
phenomenon leads to significant expansion of the clay minerals. Expansion of clay
minerals therefore exerts pressure on surrounding pores and matrices thus leading
to a build-up of stress.

6.5 Mechanical weakening
Geo-Materials mechanical properties are dictated by the amount of pore

space present, compositional heterogeneities [98], solids (inorganic and
organic) mechanical strength and the presence/absence of pore-fluids and
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their composition. Therefore, mechanical weakening of formation rocks due to
reaction with newly introduced fracturing fluids has been observed by a number
of researchers. Akrad et al. [99] observed that sustained interaction between
fracturing fluid and formation can induce softening of the formation rock thus
reducing the Young’s Modulus of the rock, therefore producing mechanical
weakening. Du et al. [98] investigated mechanisms of fracture propagation due
to hydraulic fluid injection and concluded that the mechanical response of for-
mations due to interaction with fracturing fluid is directly linked to the mineral
composition and geochemistry of rocks. In their studies of proppant embed-
ment efficiency, Corapcioglu et al. [100] found that exposure of the formation
to fracturing fluid leads to decrease in Young’s Modulus of the rock. Research
on the impact of fracturing fluid on formation mineralogical components has
also showed that non-clay minerals (carbonates, quartz, feldspar and various
sulfides/sulphates) as well as clay minerals, like chlorite, are susceptible to dis-
solution in fracturing fluids, leading to a reduction in the structural strength of
the formation.

LaFollette and Carman [101] reacted Haynesville shale samples in fracturing
fluid at temperature of about 300°F for periods of 30, 60, 120 and 240 days respec-
tively and observed changes in Brinell Hardness of the samples. The highest reduc-
tion occurred between 60 to 120 days after which there was a marginal increase in
hardness. Carman and Lant [102] also reacted rock samples with different fractur-
ing fluids at temperatures close to subsurface formation temperatures. Their results
showed that Brinell’s Hardness for all the rock samples decreased after reacting with
fracturing fluids.

6.6 Impact of geochemistry of shale-HFF reactions on toxicity of produced
water

Flowback water is the fluid produced immediately following treatment of a well.
This fluid is generally made up of mixed compositions of fracturing fluids, products
of reactions between fracturing fluids and formation, and formation fluids. High
salinity and concentrations of dissolved metals have been reported in flowback
waters [104, 105]. Potential toxicity of produced water to humans and the environ-
ment remains high and of great concern; therefore, researchers have been studying
these fluids to assess their risks to the environment. Most studies of this nature have
largely been undertaken in producing unconventional hydrocarbon fields in the
USA as well as black shales from Germany and Denmark [106, 107]. A summary of
these works is presented below:

Chapman et al. [104] sought to characterise the flowback waters from Marcellus
Formation in the Appalachian Basin with strontium isotopes in order to help detect
and trace contamination of surface and ground waters by flowback water. The geo-
chemical characterisation of the flowback fluids showed elevated levels of Bromide,
Calcium, Strontium (up to 5200 mg/L), Sodium, Chloride (up to 12000 mg/L)
and Barium. They also reported high total dissolved solids in the fluids in excess of
200000 mg/L. They concluded that high elemental concentrations were the result
of interactions between fracturing fluids, formation minerals and formation fluids.

For their part, Wilke et al. [107] studied the rate of release of metals, salts anions
and organic compounds from shale rocks in Denmark and Germany. They reported
that, concentration of ions in solution largely depended on the composition of the
black shale and did not show dependency on pH of the fluids used in experiments.
There was however a correlation between the buffering capacity of specific mineral
components of the rock, such as pyrite and carbonate on amount of dissolved ions.
They also reported decrease in ionic concentrations over time due to precipitation
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of new minerals. Findings from this research provided an understanding of pos-
sible flowback water composition and toxicity from these unconventional fields in
Denmark and Germany respectively.

Experimental studies by Macron et al. [106] on geochemical interactions
between fracturing fluid and formation showed evidence of clay and carbonate
dissolution as well as precipitation of new minerals. Dissolution leads to elevated
elemental concentrations in fluids some of which show a drastic reduction when
precipitation of new minerals begins. Results from this experimental work were
validated using measured concentrations of sodium chloride (NaCl) in Marcellus
shale which showed similar trends. They concluded that results from their work can
be used to form a basis of assessing controls of geochemical reactions in the reser-
voir, in other words, flowback water compositions.

7. Summary of advances and research gaps topics for future
consideration

In this section, recent research advancements are summarised. Review of recent
studies shows that geochemical and geo-mechanical impacts from interactions
between clay minerals and/or formation and fracturing fluids are being assessed
more closely to help solve problems associated with reduced permeabilities during
post-fracturing flowback. Geo-mechanical response of formations due to differ-
ences in temperatures of fracturing fluid and subsurface formations have also
become a focus area for researchers. These advancements have unlocked new areas
of research which will be explored in the near future. Other researchers have also
focused on developing methods to measure the extent to which geochemical and
geo-mechanical impacts are controlled by certain mechanisms during interactions
between formations and fracturing fluid. Recent studies assessed for the purpose of
this review are as follows:

7.1 Fracture face damage

Though water-blocking effect is known to be one of the causes of permeability
loss following hydraulic fracturing, mechanisms by which this occurs are not well
understood. Elputranto et al. [108] simulated this phenomenon to study the main
forces that drive it. They concluded that the fundamental driver of high water satu-
rations held near the fracture-matrix interface may be due to capillary end effects.
These act near the interface between fracture and formation matrix to increase the
water saturation beyond the saturation caused by imbibition. Elputranto et al. [108]
therefore suggested that capillary end effect is a significant mechanism that must be
considered when assessing potential of water-blocking effect in a formation. Future
research may focus on experimental validation of this simulation work.

In order to effectively diagnose the predominant mechanism of face damage in
fractures in tight sands, Li et al. [109] proposed a new experimental method. In their
work, two mechanisms are suggested as mostly being responsible for fracture face
damage; high capillary pressure and swelling of water sensitive clays. Li et al. [109]
integrated pressure transmission and pressure decay methods to determine the pre-
dominant cause of fracture face damage. They concluded that their method is able
to distinguish the cause of the key mechanism in fracture face damage. Though the
method was effective in tight sand, it has yet to be tested on shales and other uncon-
ventional reservoir rock samples with high clay mineral content. Future research
should focus on investigating the scope of application of this method for shale
formations and other unconventional reservoir rocks with high clay compositions.
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7.2 Fines migration

Fine particle migration is a major cause of fracture aperture blocking yet a very
difficult phenomenon to study. Muggli et al. [110] introduced a simple, time saving
experimental method to assess particle migration potential for different fracturing
fluid compositions. They premised their method on the fact that behaviour of fine
particles in the subsurface is a function of fracturing fluid composition. In their
method, turbidity, capillary suction time behaviour and particle size distribu-
tion relative to the time and depth of particles are observed and recorded. Results
from observations are then used to draw conclusions on the potential of particle
migration and pore throat blocking. They tested their method using Eagle Ford
Brine with and without additives. Low turbidity and capillary suction time were
observed for brine without additives whiles higher values were recorded when
additives were used. They explained that high turbidity was due to the inhibition
of flocculation caused by the additives. Low capillary suction times therefore, may
not always be desirable. In conclusion, they indicated that this experiment can be
repeated using other fracturing fluid compositions to determine their impact on
migration of fines.

7.3 Mineral dissolution and precipitation

Significant geochemical reactions are expected to occur during the shut-in
period when fracturing fluid is in contact with formation. Wang et al. [111] studied
rock-fluid interactions during the shut-in period to assess the water chemistry over
the period using 15% HCL and water. They also assessed the possibility of scale
formation in the reservoir based on these reactions. Their results showed ability of
fracturing fluid to react with and dissolve formation minerals to increase perme-
ability. However, these reactions also lead to release of ions into solution which may
cause precipitation of scale-forming and permeability reduction minerals. Wang
etal. [111] proposed their study as a way of understanding the long-term implica-
tions of rock-fluid interactions. Future research to expand the frontiers of this work
should consider using different fracturing fluid compositions.

Furthermore, the impact of microstructural and geochemical interactions
between fracturing fluids and fracture face in organic rich carbonates was studied
by Liang et al. [112]. They concluded that 2% Potassium Chloride, though used to
inhibit adverse reactions between fluids and clays minerals, may in fact increase the
dissolution rates of carbonates thus increasing absolute permeability. This increase
was observed to be more pronounced for slickwater relative to synthetic sea water.
Their study is evidence that water-based fracturing fluids could be beneficial when
used in some formation types such as organic-rich carbonates. Future research in
this area should therefore be focused on understanding the mechanisms that cause
faster dissolution in presence of Potassium Chloride.

7.4 Changes in mechanical properties

Juan et al. [113] investigated the relative impacts of slickwater and linear gel
on mechanical properties of different rock types in the Permian basin. Reactions
for these set of experiments were conducted at elevated temperature and pres-
sure conditions, 190°F and 1000 psi respectively. Their findings indicated that:
linear gel caused more mechanical (Young’s Modulus) reduction, about 27%
compared to slickwater, about 14%; Samples with higher contents of carbon-
ates sustained more damage relative to low carbonate samples, with carbonate
etching being the primary damage mechanism in slickwater whilst that in the
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linear gel is aggressive dissolution; Most carbonate dissolution happened within
the first five hours of the reaction. This experiment provides critical information
on reactions between rocks and fluids at elevated temperatures and could be
repeated for other types of fracturing fluids in different formations to observe
the responses.

Temperature differences between injected fracturing fluids and formation
have been reported to exert significant mechanical impacts during fracturing. This
observation has gained attention and has become focus area for researchers. Vena
etal. [114] studied the impact of large temperature differentials between forma-
tion and invading fracturing fluids. They took particular interest in changes such
as clay swelling, imbibition and other mechanisms that adversely affect formation
permeability. Their results indicate an initially pronounced impact on stress regimes
within the formation leading to development of micro-fractures which are sealed
over time. Similar findings were obtained by Elputranto et al. [115] when they used
high resolution simulation methods to assess the response of formation to fluid with
high temperature and salinity differentials to formation. Since perpetual propaga-
tion or opening of these micro-fractures will greatly enhance permeability of a
reservoir, future research should be focused on understanding the mechanisms that
can sustain these micro-fractures.

Elputranto et al. [115] used high resolution simulated models to investigate
the mechanical impact on the interface between hydraulic fracture and matrix
due to reactions emanating from cold and low salinity fracturing fluid invading
rock formation. They simulated the responses during the well shut-in period
and flowback and production periods. Their results show that thermo-elastic
effects are generated in the formation that lead to increased permeability which
is short lived. Based on results from this work, future research will focus on how
to sustain and possibly allow better propagation of these short-lived fractures
created due to thermo-elastic effects of fracturing fluid interaction with for-
mation. Achieving this will lead to significantly improved permeability and
production.

7.5 Alternative fracturing fluids

Lietal. [116] conducted an experiment on the use of CO, as pre-fracturing fluid
during hydraulic fracturing in tight gas formations. They aimed to confirm that the
combination of CO, and water during hydraulic fracturing operations could help
harness benefits of both fluids especially at locations with low water availability.
This research was undertaken for subsequent application in the Loess plateau of
Ordos basin in China. Results from experiments showed improved permeability
due to dissolution of carbonates and clay minerals by CO,. They also found that CO,
interacts with hydrocarbons and provides additional impacts in terms of improving
hydrocarbon properties to enhance relative permeability, thus providing increased
productivity. More experiments should be conducted to ascertain the optimum use
of CO, and water combinations for fracturing.

Adverse environmental footprints of hydraulic fracturing operations have also
necessitated research to find innovative ways of mitigating these impacts. Ellafi
etal. [117] investigated the possibilities of re-using produced water as fractur-
ing fluid. They justified their research by drawing attention to the large volumes
of fresh water used in hydraulic fracturing operations. Some helpful statistics
quoted to buttress their points include the following: Texans waste about 2% of
water demand on fracturing jobs [118]; the amount of water withdrawn from the
Missouri River for hydraulic fracturing in 2018 alone, was about 1.269x 10" gals, an
estimated 10.1% of North Dakota water consumption [119].
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Mechanism, Model, and Upscaling
of the Gas Flow in Shale Matrix:
Revisit

Zhiming Hu, Yaxiong Li and Yanran Li

Abstract

Shale gas accounts for an increasing proportion in the world’s oil and gas supply,
with the properties of low carbon, clean production, and huge potential for the
compensation for the gradually depleted conventional resources. Due to the ubiq-
uitous nanopores in shale matrix, the nanoscale gas flow becomes one of the most
vital themes that are directly related to the formulation of shale gas development
schemes, including the optimization of hydraulic fracturing, horizontal well spac-
ing, etc. With regard to the gas flow in shale matrix, no commonly accepted
consensus has been reached about the flow mechanisms to be considered, the
coupled flow model in nanopores, and the upscaling method for its macroscopic
form. In this chapter, the propositions of wall-associated diffusion, a physically
sound flow mechanism scheme, a new coupled flow model in nanopores, the
upscaling form of the proposed model, and the translation of lab-scale results into
field-scale ones aim to solve the aforementioned issues. It is expected that this work
will contribute to a deeper understanding of the intrinsic relationship among vari-
ous flow mechanisms and the extension of the flow model to full flow regimes and
to upscaling shale matrix, thus establishing a unified model for better guiding shale
gas development.

Keywords: shale gas, diffusion, viscous flow, coupling coefficient,
generalized model, pore size distribution, macroscopic form

1. Introduction

Shale gas refers to a kind of self-generating and self-preserving natural gas,
which gathers mainly in a free or adsorbed state in the organic-rich dark shale or
high-carbon mud shale [1]. With vast reserves and the potential to offset the
gradually depleted conventional resources worldwide and cut down carbon
emissions at the same time, shale gas is playing an increasingly important role in
ensuring global energy safety. Because shale matrix is characterized by various
nanopores, where the gas flow is of high nonlinearity and complexity, an in-depth
study of the mathematical model for the gas flow capacity in shale matrix is in
urgent demand.

The mechanisms considered in different literature are listed in Table 1. It is
obvious that opinions vary greatly on the flow mechanism scheme applied. The
noteworthy aspects include the following: what the relationship among the various
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Literature Mechanisms considered

Klinkenberg [2] Slip flow

Javadpour [3], Haghshenas et al. [4],
Wau et al. [5], Sun et al. [6]

Knudsen diffusion and slippage

Veltzke and Théming [7] Viscous flow and Knudsen diffusion

Lietal. [8] Continuum flow, slip flow, transition flow, and free molecular
flow
Mi et al. [9] Diffusion and slippage, where the form of diffusion varies

according to the Knudsen number range, including Fick
diffusion, transitional diffusion, and Knudsen diffusion

Song et al. [10] Viscous flow, Knudsen diffusion, and surface diffusion, with

surface diffusion not considered for inorganic pores

Table 1.
Different flow mechanism schemes in literature.

Beskok and Karniadakis[11]

o= = Linear addition of viscous flow -
Unified Hagen-Poiseuille-type Considered inconsistent to solve s Velbkeand Homing ]
5 g . 3 P and Knudsen diffusion
equationby combiningthe differ ions ying the
Navier-stokes solution and slip <o TERULIT maiel W2 boandary
b d diti condition based on the molecular one Javadpour [3]
oundgey congimion (Velzke and Thoming [23]) Linear addition of Knudsen |

Extended versions

Civan [12], Moridiset al. [13], Freeman
et al. [14], Michel et al. [15], Denget al.

Limitations and backs of 1storder,

diffusion and slip flow

2nd orderand 1.5 order slip models
described
(Wu [24]; Singh and Javadpour [25])

|

Extended to other regimes and
a segment processing way
dependingon Knudsen number
proposed

v
Followed by Haghshenas et al. [4] and
Zhanget al. [26]

Miet al. [9]

[16,17)

alimited range of conditions
(Kuilaetal. [27])

J Experimentally verified or developed for

Flow model in macroscopic-scale matrix — assuming the pore
space of shale to be composed of a certain number of
isodiametric pores

(Roy et al. [18]; Tanget al. [19]; Javadpouret al. [20]; Civan [12];
Swamiand Settari [21]; Ziaraniand Aguilera [22])

Dongarietal. [28]; Rahmanian et
al. [29]; Wu et al. [30]; Gengeet al.
[31]; Sunetal. [32]

Flow modelin nanopores with
couplingcoefficients

Figure 1.
A brief summary of the common methodology used in different vesearch [11-32].

flow mechanisms of shale gas, e.g., slippage, Fick diffusion, Knudsen diffusion, etc.,
is; whether there is a repeated superposition of these mechanisms for specific flow
calculation; and how to deal with the relationship among the various flow mecha-
nisms, etc. There is no clear answer to these problems in current literature.

Figure 1 shows the common research methodology of the flow models used in
different literature. It indicates that because the method of the continuum model
with a boundary condition based on the molecular one is considered inconsistent
and the limitations and drawbacks of first-order, second-order, and 1.5-order slip
models are described, some studies, which are listed in Figure 1, are inclined to add
related flow mechanisms linearly. Furthermore, the mathematical models of viscous
flow and various types of diffusion do not fully agree with common flow cognition
as these theories and models were experimentally verified or developed for a lim-
ited range of conditions [27]. For this reason, coupling coefficients are introduced to
rectify this kind of limitation, so as to enhance the correspondence between the
flow model and Knudsen number (Kn). Finally, because the secondhand average
method, e.g., assuming the pore space of shale to be composed of a certain number
of isodiametric pores regardless of the pore size distribution, is widely used in the
research of shale gas flow, more explicit means, like taking the existence of various
pore sizes in shale into account, should be adopted for transforming the flow model
in nanopores to that in macroscopic-scale shale matrix.
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Based on the literature survey for shale gas flow in shale matrix, we know that
the flow mechanism scheme with its corresponding coupling method is very crucial
and has not yet been solved. In addition, although the integration method using
specific functions has been proposed to facilitate the consideration of various pore
sizes in shale matrix, real shale experiments are rarely involved to realize this point
with definitely determined parameters.

Firstly, in this chapter, the concept of wall-associated diffusion is presented to
clarify the relationship between slippage effect and several types of diffusion. Sec-
ondly, a physically sound flow mechanism scheme, which considers both division of
mechanical mechanisms in nanopores and partition of flow space, has been pro-
posed by virtue of the proposition of wall-associated diffusion. Thirdly, the cou-
pling coefficients corresponding to the flow mechanisms considered are deduced to
comply with the basic flow regime cognition, so as to establish a new coupled flow
model in nanopores. Fourthly, the pore size distribution experiments for real shale
samples from a gas field are utilized to realize the upscaling transformation of the
flow model in nanopores into that in the macroscopic-scale shale matrix, with
definitely determined fitting parameters for the establishment of a unified model
for the gas flow prediction in shale matrix. Finally, a case study is presented to show
how the lab-scale results are translated into field-scale ones.

2. Flow mechanisms in gas-shale matrix

There are many types of flow mechanisms in shale matrix, including slippage
effect, Fick diffusion, transition diffusion, Knudsen diffusion, surface diffusion,
etc. It can be seen from the literature survey in Section 1 that different flow
mechanism schemes have formed aiming at establishing a calculation model to
properly characterize the nanoscale shale gas flow. There may be views that the
more flow mechanisms are taken into account, the more precise the established
models are. However, this is not the opinion in this chapter.

As is known, Klinkenberg [33] first discovered in 1941 the phenomenon that,
when measuring the gas permeability of rock, not only the measurement result is
higher than the liquid measurement value but also it has strong pressure depen-
dence and attributed it to the slippage behavior of gas in the rock pores. Specifi-
cally, gas slippage refers to the phenomenon that the near-wall gas molecules
move relative to the wall surface when flowing through the medium channels
[34]. In essence, the gas slip flow results from the interaction of gas molecules
and pore walls, so the gas molecules in the vicinity of walls are in motion and
contribute an additional flux, which is macroscopically characterized by the
non-zero gas velocities on channel walls, thus resulting in slip flow [35, 36]. The
jump model assumes that the adsorbed gas molecules jump from one adsorption
site to the adjacent adsorption site on the pore surface, which is considered to be
suitable for the research on the surface diffusion of the adsorbed gas in shale
nanopores [37]. Meanwhile, when the molecular mean free path is obviously
larger than the pore diameter, the gas-wall collision dominates, and the collision
between gas molecules is secondary, which is characterized by Knudsen diffusion
[9, 38, 39].

In brief, both Knudsen diffusion and surface diffusion lead to non-zero moving
speeds of the gas molecules around walls. Furthermore, from the viewpoint of
microscopic motion mechanisms, they are both related to gas—solid interactions,
which is consistent with slippage phenomenon in essence. Therefore, a new concept
named “wall-associated diffusion” [40] is proposed, which characterizes the overall
role of surface diffusion and Knudsen diffusion, as shown in Figure 2.
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Figure 2.
Relationship between wall-associated diffusion and slippage effect [40].

The proposition of wall-associated diffusion has practical significance and
multiple research significance as follows [40].

To begin with, in terms of mechanical mechanisms, since wall-associated diffu-
sion describes the diffusion mechanisms of shale gas related to gas-wall interactions,
it bridges the relationship between slippage effect and several types of diffusion,
which prevents reduplicated superposition of shale gas flow mechanisms in nanoscale
pores. This is where the practical significance lies. Besides, wall-associated diffusion
can be regarded as a detailed form of slippage effect, dividing slippage effect into two
distinct parts, i.e., surface diffusion and Knudsen diffusion. The two parts differ
obviously in their mechanical mechanisms and motion patterns. Accordingly, the
research significance of wall-associated diffusion involves not only the function of
morphological descriptions but also the possibility of slip phenomenon research by
different mechanical mechanisms. Lastly, another research significance is that wall-
associated diffusion breaks through the limitation that the concept of slippage does
not apply for high Knudsen number, with, however, the fact that wall effects still
contribute to gas flow for high Knudsen number. Therefore, in extremely small
nanopores, for example, where slip flow regime is not applicable, the wall-associated
diffusion derived from physical morphology can well be used to explore the so-called
slip phenomenon in other flow regimes apart from slip flow regime.

By virtue of the concept of wall-associated diffusion, the flow mechanism
scheme used in this work is to be discussed next.

There is no doubt that all the mechanisms, such as continuum flow, slip flow,
Knudsen diffusion, bulk diffusion, etc., have been studied in previous literature for
the exploration of shale gas flow. However, it is a determinative flow mechanism
scheme that is vital. According to the literature survey, apart from combining the
Navier-Stokes solution with slip boundary condition whose deficiency has been
mentioned in Section 1, there is also a trend in literature to assume a combination of
certain flow mechanisms and check the consistency of the model results with
experimental data. This method is favorable from an engineering point of view but
meanwhile leads to the status that coincidence often exists and no commonly
accepted consensus has formed currently. In this work, we discuss the issue physi-
cally. Firstly, due to the multiple advantages of wall-associated diffusion over the
concept of slippage effect, slippage effect is replaced with wall-associated diffusion
in the following discussion. On the one hand, the flow space in nanopores can be
divided into two parts: the bulk phase region and the Knudsen layer [41]. On the
other hand, the microscopic mechanical mechanisms can be divided into the gas—
gas and gas-wall interactions. If a new comprehensive flow scheme, including
viscous flow and bulk diffusion which belong to bulk phase flow and surface
diffusion and Knudsen diffusion which are associated with gas-wall interactions
causing non-zero flow velocities near pore walls, is proposed, the considerations of
the division of flow space and mechanical mechanisms can be both realized.
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It should be noted that with the help of the methodology applied here, some flow
mechanisms that are easily omitted are now included, such as bulk diffusion, an
important diffusion process which is controlled by a mechanical mechanism obvi-
ously different from Knudsen diffusion. Furthermore, because the individual flow
expressions, e.g., those for viscous flow and diffusion, were experimentally verified
or developed for a limited range of conditions [27], the proposed physical flow
mechanism scheme avoids unnecessary attempts to fit the mathematical models to
experimental data so as to determine which flow mechanisms should be considered,
laying a solid foundation for the research on the coupled flow model in nanopores
discussed below.

To conclude, taking both division of mechanical mechanisms in nanopores and
partition of flow space into account, viscous flow and bulk diffusion, which belong
to bulk phase flow and result from gas-gas interactions, and surface diffusion and
Knudsen diffusion, which are associated with gas-solid interactions and result in
non-zero flow velocities near pore walls, are included in the proposed flow
mechanism scheme.

3. Coupled model of shale gas flow in nanopores

Based on the flow scheme proposed in Section 2, the flow mechanisms consid-
ered include viscous flow, bulk diffusion, surface diffusion, and Knudsen diffusion.
Considering the influence of adsorption layers, in which the system is assumed to
reach dynamic adsorption equilibrium state instantaneously, the mass flow of the
four mechanisms can be expressed, respectively, as:

10736 4
ND _ Tfpavg (Vm _ pdm > d_p (1)
8u pot+p) d
10~°Mkg pd, \dp
b= 3Rud,, (" P+ p) dl @
N 2X1077 (8nM\O2 (- pd,, N\ dp 3)
o 3 RT " op+p) d

N, = —0.016 x 107 % x exp <— 0'45q> PM _qip 1= da MMZdﬁ (4)
RT pvstdpL +p (bco

where N, = viscous mass flow in a pipe, kg-s ™.

N, = mass flow of bulk diffusion, kg-sfl.

Np = mass flow of Fick diffusion, kg-sfl.

Ny = mass flow of Knudsen diffusion, kg~sfl.
N, = mass flow of surface diffusion, kg-s™".

7in = inner radius of a pipe, nm.

Pang = density of gas at average pressure of inlet and outlet, kg'm >.
U = gas viscosity, Pa-s.

d,, = diameter of gas molecules, nm.

pL = Langmuir pressure, Pa.

dp/dl = pressure gradient, Pa-m ™ ".
M = molecular weight, kg-mol .
R = universal gas constant, =8.314 J-mol_l-K_l.
kg = Boltzmann constant, =1.38 x 10~ J. K%,
T = ambient temperature, K.
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ps = density of shale matrix, kg-m >.

Via = molar volume of gas under standard conditions, m>-mol L.

q1. = Langmuir volume, m>-kg .

., = porosity of a core sample, dimensionless.

The expression of Fick diffusion (2) is referred to as bulk diffusion and
represented by N,,.

The case study in literature [42] shows that although the equations of viscous
flow and diffusion already contain variables varying with temperature, pressure,
and other factors, they make sense within only a certain range of flow regimes and
deviate from the actual situation within other range that is not taken into account.
Introducing coupling coefficients to different flow mechanisms can help modify the
correspondence between the mathematical models (i.e., those of viscous flow and
diffusion) and Knudsen number and establish generalized models without segment
processing as Kn varies.

In contrast to the coupling coefficients reported in published literatures
[29, 31, 43, 44], the derivation of new coupling coefficients corresponding to
the proposed flow mechanism scheme is performed, and the coupling
coefficient of one certain flow mechanism will not be optionally set as 100%.

The coupling coefficients of viscous flow, bulk diffusion, Knudsen diffusion, and
surface diffusion are represented by f;(Kn), f2(Kn), f3(Kn), and f4(Kn) respectively,
which are the functions of Kn. The expressions of the coupling coefficients are

set according to the characteristics of flow regimes, where the following
assumptions are used:

1.Let f1(Kn) + f>(Kn) = 1/(1 + Kn) and f3(Kn) + f4(Kn) = Kn/(1 + Kn) based on
the molecular collision theory that the ratio of collision frequency between
molecules to total collision frequency and that of molecule-wall collision
frequency to total collision frequency are 1/(1 + Kn) and Kn/(1 + Kn),
respectively [30].

2.When Kn equals to 0, only viscous flow is assumed to exist [45], i.e., f1(Kn) = 1
and f5(Kn) = f3(Kn) = f4(Kn) = 0.

3.1t is transition flow when 10~! < Kn < 10, and several diffusion processes
play roles at the same time ([31, 46]; thus, f1(Kn) is assumed to be negligible
at the logarithmic median of this range [29, 43], i.e., f;(Kn) is close to 0
when Kn > 1.

4.As Kn approaches to 0 or is sufficiently large, f>(Kn) is close to 0.

5.f3(Kn) is small when Kn < 1 and increases significantly when Kn > 1, until
close to 1 in the range of Kn > 10 [29, 43].

6.1In the whole range of flow regimes, f1(Kn), f>(Kn), f3(Kn), and f,(Kn) should
all be nonnegative and change smoothly with Kn to embody the gradual
evolvement of the flow as the condition varies.

Based on the above narrations, it physically defines that f;(Kn) = e Kn
fo(Kn) = 1/(1 + Kn) — e **™, f3(Kn) = e #*®, and f,(Kn) = Kn/(1 + Kn) — e 7",
where a and f are dimensionless constants determining the bump levels of the
variation curves. a and f are set as 5 and 1.8 [42], respectively, to further realize
the compliance of the coupling coefficients with the narrated flow regime
characteristics.
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Hence, the mass flow in nanopores can be expressed as:

Kn
1+ Kn

N = e—SKrlND 4 ( _ E_SKD)Nb +€—1.8/KnNK 4 ( _ e—lS/Kn)NS (5)

1+ Kn

where N = mass flow in a pipe, kg-s .

The variation curves of the four coupling coefficients and f;(Kn) x Np,
f2(Kn) x N, f3(Kn) x Ny, and f4(Kn) x N, with Kn are depicted in
Figures 3 and 4 [42].

The benefits of introducing the above coupling coefficients to viscous flow and
diffusion are significant:

1.1t is clear that because f1(Kn), f>(Kn), f3(Kn), and f4(Kn) are all nonnegative,
the segment processing of mathematical models can be avoided, i.e., Eq. (5)
can be uniformly used for the coupling calculation in the scope of 0 < Kn < 0,
without the need to change the functional forms by reason of the limited
applicability of coupling coefficients.

2.Eq. (5) bridges the gaps between different flow regimes, i.e., the jumps of flow
rates at the critical points between different regimes have vanished.
Furthermore, the mathematical models are further constrained by virtue of the
molecular collision theory to better reflect the basic flow regime knowledge.

3.Taking the viewpoints of Refs. [30, 32] as examples for comparison with this
work, it should be noted that slip flow refers to the enhanced flow, including
the part of original viscous flow and the other part called slippage effect which
is represented by the non-zero velocities of the near-wall molecules due to gas-
wall interactions. Therefore, it is more suitable to regard the ratio of gas—gas
collision frequency to total collision frequency as the total coupling coefficient
of viscous flow and bulk diffusion rather than that of the slip flow [30, 32].

4.The same examples [30, 32] are used for comparison. It is continuum flow
when Kn approximates to 0. However, the coupling coefficient of slip flow is 1
when Kn = 0 in papers [30, 32], implying slip flow dominates in continuum
flow regime, which contradicts the flow regime knowledge. This issue has
been solved in this chapter.
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Figure 3.
Variation curves of the coupling coefficients (dimensionless) of viscous flow, bulk diffusion, Knudsen diffusion,
and surface diffusion with Kn (dimensionless) [42].
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Figure 4.

Variations of viscous flow and diffusion with Kn (dimensionless) after introducing coupling coefficients for the
gas flow in pores of (a) 5 nm, (b) 10 nm, (c) 20 nm, and (d) 40 nm at 353 K. f,*Np, f.*N, f3 "N, and f,"N;
denote the results of viscous flow, bulk diffusion, Knudsen diffusion, and surface diffusion, respectively [42].

4. Coupled mathematical model in macroscopic-scale shale matrix

In this section, the experimental results of full-scale pore size distributions of
real shale samples from a gas field are combined with the coupled flow model in
nanopores to realize the upscaling transformation of the flow model into that in
macroscopic-scale shale matrix by integration.

In the unitary model which is widely used for the flow estimation on a
macroscopic scale [12, 18-22], indirect averaging methods are applied, e.g., the
pore space of shale is assumed to be composed of a certain number of isodiametric
pores, regardless of the pore size distributions. Some research [15, 47] used
specific functions to characterize the probability density function of shale pore
size distributions, with, however, assumed parameters for the purpose of
conducting parameter sensitivity analysis. Here, the fitting parameters needed for
the macroscopic form of the derived coupled flow model in nanopores are
obtained by performing the experiments of pore size distributions of real shale
samples from a gas field.

Michel et al. [15] and Xiong et al. [47] described the probability density function
of shale pore size distributions as logarithmic normal distribution. Enlightened
by their studies, the following expression is used to fit the experimental data of
full-scale shale pore size distributions:

; = —1 705(%)2
f(Vm) VinG\/ﬁe (6)
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Samples n/dimensionless o/dimensionless

Ning 203-219 0.9428 1.0890

Ning 203-240 1.3530 1.2100

Ning 203-250 0.1207 0.4189

Average 0.8055 0.9060
Table 2.

Fitting vesults of n and o.

where 7 = normal mean, dimensionless.

o = variance, dimensionless.

Three kinds of experiments, i.e., the high-pressure mercury intrusion experi-
ment, the liquid nitrogen adsorption experiment, and the low-temperature carbon
dioxide adsorption experiment, were performed, and the full-scale pore size distri-
bution data of the three shale samples from the Well “Ning 203”, Longmaxi forma-
tion of Changning-Weiyuan district, Sichuan Basin of China, were obtained by
stitching the three results together according to the effective range of each experi-
ment, where the total volume of pores greater than 100 nm is attributed to the pore
whose radius is closest to 100 nm in the experiments allowing for the difficulty of
curve fitting caused by the severe fluctuations of the pore size data [42]. The values
of 7 and o are listed in Table 2. Because the samples “Ning 203-219”, “Ning
203-2407, and “Ning 203-250” are all taken from a depth interval of 2300-2400 m,
the three groups of data in Table 2 are averaged, i.e., 7 = 0.8055 and ¢ = 0.9060, to
represent the typical shale pore size distribution in this depth range.

The number of single pipes in shale with the radius range of ;, to r;, + dry, is
expressed in Eq. (7). By integrating in the entire pore size range, the flow rate in
shale is obtained as Eq. (8):

18
0 Vo iy drn @)

TWin 2Lca

¥in, max

108N¢,, V.,
Q= J mf(”m)d”m (8)

¥in, min

where V,, = apparent volume of a core sample, m>.

L., = length of a core sample, m.

Vin,min = lower limit of integration, which should be larger than 0.19 nm because
the diameter of methane molecules is 0.38 nm [48].

Vin,max = upper limit of integration.

The macroscopic-scale mathematical model of shale gas flow can be obtained by
substituting Eqs. (5) and (6) into Eq. (8) as:

2
670.5(1'"’;‘ ,,) dr,,

Q=

Tinmsx 1 )18 [e’SK“ND + (1+1Kn _ e—SKn>Nb 4o 18/KnN 4 <141r<lrén _ 6—1.8/1(11)NS:| boVeo
J in3Le0\/ 21

Yin, min

9)

Literature survey shows that there are several main upscaling methods of flow
models from microscopic to macroscopic scale, i.e.:

Method (1): the commonly used unitary model [12, 18-22] as already mentioned.

Method (2): the sum method of calculating the permeability of every straight
capillary tube [27].
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Method Description/equation Advantages Shortcomings
Unitary pipe q=nq, = ,%hl% (¢, total Simple in formula and Negligence of pore
model [12] flow, m*s % %, the number €35Y for calculation structure, e.g., different

of pipes of hydraulic radius pore Shép_es’ pore

Ry, dimensionless; g, flow connectivity, etc.

rate of single pipe, m>s~ %

¢, porosity, dimensionless;

Ay, bulk surface area of

porous media normal to

flow direction, m% Ry,

hydraulic radius, m)
Integral pipe Timmax o Make the consideration ~ Negligence of pore

. 10°N¢e, Voo . . .

model (this Q= J LoV of various pore sizes structure, e.g., different
chapter) Fin, min Win*Leoo /21 happen; easy for pore shapes, pore

€0 (wydm

(Q, total flow, kg~sfl; in,
max and in,min> the
minimum and maximum
values of the inner radius of
pipes, nm; N, mass flow in a
pipe, kg-s™%; &, porosity of
a core sample,
dimensionless; V,,
apparent volume of a core
sample, m?; 7;,, inner radius
of a pipe, nm; L, length of
a core sample, m; o,
variance, dimensionless; 7,
normal mean,

calculation

connectivity, etc.

dimensionless)
Total addition q=>4; Consider the flow rate in Impractical to implement;
model [27] ! - every single pipe negligence of pore

(4, total flow, m™s .; 9i> structure, e.g., different

flow rate of the ith single h

. 3 1 pore shapes, pore

pipe, m™s™) connectivity, etc.
Model of (kapppm) ot = Pore shapes, i.e., The quantification of the
statistical sum of (kﬁ ) rectangular slits and percentages of different
permeability APPPM ] it cylindrical tubes, are pore types using image

from each shape
type [49, 50]

x (k;;pl?_pom>tube
(Rapp,pm»> apparent
permeability modified for
ultratight porous media, m?;
x/100, percentage of
rectangular slits pores;
(1-x/100), percentage of
cylindrical pores)

taken into account

analysis tools is hard to
implement; negligence of
various pore sizes

3D fractal model
[51]

Please refer to Egs. (24)-
(27) in literature [51] for the
specific expressions where
the formulas are complex

Multi-scale pore size
distribution and tortuous
flow line in 3D space of
shale matrix are
characterized

Many parameters to be
determined; negligence of
different pore shapes

Homogenization
model [52, 53]

The homogenization
method is used to upscale
gas flow through two
distinct constituents, a
mineral matrix and organic
matter. A gas flow in a two-
constituent composite

The constituents, i.e.,
mineral matrix and
organic matter, in shale
are taken into account

Multiple assumptions;
redundant processing for
model establishment and
solution
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Method Description/equation Advantages Shortcomings

porous medium is
considered, in which a
microscopic unit cell is

periodically repeated

Pore network Generate pore network Pore size distribution, Substantial work for

model [54, 55] models by extracting pore  anisotropy and low model establishment;
structure information from connectivity of the pore  representativeness and
real images or generate structure, etc. can be verisimilitude of pore
porous media by simulating taken into account network models to the real
the sedimentation and pore structures remain a
diagenesis processes and challenge

then incorporate relevant
flow mechanisms into the
gas flow models

Table 3.
Comparison of upscaling methods from microscopic to macroscopic scale.

Method (3): the statistical sum method of the individual permeability from each
shape type [49, 50].

Method (4): the 3D fractal model with variable pore sizes [51].

Method (5): the homogenization method to upscale gas flow through two dis-
tinct constituents, a mineral matrix and organic matter [52, 53].

Method (6): the pore network model including pore size distribution, anisot-
ropy, and low connectivity of the pore structure, etc. in shale [54, 55].

The comparison among them is summarized in Table 3.

After reviewing the upscaling methods in Table 3, it is obvious that the method
used in this work is not a bad compromise when compared to method (1) which is
too simple and coarse, methods (2) and (3) where it is impractical and daunting to
count the size/shape of every single pore with huge computational efforts, method
(5) where complex processing for the model establishment and solution is needed,
and methods (4) and (6) where redundant parameters/information about pore
structure need to be assumed or obtained from multiple ways. Therefore, on the one
hand, only the pore size distribution experiment is needed for the determination of
the upscaling parameters in this chapter to make the consideration of various pore
sizes happen. On the other hand, the derived model in this chapter is practical to
operate, and the results can thus be readily obtained. However, it does not neces-
sarily mean that there is no drawback for the upscaling method used. For example,
although SEM images of the shale samples show that the pores in the organic matter
are mostly circular [56], various types of pore shapes, e.g., cylindrical, triangular,
rectangular shaped, etc., can be detected in shale samples [50, 57]. Singh et al. [50]
concluded that the geometry of pores significantly influences apparent permeability
of shale and diffusive flux. The study of effective liquid permeability in a shale
system by Afsharpoor and Javadpour [58] confirmed that the assumption of sim-
plified circular pore causes apparent permeability to be significantly overestimated
and the discrepancy between the realistic multi-geometry pore model and the
simplified circular pore model becomes more pronounced when pore sizes reduce
and liquid slip on the inner pore wall is taken into account. Xu et al. [59] developed
a model for gas transport in tapered noncircular nanopores of shale rocks and found
the following: (1) pore proximity induces faster gas transport, and omitting pore
proximity leads to the enlargement of the adsorbed gas-dominated region; (2)
increasing taper ratio (ratio of inlet size to outlet size) and aspect ratio weakens real
gas effect and lowers free gas transport; (3) moreover, it lowers the total transport
capacity of the nanopore, and the tapered circular nanopore owns the greatest
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transport capacity, followed by tapered square, elliptical, and rectangular
nanopores. To conclude, there is still much room for improvement of the upscaling
method in this work in multiple aspects in future research.

5. Translation of lab-scale results into field-scale ones

With the properties of multi-scale pore structures and various reservoir modes,
the shale gas reservoir is complex in reservoir space and occurrence modes, which
in turn leads to different flow mechanisms in multi-scale spaces. Therefore,
adopting single-scale equations and flow simulation methods will not accurately
reveal the flow mechanism in complex shale gas reservoirs [60]. Jiao et al. [61]
established an effective conversion relation between physical simulation parameters
and field parameters based on similarity criterion to better simulate gas reservoir
development. The ideas in literature [61] are narrated as follows.

First, considering the flow mechanism of shale gas in the reservoir, the selected
characteristic physical parameters are permeability K, porosity ¢, pore radius 7,
length L, original pressure p;, flow rate of gas production ¢, gas compression factor
Z, reservoir temperature T, standard temperature T, and standard atmospheric
pressure p,.. According to the & theory, there are four basic dimensions named
length dimension [L], mass dimension [M], time dimension [T], and temperature
dimension [K]. Therefore, each of = is obtained, and field parameters are analyzed
to deduce physical simulation parameters in the experiment according to the simi-
larity criterion, as shown in Table 4.

Second, based on the similarity criterion, the conversion relation between physical
simulation parameters and field parameters can be established, which is expressed as:

. 7IV2I<rgI<Tscpl‘2 ( LuZ T.p s¢ ) (10)

T~ TLuzTp, \arK KT.p?

where m indicates that the parameters inside the brackets are for the physical
simulation.

Finally, choose the core sample “Ning 211-1” for an example to conduct dynamic
physical experiment under different conditions, which is used to verify the

Number  Similarity Similar attributes Physical significance Value of Actual value of

criterion physical reservoir
simulation

1 =g Porosity similarity Determine porosity 0.02-0.2 0.02-0.2

2 =2 Compression similarity Determine model gas 0.9-1.2 0.9-1.2

3 n3 = T/Tsc Temperature similarity Determine model 1-11 11-13

temperature
4 ny=7r/L Geometric similarity Determine model size 0.3-1 0.3-1
5 s = P/ pi Dynamic similarity Determine original pressure ~ 0.002-0.01 0.002-0.005
of model
6 T = Pulpi Dynamic similarity Determine conversion 0-1.0 0.1-1.0

relation for bottom hole
pressure

7 T, = Movement similarity Determine production rate 0-0.5 0.1-0.3

qLuZTpg
7KKy Tscp?

Table 4.
Similarity critevion numerals of the gas reservoir physical simulation.
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T,./K 293.15

Lo 5.6%

7p/m 0.0127

r/m 40

L,,/m 0.0557

L/m 20

T,./K 298.15

T/IK 353.15

pi/(IOSPa) 3.0745 4.0995 5.0800 6.5750 7.6500 10.2300 12.5900

u/(107° Pa-s) 1.1560 1.1785 1.2030 1.2461 1.2817 1.3830 1.4944

Zom 0.9481 0.9316 0.9163 0.8942 0.8795 0.8493 0.8294

Z 0.9747 0.9670 0.9602 0.9507 0.9445 0.9326 0.9254

qm/ (ml/s) 0.0344 0.0466 0.0570 0.0746 0.0877 0.1205 0.1450

e/ (ml/s) 785.5063 1055.4281 1278.7645 1649.5661 1919.8761 2579.8383 3055.2185

q/(ml/s) 748.2798 1021.0548 1255.2453 1601.7201 1902.6402 2529.7590 3038.9881
Table 5.

Parameters for application.
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Figure 5.

Cogr:tlpargson of actual values of veservoir and predicted field vesults based on similarity conversion.
rationality of the similarity criterion. The related parameters, values of physical
simulation (g,,,), converted values of field (¢,), and actual values of reservoir (¢)
are presented in Table 5.

Figure 5 displays the curves of actual values of reservoir and predicted field results
based on similarity conversion, the latter of which are calculated from the physical
experiment. The results calculated by similarity criterion are basically consistent with
the on-site tested data. It is expected that applying the similarity translation from
physical simulation of gas reservoirs is capable of predicting the development perfor-
mance effectively, showing the rationality of the translation method.

6. Conclusions
Based on our study in this chapter, the following conclusions have been reached:

1. A new concept “wall-associated diffusion” was introduced to the study of gas
flow in shale nanopores, which has practical significance and multiple research
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significance. By virtue of this concept, viscous flow, bulk diffusion, surface
diffusion, and Knudsen diffusion were considered in the proposed flow
mechanism scheme for nanoscale shale gas flow, with both division of
mechanical mechanisms in nanopores and partition of flow space taken into
account. Viscous flow and bulk diffusion belong to the bulk phase flow, which
result from gas-gas interactions. In addition, surface diffusion and Knudsen
diffusion are of boundary layer flow, which are associated with gas-wall
interactions.

2.An easy-to-operate coupling method of the flow mechanism scheme
containing four coupling coefficients and thus a coupled shale gas flow model
in nanopores, which applies within the scope of full flow regimes and avoids
segment processing, was proposed.

3.Based on the experimental data of pore size distributions of real shale samples
from a gas field, a new coupled upscaling flow model in macroscopic-scale
shale matrix with the experimentally determined fitting parameters was
established. The model uses smooth functions to fit the full-scale pore size
distribution results to facilitate the upscaling transformation of the model in
nanopores into that in the macroscopic matrix.

4. A case study was presented to show how the lab-scale results are translated

into field-scale ones, revealing the rationality of the translation method used.

In summary, sounder in theoretical bases and better in application effects, the

proposed model is expected to be of practical significance for evaluating the gas
flow capacity in shale matrix and guiding gas reservoir development in gas fields.
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