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a b s t r a c t
Tight hydrocarbon reservoirs require stimulation to improve the recovery of oil and gas resources.
Hydraulic fracturing is a technique extensively employed in the oil and gas industry to generate
fractures including primary and secondary fractures. To keep these fractures open, proppants are used.
However, some of these ractures are very narrow for conventional proppants to penetrate and prop,
hence smaller proppants called micro-proppants are required. These micro-proppants can improve
the hydraulic conductivity of both, the primary fractures and the untouched microfractures, leading
to enhanced oil and gas recovery.
This paper presents a critical review on the progress of current micro-proppants models, technologies and field applications (sub 100mesh proppants) with a particular attention to micro-proppants
placement in hydraulic and natural fractures. The impact of various factors on micro-proppant
placement in the fractures is analyzed. These factors include proppant concentration (i.e., volume
fraction of solid proppant), proppant size, fracturing fluid chemistry, and confining stress (causing
proppant deformation and proppant embedment into the rock). This review concludes that using
micro-proppants can improve the efficiency of the hydraulic fracturing treatment, leading to enhanced
oil and gas production.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
As conventional reservoirs are being depleted, unconventional
reservoirs are considered as a valuable source to meet global
energy demands, especially following their commercial development using the advanced hydraulic fracturing technology (Awan
et al., 2020a). Hydraulic fracturing treatment with proppants is
an important technology used in the petroleum industry, mainly
for treating naturally fractured reservoirs and improving recovery
from oil and gas reservoirs. Hydraulic fracturing generates highconductivity pathways from the low permeable formations to the
boreholes by pumping large quantities of fracturing fluids mixed
with sufficient proppant volume (Asadi et al., 2020; Dejam et al.,
2018; Wei et al., 2019). Proppants are solid particles keeping
the hydraulic and induced fractures open after pumping fluid
has stopped. One of the biggest concerns with fracturing fluids
(e.g., slickwater) is its weak ability to suspend and/or transport conventional proppants (e.g., sand) deep into the fracture
∗ Corresponding author at: School of Engineering, Edith Cowan University,
6027 Joondalup, WA, Australia.
E-mail address: a.keshavarz@ecu.edu.au (A. Keshavarz).

network. This is due to high density of conventional proppants
yielding rapid proppant settlement, although the proppant transport depends on many other factors, e.g. injection rate, proppant
concentration, size and density, type of proppant, fluid rheology, fracture width and roughness (Chun et al., 2020; Blyton
et al., 2015; Huang et al., 2018a). Several studies have dealt with
fracture surface roughness through numerical simulations and
analytical solutions (Drazer and Koplik, 2002; Kim and Inoue,
2003; Schwarz and Enzmann, 2013), experimental studies (Lee
et al., 2003; Konzuk and Kueper, 2004; Zimmerman et al., 2004;
Watanabe et al., 2005; Jiang et al., 2004), both experimental and
numerical modeling (Schmittbuhl et al., 2008). Another important parameter that significantly affects the settling velocity of
the proppant is surface area to weight ratio (Ford et al., 1994).
High settling velocity causes the propped fractures to be much
shorter and narrower compared to the initially induced fractures
(Kincaid et al., 2013; Sharma and Gadde, 2005; Palisch et al.,
2010).
Natural fractures and induced microfractures within the complex network demonstrate a variety of lengths and widths. These
fractures can propagate about 40 m (Jeffrey and Boucher, 2004)
or even more than 100 m (Chambers and Meise, 2005) depending
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Huang et al., 2019; Fan and Chen, 2020; Di Vaira et al., 2020; Keshavarz et al., 2018). Although injection of proppant considerably
improves fracture conductivity, proppant embedment may have
negative impact on well productivity. Fig. 1 illustrates proppant
embedment, in which high compressive stress causes proppants
to insert into the formation rock. Proppant embedment occurs
when the formation rock is considerably softer than the proppant.
Under high compressive stress, the proppant penetrates into the
fracture faces during the pressure depletion resulting in a decrease in fracture width. Consequently, high conductivity loss is
induced in relatively soft formations (Zhang and Hou, 2016).
Alramahi and Sundberg (2012) examined the proppant embedment in shale reservoirs and its impact on the conductivity
of hydraulic fracture. Using laboratory data of proppant embedment, they derived an analytical approach to anticipate the
stress-dependent conductivity of hydraulic fractures. They also
investigated the relationships between fluid composition, rock
mechanical properties, mineralogy, and proppant embedment.
They found that there is a close relation between the amount
of proppant embedment and the given rock stiffness and stress
which, in turn, is influenced by the mineral content, chiefly the
type and quantity of clay minerals within the rock mass. For
strong shale specimens, shallower proppant embedment was observed; however deeper proppant embedment was achieved for
shales with the elastic modulus less than 6.89 GPa. Moreover, in
rocks with higher clay content, greater value of embedment depth
is expected. They also expressed that the proppant embedment
chiefly happened in the plastic deformation stage of the fracture
surfaces, which cannot be analyzed by any of the early proposed
approaches. Their analytical model can be used to anticipate the
amount of conductivity loss because of proppant embedment
in various unconventional reservoirs. However, the impact of
temperature, creep, and fines migration are not considered in the
analytical model. Clays can also be sensitive to various carrier
fluids, causing more complication. Li et al. (2015) established a
mathematical model to obtain proppant embedment based on
contact theory. According to their semi-analytical model, important parameters including the rock deformation, proppant
embedment depth and the resultant fracture conductivity could
be estimated for both monolayer and multilayer embedment
patterns. They found that the proppant embedment depth decreases with the elastic modulus of coal, while increases with the
elastic modulus of proppant, proppant size and confining stress.
Moreover, the fracture conductivity decreases with the confining
stress, while increases with the proppant size, fracture width, and
elastic modulus of both the rock and proppant. Tang et al. (2018)
carried out experiments and numerical simulation to investigate
the effects of fracturing fluids and proppant concentration on
proppant embedment. They concluded that the proppant embedment decreases with increasing the proppant concentration, so
that 150% proppant coverage is the optimum proppant concentration to reach the minimum proppant embedment. Moreover,
the effect of fracturing fluid on proppant embedment is greater
when compared to high proppant concentrations such that the
embedment under oil-saturated conditions is less than that under water-saturated conditions. Huang et al. (2019) proposed
an analytical model to examine dynamic fracture closure considering proppant embedment and proppant pack deformation.
Wang et al. (2021) applied a predictive model involving finite
element method (FEM), lattice Boltzmann method (LBM) and
radial Darcy flow analytical solution to predict the proppant
embedment and elastoplastic deformation of the coal (You et al.,
2019b,c). They demonstrated that the elastoplastic deformation
led to smaller permeability enhancement and less production
improvement than the traditional linear elastic models. Ding et al.
(2020) performed a time-lapse acoustic monitoring of proppant

on the injection pressure and fluid/rock properties. In addition,
these fractures may have lengths of millimeters or less (e.g., from
10 to 250 µm) and widths of less than 0.1 mm (e.g., from 1
to 10 µm) (Anders et al., 2014; Wu et al., 2015; Zhou et al.,
2016; Nagel and Sanchez-Nagel, 2015). From a geologic standpoint, the term microfracture refers to a fracture up to a few
tens of microns wide and up to a few millimeters in length that
is visible only under magnification (Anders et al., 2014; Gale
et al., 2014). Thus, tight reservoirs with ultra-low permeability
may be economically feasible if the proppants reach these microfractures and prevent them from closing, thereby enhancing
the production rate (Apaydin et al., 2012; Cipolla et al., 2009).
In 2010, King (2010) suggested that more improvements were
required for proppant particularly applied to propping induced
and natural microfractures. Comprehensive reviews on proppant
technologies have been reported in previous studies (Liang et al.,
2016; Pangilinan et al., 2016; Zoveidavianpoor and Gharibi, 2015).
Danso et al. (2021) presented an extensive review of various
applicable proppant technologies and challenges.
The proppant selection depends on the mechanical properties of the formation rock and of the proppant itself (Awan
et al., 2020b). The 100-mesh proppants currently in use may be
too large to reach the microfractures induced during hydraulic
fracturing operation. Thus, to reach the natural and induced microfractures, micro-proppants (i.e., fine proppants with diameters
of 150 µm (100-mesh) or less) having high mobility are required.
Several studies have successfully applied micro-sized proppant
particles in the field (Calvin et al., 2017a; Nguyen et al., 2013;
Dahl et al., 2015a,b; Bose et al., 2015a). Blyton et al. (2015)
and Zhang et al. (2017) simulated the transport and settlement
of proppants in a fracture system using a coupled computational fluid dynamics and discrete element method (CFD–DEM)
approach. Sharma and Manchanda (2015) have suggested that
the unpropped induced fractures may have a surface area of at
least one order of magnitude larger than the surface area of main
propped fracture. This means if we can somehow keep fractures
open, it would be possible to enhance the well productivity
significantly.
Apart from the size, the best propping agent should have
low density and high resistance against crushing and corrosion.
In addition, it should not be too expensive. Ceramic proppants,
resin-coated sand (RCS) and silica sand are the best choices in this
regard (Lake, 2006). Placing proppants with enough concentration
and proper type is necessary so that the hydrocarbon can flow
towards the wellbore more efficiently. Proppant size, strength,
material and grain size distribution are among the most important factors to consider when selecting proppant and designing
the fluid formulation as well. This choice is significantly affected
by fracture geometry, formation properties and selection of fracturing fluid (Shah et al., 2017). Therefore, a good understanding
of proppant transport and placement is necessary for designing
pumping schedule and fluid formulation. For micro-proppants,
the gravitational force is negligible compared to drag and electrostatic forces exerting on particles (You et al., 2015, 2019a). In
this case, the actual density does not affect the proppant behavior.
The objective of this paper is to review conceptual (Sections 2–
4), mathematical (Section 5), numerical (Section 6), experimental
(Section 7) and field studies (Sections 8–9) of micro-proppants,
and address how they may benefit the oil and gas production
enhancement.
2. Proppant placement and embedment
Various authors have studied the proppant placement and
embedment under severe conditions in stress-sensitive reservoirs (Lacy et al., 1998; Duenckel et al., 2011; Alramahi and Sundberg, 2012; Ghosh et al., 2014; Li et al., 2015; Tang et al., 2018;
8998
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Fig. 1. A cross-sectional view of fracture aperture (a) before embedment, and (b) after embedment.

emplacement and fracture acidizing on clay-abundant Marcellus shales. They investigated the effects of both fracture propping and acidizing on microstructure and fracture permeability
of the shale. The results of the experiment showed that geochemical alteration in fracture acidizing generates an altered
zone that decreases fracture stiffness and permeability. This indicates that coupling of fracture acidizing and propping could
cause proppant embedment issues in the shale due to reaction
with acids. Ahamed et al. (2019) performed a comprehensive
review on mechanisms of micro-proppant damage in coal seam
reservoirs.
3. Graded proppant injection
To improve the production rate in conventional and unconventional reservoirs, it is necessary to reach an optimum fracture
geometry during hydraulic fracturing treatments (Siddhamshetty
et al., 2018c). Several authors developed mathematical models
to obtain the optimum fracture geometry (Siddhamshetty et al.,
2018c; Narasingam et al., 2017, 2018; Gu and Hoo, 2014; Sidhu
et al., 2018; Singh Sidhu et al., 2018; Siddhamshetty et al., 2020;
Siddhamshetty and Kwon, 2019; Siddhamshetty et al., 2019,
2018a,b; Yang et al., 2017; Westwood et al., 2017). However,
they used mono-size proppants for scheduling proppant injection
strategies. Other researchers used multiple proppant sizes instead
of mono size to improve fracture conductivity, which can be
resulting from various settling rates and transportation. From
the case study on a chalk field, Norris et al. (1998) reported
that the fracture conductivity has been significantly enhanced by
using multiple proppant sizes. Schmidt et al. (2014) conducted
a laboratory scale experiment using conductivity cells and highlighted the high efficiency of mixed proppant sizes in improving
fracture conductivity. Gu et al. (2015) argued that a mixture of
sand and ultra-light weight proppants can improve both shortterm and long-term net present value (NPV) compared to pure
sand. Overall, the technique of hydraulic fracturing using multiple
proppant particle sizes leads to a better fracture conductivity
because each proppant has different rolling motion and settling
rate (Alotaibi and Miskimins, 2015). To enhance the efficiency
of mixed proppant sizes and improve stimulation operations, a
novel technology called graded proppant injection (i.e., injecting
small-sized proppants followed by larger-sized with decreasing
concentration) has been recently proposed by several authors
(Bedrikovetsky et al., 2012; Khanna et al., 2013; Keshavarz et al.,
2014a; Liu et al., 2020a). In this method, higher concentration of
smaller proppants is required to keep fine fractures open compared to larger proppants. Therefore, the proppant concentration

Fig. 2. Injection of graded proppants into naturally fractured rock (Khanna et al.,
2013).

must be reduced during the injection procedure. This method
can create a large-dimension fracture network with strong flow
conductivity. Fig. 2 shows the schematic diagram of the fracture
network plugged by proppants of various sizes. During fluid
injection at the borehole, the fluid pressure and thus, the opening
of fractures reduces with increasing distance from the wellbore.
It suggests that to achieve deeper permeation, smaller proppants
should be injected before larger ones. In terms of the injection
schedule, this indicates that the injected proppant radius must
increase during the injection procedure.
The effect of graded proppant injection on the permeability of
both fractured and porous rocks is depicted in Fig. 3. Compared to
mono-sized proppant injections, this method is proven to be able
to improve stimulation treatments (Keshavarz et al., 2015a). In
recent years, this technique has been developed using theoretical,
numerical and experimental methods by many authors (You
et al., 2019b,c; Bedrikovetsky et al., 2012; Khanna et al., 2013; Liu
et al., 2020a; Keshavarz et al., 2015a,b; Vahab and Khalili, 2018;
Bhandakkar et al., 2020).
A mathematical model was proposed by Khanna et al. (2013)
and Bedrikovetsky et al. (2012) for determination of the optimum proppant concentration in natural fracture systems. They
investigated the effect of proppant packing ratio on fracture permeability with consideration of various confining stresses and
plotted a diagram to obtain the optimal proppant packing ratio
8999
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Fig. 3. The effect of graded proppant injection on the permeability of both fractured and porous rocks. The black curve represents increase of pressure during the
injection of proppant-free water, and the green curve shows the decrease of permeability during proppant injection. Using this method in porous media where the
rock conductivity is provided by pores results in permeability impairment (blue curve). Whereas, the proppant injection into fractured rocks increases permeability
during the post-fracturing period (red curve) (Keshavarz et al., 2014a). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

graded proppant injection into naturally fractured coal at different pore pressures and measured the permeability of coal sample
before and after the injection using X-ray micro computed tomography (micro-CT) scanner. They reported that graded proppant
injection causes a significant increase in the sample permeability.
Bandara et al. (2020a,b) claimed that graded proppant injection
is an appropriate choice for fractures with greater roughness coefficients. They showed that the injection of graded proppants is
beneficial for keeping high fracture apertures and creating lower
fracture tortuosity. Thus, it yields higher fracture conductivity and
thereby increasing oil and gas recovery.
Apart from the proppant size, it is also important to consider
the difference between proppant density and fluid density in
graded proppant injection method, which results in a downward
motion. Under practical conditions, the proppant size and density
only have moderate impact on the proppant settling while the
fluid viscosity has the highest impact (Roostaei et al., 2018). Lu
et al. (2020) conducted CFD–DEM simulation and reported that
low-density proppant and high-viscosity fracturing fluid should
be pumped first to improve the distance of proppant placement
and increase the effective fracture stimulation area. To study the
effects of the proppant density and size, fluid viscosity, and injection rate of the fluid on the proppant transport and placement,
the reader is referred to the works in Han et al. (2016), Bahri and
Miskimins (2021), Wang et al. (2019) and Barboza et al. (2021).

(OPPR). A packing ratio equal to unity represents a full monolayer
of proppants in the fracture system and a packing ratio equal
to zero represents that there is no proppant in the fracture
system. The laboratory coreflood experiments were conducted by
Keshavarz et al. (2014b,c) and Keshavarz et al. (2016a) to validate and correct Khanna’s diagram. Moreover, Liu et al. (2020a)
further improved this diagram by considering three additional
important parameters including proppant deformation, proppant
embedment into fracture wall, and fracture conductivity in order
to determine the OPPR.
Ribeiro et al. (2020) used numerical models to evaluate the
performance of graded proppant injection stimulation in coal
seam gas reservoirs. The injection of small-sized proppants followed by larger ones would cause deeper permeation and optimal placement of proppants in the fracture system. The method
can lead to development of the treated area and enhanced well
productivity index. In addition, Hu et al. (2018) have done a
laboratory scale experiment to design a pumping schedule for
multi-size proppants in a pre-existing straight fracture. However,
they have not considered average propped surface area (PSA)
and average fracture conductivity (FC) to quantify the production rate. Bhandakkar et al. (2020) have proposed to improve
gas production from unconventional reservoirs by proposing a
multi-size proppant pumping schedule in which both PSA and FC
parameters have been considered for simultaneously propagating
multiple fractures. Mollanouri Shamsi et al. (2015) and Shamsi
et al. (2017) evaluated the fracture conductivity under different
confining stress using three various proppant size distributions
such as well-graded, uniformly-graded and poorly-graded proppants. They applied a coupled Discrete Element Method (DEM)
and Lattice Boltzmann Model (LBM) approach for optimization
of proppant size distributions for the maximum conductivity
at a given stress state. They concluded that uniformly-graded
proppants result in higher conductivity compared to poorly and
well-graded proppant packs. Ramandi et al. (2021) carried out

4. Micro-proppants
In recent years, micro-proppants have been investigated and
applied in the field by several authors (Dahl et al., 2015a,b; Ji
et al., 2016; Madasu and Nguyen, 2017; Kim et al., 2018; Li
et al., 2018; Cheung et al., 2018; Cortez-Montalvo et al., 2018; Lau
et al., 2019; Kumar et al., 2019) and their importance in the unconventional reservoir stimulation has been acknowledged. Dahl
et al. (2015a,b) conducted a field pilot test to study the effect of micro-proppants on production improvement of eleven
9000
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Table 1
The mesh sizes of proppants Liang et al. (2016), Rassenfoss (2017).

condensate-rich gas wells in Barnett shale. The results indicated
that inclusion of micro-proppants in the pad stages before main
hydraulic fracture operation caused considerable improvement
in well productivity over 395 days. The use of micro-proppants
increased the gas production by 36%–55% and also increased the
condensate production by 23%–47% compared to the wells in
which micro-proppants has not been pumped during pad stages.
Ji et al. (2016) reported that applying 149 µm-sized proppant
for the hydraulic fracturing of the shale formation in Sichuan,
China gave promising results. Recent field trials by Calvin et al.
(2017a) showed that the use of micro-proppants in the pad fluid
results in considerable production uplifts compared to the offset
wells. They reported that for Woodford shale, an uplift of 25%
in condensate production and 10% in gas production has been
achieved. A new simulation model was built by Madasu and
Nguyen (2017) to demonstrate the interaction between microproppants and microfractures and then the results were validated by the laboratory experimental results. They concluded that
using micro-proppants could significantly increase the effective
permeability of microfractures. Kim et al. (2018) conducted a
series of experiments with various split shale core plugs extracted
from Barnett, Bakken, and Eagle Ford formations to determine
their stress-dependent permeability in the presence of microproppants placement among microcracks. Then, they derived an
analytical model to describe the interaction between the monolayer micro-proppants and fracture walls under stress. The results
showed the great importance of utilizing micro-proppants to improve the microcracks permeability. Li et al. (2018) used field data
from several major unconventional plays in the United States,
Haynesville, Wolfcamp, and Eagle Ford to evaluate the effects of
small sized proppants on the post-fracturing production performance of stimulated wells. The results suggested that the wells
stimulated by small sized proppants have better gas production
rates for both short-term and long-term compared to those stimulated by larger size conventional proppants. Cheung et al. (2018)
argued that using 297 µm/105 µm (50/140-mesh) proppants
create higher fracture conductivity compared to 425 µm/212 µm
(40/70-mesh) proppants in both Fox Creek and Wolfcamp formations, which are respectively located in Appalachia and Permian
Basin. Kumar et al. (2019) used a 3D simulator called ‘‘GeoFrac3D’’ to study the transport and placement of micro-proppants
in the natural and hydraulic fracture networks. They considered
the pressure dependent leak-off for the carrier fluid flowing into
the natural fracture/rock matrix system. The Eulerian–Eulerian
approach in which both fracturing fluid and the proppants are
considered as slurry (i.e., a mixture of the proppants and fluid)
was used to model the transport and placement of proppants
within the fractures. The results of simulation revealed that there
are two contributing factors including proppant transport into
microfractures and slow settling rate that make micro-proppants
usage highly effective. The settling rates of micro-proppants and
thus their distribution and placement are affected by many factors such as fluid rheology and velocity, near wellbore tortuosity,
fracture aperture, micro-proppants size, and the interaction of
natural and hydraulic fractures. In their study, the aperture size
of the secondary/tight natural fractures lies within the ranges of
0.26–1.98 mm. They also concluded that micro-proppants have
high capability to uniformly distribute inside the naturally fractured unconventional reservoirs. This leads to higher fracture
conductivity and thus increased oil and gas production. Moreover,
the capability of the micro-proppants to readily invade secondary
or tight natural fractures will decrease pressure dependent leakoff distribution in the formation, causing reduction in the treating
pressure (Kumar et al., 2019).
It would be challenging to estimate the microfracture conductivity and effective permeability of unconventional reservoirs;

Mesh size

Micron (µm)

Millimeter (mm)

Inch (in)

8
16
20
30
40
50
60
70
100
140
150
200
270
300
325
400
530
635

2380
1190
841
595
425
297
250
212
149
105
100
75
53
50
44
37
25
20

2.38
1.19
0.841
0.595
0.425
0.297
0.25
0.212
0.149
0.105
0.1
0.075
0.053
0.05
0.044
0.037
0.025
0.02

0.094
0.047
0.033
0.023
0.0167
0.012
0.0098
0.0083
0.0059
0.0041
0.0039
0.0029
0.0021
0.0019
0.0017
0.0015
0.0009
0.0008

meanwhile, a new approach was considered by Inyang et al.
(2019) using a stochastic method. The new approach gives an
approximation of matrix permeability and the conductivities of
propped and unpropped microfracture when testing in laboratory
where micro-proppants prop the microfractures. The presence
of the micro-proppants increases the effective conductivity of
microfractures by two orders of magnitude. Lau et al. (2019)
outlined the importance of using micro-sized proppant in maximizing the stimulated reservoir area and hence improving the
productivity of Barnett shale in Wise County, Texas. They proposed different materials for micro-proppants, of which hollow
glass microsphere is more beneficial and practical because of its
low density and its most common usage in the oilfield as an
additive to drilling mud, cement and workover fluid.
Using production data of five different unconventional formations including Marcellus, Permian Basin, Utica, Woodford and
Barnett shale, Montgomery et al. (2020) demonstrated the benefits of micro-proppants application. They also discussed several operational benefits and important considerations for microproppants, reduced pumping pressures and using liquid slurry.
The greater numbers of unpropped microfractures created in a
formation are closed as soon as the hydraulic pressure is lifted
or when the drawdown is applied by well production. If an agent
can prop the fractures properly, they will stay open and increase
the fluid flow, thereby more stimulated reservoir volume (SRV)
can be achieved. Micro-proppants made of quartz grains are well
known as broadsided particles with mean diameter 300 mesh (or
50 µm). The way to measure the grain size is through counting
the number of holes per linear inch in a sieve mesh so that
the particles can be sorted by their largest size (Liang et al.,
2016). Table 1 lists the mesh sizes of proppants representing the
largest-size particles within a sand grade.
Micro-proppants, despite their small size, have a relatively
good conductivity in comparison with the flow capacity of unpropped secondary fractures, especially if they tend to be closed
(Rassenfoss, 2017). Therefore, more understanding about the
micro-proppants is highly demanded. The following sections will
cover all the necessary information about micro-proppants as
well as the relevant numerical, experimental and field-scale studies.
4.1. Properties of micro-proppants
The type of sand usually used in the pad fluid is of smaller
mesh followed by proppants with larger size near the borehole.
Using this method, the finer proppants can keep microfractures
9001
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Table 2
The settling velocity of different proppants Montgomery et al. (2020).

Table 3
Price of various kinds of proppants O’Driscoll (2013).

Proppant type

Settling velocity (ft/s)

Viscosity (cps) = 1

Proppant type

Price per pound ($/lb)

Micro-proppants
80/140
40/70 Sand
20/40 Sand

0.029
0.22
1.07
4.28

Specific gravity of fluid = 1
Specific gravity of Proppant = 2.6

Ceramics
RCS
Sand

0.27 to 0.90
0.195 to 0.245
0.019 to 0.058

quartz sand equals 1/44 of that of 20/40 mesh quartz sand and
1/22 of that of 40/70 mesh quartz sand (Tanguay and Smith,
2018).
Based on Eq. (1), with the increase in diameter and density
of proppant as well as the decrease in density and viscosity of
the fracturing fluid, the settling velocity will increase. Therefore, using more viscous fluid alongside proppants with smaller
diameter and density will result in minimal proppant settling.
However, further modifications to Stokes’ law are necessary to
allow the use of non-Newtonian fluids. Also, other particles in
suspension should be considered when designing the pumping
schedule. Daneshy and Crichlow (1980) has thoroughly discussed
the factors affecting Stokes’ law and proppant transport.

open and reach farther points in the main fracture. Besides, larger
fractures will be kept open by larger sized proppants (Thompson, 1977). The general belief is that first pumping of larger
proppants can decrease or impede the contributions from microfractures through size exclusion and bridging, even causing
screen-outs. An interesting point is that further smaller proppants
(i.e., micro-proppants) has been applied to keep these cleats
and microfractures open. The properties of micro-proppants are
discussed in the following sections.
4.1.1. Extremely small size and low settling velocity
For taking the best advantage of fracture complexity, understanding the features of natural fractures, microfractures, bedding
planes, faults and their influence on effective permeability of
the reservoir would be of utmost significance. Previous studies
showed that these natural fractures and induced microfractures
can have widths as small as 1 to 10 µm and lengths as small as 10
to 250 microns (Wu et al., 2015; Zhou et al., 2016; Apaydin et al.,
2012). Because of their dimensions, plenty of natural fractures
and microfractures will not be propped. This reduces the well
productivity. However, a lot of ultra-low permeability reservoirs
can be made economic by keeping microfractures open in the
reservoir (Cortez-Montalvo et al., 2018). The development of
micro-proppants has solved the problems and can access microfractures without bridging and settling out. Furthermore, they
have enough strength to resist the high-closure stress. This has
been demonstrated successfully by Calvin et al. (2017a,b,c) and
Nguyen et al. (2013) through field applications.
The settling velocity of micro-proppants is low and affected
by four parameters including the proppant specific gravity, the
proppant size, the fluid viscosity, and the fluid specific gravity.
Stokes (1851) reported an analytical solution on particle settling
velocity. Through the Stokes’ law, it is possible to determine the
impact of gravity on the proppant settling. Stokes’ law is written
as below.
gd2p ρp − ρf

(

νt =

18µ

4.1.2. Strong stress resistance and thermal stability
The technology of micro-proppants which is based on ceramic
has greater capability of resisting higher confining stress and
more thermal stability in comparison with proppants made of
silica sand (where silica begins to plastically above 200 o F),
causing greater durability and conductivity. These special microproppants have a mean size of 325 mesh; however, the microproppants can vary in size ranging from 150 to less than 635
mesh. This causes proppants to keep a wide range of microfractures open (Patrascu et al., 2020). The ceramic proppants are
more erosive compared to the other kinds of micro-proppants
(such as amorphous silica, silica sand and spherical ceramic
grains). This is why they can resolve fracture entry restrictions
at perforations and regions closer to the wellbore and decrease
total friction pressure. This has been an objective for this special
use. According to Health, Safety and Environment (HSE), it is safer
for operator when there is no silicosis concern about ceramic
vs. silica-based products. Ultimately, since the ceramic proppant
flows freely in dry form, it should be used like a regular proppant,
with no need to be provided in slurry form as most microproppants. These are the features that can be helpful in terms
of cost and operational efficiency (Patrascu et al., 2020).
Silica sand can be achieved through sand mining where several
of these sources can be found in the USA and a few others outside
the USA. To make sure the sand has enough compressive strength
for use in certain application, it needs to be tested. It is more
common for sand to be used for propping fractures in shallow
formations (Lake, 2006). As shown in Table 3, relative to resin
coated sand (RCS) and ceramic proppants, sand is cheaper per
pound.
Because RCS has higher strength, it is utilized when greater
compressive strength is needed to prevent proppant from crushing. Certain types of resins are applicable for making a consolidated pack in the fracture by which no more proppant flow back
to the wellbore. Sand is cheaper than RCS but the effective density
of RCS is less than sand.
The materials that make up ceramic proppants are lightweight
proppant (LWP), sintered bauxite and intermediate-strength proppant (ISP). Proppants with a higher strength such as sintered
bauxite are more expensive than LWP and ISP. Besides, the
strength of a ceramic proppant depends on its density. The
application of ceramic proppants is for stimulating deep wells
(more than 8000 ft) where a greater in-situ stresses impose high
forces on the proppants (Lake, 2006).

)
(1)

where vt is particle settling velocity (m/s), g is acceleration due
to gravity (m/s2 ), d is particle diameter (m), µ is Newtonian fluid
viscosity (Pa s), and ρp and ρf are the density of the particle and
carrier fluid (kg/m3 ), respectively.
The settling velocity of different proppant sizes determined by
Stoke’s Law can be seen in Table 2. The settling velocity of microproppants, because of their size, would be much lower than that
of 100-mesh particles. This will aid transport of micro-proppants
deep into the fractures (Montgomery et al., 2020).
It is recommended to add micro-proppants in pad fluid because of two main reasons. First, the micro-proppants can prop
narrow fractures, particularly induced microfractures or cleats,
much easier than conventional proppants. Second, the settling
velocity can be decreased in order for the proppant to be able to
reach deep into the microfractures (Tanguay and Smith, 2018).
The experimental results pertinent to the settling velocity are
as follows: the settling velocity of 200 mesh quartz sand equals
1/10 of that of 20/40 mesh quartz sand and 1/5 of that of 40/70
mesh quartz sand, meanwhile the settling velocity of 325 mesh
9002

M. Aslannezhad, A. Kalantariasl, Z. You et al.

Energy Reports 7 (2021) 8997–9022

4.2. Advantages and disadvantages of micro-proppants

can close the pore channels and created fractures (Makhanov
et al., 2014).
Compared to water-based fluids, gas fracturing may avoid
formation problems such as clay swelling and prevent water
blocking (Song et al., 2018). SC-CO2 fracturing (SCF) has shown
great potential to improve the efficiency of shale gas recovery
in water-sensitive shale gas reservoirs, although it may have
many problems including safety issues, high friction, high cost
and pipe erosion (He et al., 2014; Siwei et al., 2019). In terms
of environmental issues, the combination of micro-proppants and
SC-CO2 fracturing has several advantages over WBF, such as none
water consumption, little water contamination and greenhouse
storage (Zhang et al., 2021).
The industry, scientific community and environmental regulatory agencies need to be assured that using micro-proppants
will be free from environmental and health hazards. Improving
the rheological properties of fracturing fluid at low cost, with
no formation and environmental issues will motivate the largescale application of micro-proppants (Yekeen et al., 2019). To the
best of our knowledge, limited experimental and simulation studies are available that address the economic benefits, health and
environmental impacts of micro-proppants applications in unconventional reservoirs, and more investigation should be carried
out.

In unconventional oil and gas resources with extremely low
permeability, these fine-mesh sized particles can be more frequently applied as proppant to improve the conductivity of the
fracture networks. Some of the major advantages of microproppants include (Dahl et al., 2015b; Paryani et al., 2017; Ely
et al., 2014; Nejad et al., 2015; Al-Tailji et al., 2016; Mittal et al.,
2017):
1. Minimizing production loss and helping to increase well
life and long-term productivity through propping the secondary and micro-sized fractures where 100 mesh proppants cannot.
2. Reducing treating pressures, thereby pressure dependent
leak-off rates and screen-out occurrences can be minimized.
3. Traveling further into a larger number of natural fractures
as well as complex fracture networks and keeping them
open for the long term, resulting in enhanced ultimate
recovery.
4. Having excellent capability to be transported in slickwater
fluids.
5. Improving production contribution of treated area through
expanding the stimulated reservoir volume (SRV).
6. Can be added during pad stage with no need to modify the
established routines.

4.4. Effects of different parameters on micro-proppant placement
Several factors can influence the performance of proppant
injection treatment. Inappropriate selection of the concentrations
and sizes of proppants may lead to the blockage of conductive
fractures without being able to travel further into secondary
fractures (Bedrikovetsky, 2008, 2013). The ionic strength and pH
of the carrier fluid are two other important parameters affecting
proppant–rock attraction or repulsion that may lead to external cakes formed near the fracture inlets (Bedrikovetsky, 2013;
Da Silva et al., 2004; De Paiva et al., 2006; Kalantariasl et al.,
2013, 2014a,b, 2015). To the best of our knowledge, to fully
optimize proppant placement, it is essential to investigate the
impacts of the proppant concentration and size, the fracturing
fluid chemistry (e.g., salinity, pH), and confining stress on the final
conductivity of the stimulated natural fracture networks.

In spite of the broad application of micro-proppants and their
aforementioned advantages in terms of providing long-term hydrocarbon production, it has some limitations. One of the main
shortcomings of ultra-light weight and micro-sized proppants is
their high treatment cost (Gu et al., 2015; Bulova et al., 2006).
The methodology for estimation of fracturing treatment cost can
be found in O’Driscoll (2013) and Brannon and Starks (2009,
2008a). The other major limitation is the handling. Because of
their small size and the weather conditions such as wind that
makes it difficult to keep the proppants confined within the
feeding hopper, micro-proppants are often mixed in a slurry form
to improve the delivery efficiency, although they can also be kept
in big bags (Patrascu et al., 2020; Al-Tailji et al., 2016; Mittal et al.,
2017).

4.4.1. Micro-proppants concentration
One of the important factors that should be considered in
designing fracturing treatment is a balance between the quantity
of micro-proppants and carrier fluid in which the concentration
should not exceed a certain limit. This effectively provides and
maintains high conductivity conduits between boreholes and low
permeable reservoirs. A high micro-proppant concentration results in proppant trapping at the inlet of the narrow fracture
and high resistance to the flow, thereby the fracture conductivity
is reduced. Moreover, if the fractures are wide and admissive,
the micro-proppants with high concentration may fill all the
channels and void spaces, forming a solid pack of micro-sized
proppants. In contrast, a low micro-proppants concentration may
not create enough proppant pillars to keep the fracture networks
open, hence decreases fracture conductivity (Madasu and Nguyen,
2017). Therefore, an optimum proppant concentration should be
determined to maximize the fracture conductivity during production. Ely et al. (2014) presented the improvement of initial
production rate and the maintenance of well production provided by a partial monolayer of micro-size proppants, compared
to high concentrations of proppant. A field case study showed
that it is possible to achieve partial monolayer proppant placement by using low viscosity fracturing fluids and a minimal
amount of micro-proppants (Chambers and Meise, 2005). Khanna

4.3. The environmental side effects of micro-proppant placement in
the fractures
One of the main challenges of using micro-proppants in the
hydraulic fracturing of the unconventional reservoirs is the potential health and environmental risks, and the probable high
cost associated with micro-proppants. Currently, there are very
few models and experimental studies addressing the economic
benefits of this method over the conventional approaches (V.
et al., 2021), as well as providing a cost-effective approach for
hydraulic fracturing, with no environmental and safety concerns
associated with the field applications (Yekeen et al., 2019).
Zhang et al. (2021) evaluated the feasibility and the potential
advantages of the combination of micro-proppants and supercritical carbon dioxide (SC-CO2 ) as non-aqueous fracturing fluids over traditional water-based fracturing (WBF) to overcome
environmental, economic and efficiency obstacles to unconventional gas extraction. The usage of WBF causes some environmental issues (e.g., huge water consumption, water contamination)
(Kondash et al., 2018) and permeability impairment (e.g., water
blockage effect, rock softening, clay swelling) (Bostrom et al.,
2014) in shale gas production. Particularly in clay-rich shale gas
reservoirs, clay swelling caused by water-based fracturing fluid
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Fig. 4. Illustration of (a) full monolayer and (b) partial monolayer within a fracture. The scale bar in the images of (a) and (b) is both 300 µm.

et al. (2012a) suggested an optimal proppant concentration in
a fracture filled by a monolayer of proppants in which several parameters such as the proppant strength, reservoir stress,
and rock material properties, fracture deformation, and proppant concentration had significant effect on fracture conductivity.
Fig. 4 illustrates two state of proppant concentration within a
fracture. The optimal proppant concentration can provide high
fracture conductivity by placing a partial monolayer of proppants.
When proppants are packed closely, a full monolayer is formed.
Compared to full monolayer, fractures with partial monolayer
of proppants have the same geometry, but the vacant voids
among the proppants lead to improve the conductivity of propped
fractures. A full monolayer, by definition, is formed when the
width of propped fracture equals a proppant diameter without any remaining spaces into which more proppants can be
placed (Brannon et al., 2004).
4.4.2. Micro-proppant size
Increasing sizes of the proppants can achieve higher fracture
conductivity at low closure stresses. As a result of larger pore
sizes among the grains, larger flow capacity will be possible.
However, with the increase of the closure stress, larger proppant
sizes will be of less benefit. The reduction of fracture permeability
always happens faster with larger proppant sizes because as they
get larger, their resistance to high stress decreases. This leads
to less sphericity and more fines generation (Huang et al., 2017,
2018b, 2021a,b). Accordingly, larger proppants result in less fracture permeability when the stress level exceeds a certain amount,
compared to a similar proppant with smaller size (Economides,
1992). For instance, the effects of particle size on stress–strain
curves for spherical alumina particles are depicted in Fig. 5. It
is observed that the Young’s modulus decreases slightly with
increase of particle size for both nano-scale and micron-scale
particles allowing for more plastic deformation and cracking due
to stress (Cho et al., 2006).
If proppant diameter is greater than aperture, bridging occurs
and the proppant is unable to flow through a fracture. In general,
bridging happens when w/d (aperture divided by proppant diameter) falls below a critical bridging factor. However, there is
disagreement about the value of the factor.
Montgomery et al. (2020) proposed the bridging factor of 3
to indicate that the fracture apertures must be at least three
times the mean proppant size so that the proppants can enter
the apertures. The size of fracture widths needed to be propped
by different proppant sizes are listed in Table 4. When 100-mesh
proppant, for instance, is utilized to prop a fracture, the induced
fracture aperture should be equal to or wider than 0.909 mm to
admit the proppant.

Fig. 5. Effect of particle size on stress–strain curves for alumina particles of
different size (Cho et al., 2006).
Table 4
The bridging size of different proppants Montgomery et al. (2020).
Proppant size

D90 (µm*)

Bridging factor

Fracture aperture (mm)

Micro-proppants
100 Mesh
40/70
20/40

70
303
502
825

3
3
3
3

0.210
0.909
1.506
2.475

However, recent studies have shown that the bridging factor
of 3 to estimate the micro-proppant size may be not available
for several phenomena. There are various factors resulting in
bridging. The first is the ratio of fracture width to proppant
diameter (w/d) in which falling the ratio below a certain factor
can hinder shear flow of proppants. Chuprakov et al. (2021)
evaluated the minimum ratio to be 2.5. The second factor is the
roughness of fracture walls in which nonflatness of aperture walls
makes proppants adjacent to walls immovable. The third factor
is the softness of fracture walls, which facilitates embedment
of proppants into the fracture walls, and reduces proppant pack
width. Moreover, the bridging factor increases with the increase
of confining stress σn (Chuprakov et al., 2021). Several studies
have reported particular investigations on proppant bridging that
are based on lab experiments, (Barree and Conway, 2001; Ray
et al., 2017; Van der Vlis et al., 1975). Van der Vlis et al. (1975)
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Table 5
The size of pass-through and bridging size of proppants regarding fracture
apertures Lau et al. (2019).
Fracture aperture, µm

Size of pass-through
proppants, µm/mesh

Bridging size of
proppants, µm/mesh

10
25
50
100
150
200
250
300
350
400
450

1.4/10133
3.6/3900
7.1/1975
14/1083
21/625
28/550
36/400
43/325
50/300
57/270
64/230

3/4500
8/1750
17/812
33/400
50/270
67/230
83/170
100/140
117/130
133/110
150/100

in laboratory by Bose et al. (2015b), which can be applied as
a nanoproppant to improve fracture conductivity and decrease
fluid loss. Moreover, bigger fly ash with the size of 10 to 100 µm
is produced industrially; however, not yet tested.
The proppant made out of glass microspheres is another type
of micro-proppants that its size is in a range of 10 to 46 µm.
The core of these borosilicate glass spheres is hollow; therefore,
they have less weight than water. Their crush strength is 10000 to
18000 psi and they are commercially accessible. This type of microsphere has been utilized as an additive for decreasing drilling
mud density (Thyagaraju et al., 2009). It can also be applied
as an additive to cement (Wu and Onan, 1986; Abdullah et al.,
2013; Kulakofsky et al., 2011) and fluid for workover (Ovcharenko
and Devadass, 2010). Interestingly, microspheres have also been
utilized as a proppant filling the cleats of coal steams (Keshavarz
et al., 2015c,d, 2016b). Since this material has a density close to
water, it is a promising micro-proppant and not much affected
by settling. Similar to silica flour, silica sand with a size of 44 to
75 µm utilized in stimulating the Marcellus formation is always
commercially available (Tanguay and Smith, 2018).
It must be noticed that fly ash is an industry waste substance
from thermal power plants, steel mills, etc. (Wang and Wu, 2006)
and buried in landfills; otherwise, it is utilized as an additive to
cement. Fly ash is not friendly to the environment. Further details
on environmental problems of fly ash are available in Mohapatra and Rao (2001) and Kozhukhova et al. (2019) for interested
readers. The effects of graphene on environment need further
investigation. The other four mentioned proppants in Table 6,
which are commercially available, mostly made of silica dioxide
which occur in nature and therefore are friendly to environment.

measured experimentally the bridging factor b= w∗ /d = 2.6, which
is the criterion currently used by some commercial simulators by
default. For low proppant loading, the bridging factor was found
to be 1.8. In the industry, it has become customary to use this
simplified criterion of bridging in terms of the bridging factor
(w∗ /d) taken as a constant from the interval 2.5 to 3 (Dontsov
and Peirce, 2014; Gu and Desroches, 2003).
Gruesbeck and Collins (1982) showed that the proppant bridging across perforations depends on the proppant concentration
and if perforation diameter is less than about six proppant diameters, bridging occurs. Although the original criterion was developed for perforations, there was a modified version of bridging
criterion in a fracture, which demonstrates (Mack and Warpinski,
2000; Osiptsov, 2017)

[

w = min b, 1 +
∗

Cp
0.17

]
(b − 1) d

4.4.3. Fracturing fluid chemistry
Micro-proppant stability in fracturing fluid needs to be thoroughly investigated to avoid micro-proppants from being aggregated. Micro-proppant aggregate can create external cake at
the induced and natural fracture faces not allowing the particles
penetrate deep into the fractures (Keshavarz et al., 2014d). Thus,
more examination is needed to provide micro-proppant stability
and optimum transport properties for achieving better proppant
placement.
Xu et al. (2018) experimentally showed that micro-proppant
aggregate not only blocks pores but also causes early settling
of micro-proppants. However, using appropriate surfactant concentrations can reduce the rate of micro-proppant aggregate and
increase micro-proppants transportation into the simulated fractures.
Keshavarz et al. (2015d) experimentally studied the fluid chemistry effect on the efficiency of graded proppant injection method
in coal samples. They argued that the proppant injection with
high salinity carrier-water cannot increase permeability because
of proppant aggregate and rock–proppant attraction, resulting in
the build-up of internal and external filter cake on the injection
core face impeding proppant from deeper permeation into the
fractured rock. In contrast, utilizing low salinity brine, with the
repulsions of the proppant–proppant and proppant–coal, provides deeper proppant penetration into the fracture networks
causing significant permeability enhancements.
The laboratory tests performed by Keshavarz et al. (2015e)
showed that the water injection with a fluid chemistry yielding the proppant–rock and proppant–proppant repulsion will
increase the fracture permeability. The appropriate composition
of fracturing fluid can be obtained by the Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory for electrostatic interactions.
The DLVO theory is applied to investigate the effects of various
ionic strengths and pH of a suspension on the extent of proppant–
rock and proppant–proppant interactions such as attachment and

(2)

where the bridging factor b = 2.5 by default, d is the particle diameter, and C p is the particle volume fraction in flowing
suspension.
In hydraulic fracturing treatment, the sizes of conventional
proppants fall in a range of 8–100 mesh. These sizes of conventional proppants are not small enough to enter and prop
fractures with widths of 149 µm (100 mesh) or less. Moreover,
based on Abram’s one-third bridging rule, a filter cake is made
by 149 µm-sized proppants at fractures having aperture size
of 447 µm (Abrams, 1977). Accordingly, in practice, the only
fractures where proppants of 100 mesh can enter are fractures
with aperture size of 447 µm or more. Table 5 compares the
fracture apertures with the proppant sizes that, regarding oneseventh rule, can pass through the apertures and also with the
proppant sizes that, regarding Abram’s one-third rule, may be
blocked at the fracture inlet face (Lau and Davis, 1997). Based on
Table 5, a 150 µm-sized proppant probably bridges at the inlet
face of fractures with a size of 450 µm. The proppant needs to be
smaller than one-third of the aperture size and also larger than
one-seventh of the aperture size of a certain fracture in order to
be able to enter it. Consequently, in order to fill the aperture of
a natural fracture with a size of 10 µm up to 450 µm, proppants
with a diameter of 1.4 mm up to 150 µm are required.
The properties of laboratory tested and commercially available
micro-sized proppants are presented in Table 6. Park et al. (2015)
have made graphene micro-balls using the process of deep-frying
with the assistance of a spray through which graphene sheets
encapsulate nanoparticles. Although these micro-balls have been
made for the uses of storing energy, their mechanical features and
high porosity might also have a good application as a proppant.
One by-product of coal-consuming power plants called fly
ash is made of spherical particles that are mostly SiO2 . The
material with a size of 100–800 nm has been tested successfully
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Table 6
The properties of micro-proppants Lau et al. (2019).

Laboratory tested

Commercially available

Proppant type

Compositions

100–1000 (nm)

1–100 (µm)

Density (g/cc)

Strength

Reference

Grapheme
micro balls

Nanoparticles;
graphene sheets

N/A

5 µm

N/R

Park et al. Park
et al. (2015)

Fly ash

40%–60% SiO2 ;
Inorganic arsenic;
balance of Al2 O3 ,
Fe2 O3 , CaO,
MgO, TiO2
Fused borosilicate
glass

100–800 nm

10–100 µ m

1.1–1.5

TS = 130 GPa,
E = 1 TPa,
H = 2.5∼3 Mohs
H = 2.5 Mohs

N/A

D50 = 10, 19,
21, 38, 46 µm

0.14–0.49

H = 6 Mohs,
CS = 10000 psi

Hollow glass
microspheres

∼70%–80% SiO2 ;

N/A

D50 = 20, 26,
30, 40 µm

0.28–0.60

CS = 18000 psi

Silica flour

SiO2

N/A

75 & 44µm

2.65

H = 7 Mohs

Silica sand

SiO2

N/A

75 & 44 µm

2.65

CS = 5000 psi

Keshavarz et al.
Keshavarz et al.
(2016a)
Thyagaraju
et al.
Thyagaraju
et al. (2009)
Dahl et al. Dahl
et al. (2015a,b)
Tanguay and
Smith Tanguay
and Smith
(2018)

Hollow
microspheres

balance of CaO;
Na2 O and B2 O3

Bose et al. Bose
et al. (2015b)

N/A: Not available; N/R: Not reported; CS: Crush strength; E: Young’s modulus; H: Hardness; TS: Tensile strength.

Fig. 6. The total DLVO energy potential versus separation distance for proppant–proppant system: (a) rs = 5 µm and (b) rs = 9.5 µm (Keshavarz et al., 2015e).

repulsion (Keshavarz et al., 2014d; Landau et al., 1980). The total
DLVO energy potential, Vtot , between the rock matrix and injected proppants is the sum of the London–van der Waals forces,
VLW , the electrical double layer, VEDL , and Born’s repulsion forces
VB (Gregory, 1981, 1975; Elimelech et al., 2013; Ruckenstein
and Prieve, 1976; Israelachvili, 2011; Verwey, 1947; Awan et al.,
2021).
The total energy potentials (Vtot ) obtained for various proppant
sizes (rs ) and different brine ionic strengths (I) are depicted in
Figs. 6 and 7. In both proppant–proppant and proppant–coal systems, the reduction in ionic strength causes the reduction of primary and secondary minimal depth in Vtot -curves for both proppant sizes. This indicates that lower ionic strength of the injected
brine causes proppant–proppant and proppant–coal repulsion. In
addition, for all studied ionic strengths, increasing the proppant
radius from 5 to 9.5 µm will increase the depth of primary minimum for proppant–proppant and proppant–coal systems (Figs. 6
and 7). Hence, at constant ionic strength of carrier solution, the
possibility of proppant aggregate and proppant attachment to
coal surface is greater for the bigger proppants (Keshavarz et al.,
2015e; Keshavarz, 2015).
The characteristic thickness of the electric double layer depends on temperature, solution ionic strength, and relative permittivity of the electrolyte solution. These features of the formation water may differ significantly from those of the fracturing
fluid, and when the injected solution interacts with the briny

formation water, the electric double layer of injected proppantbearing solution is changed. Therefore, the interaction between
the fracturing fluid and the salty formation water may lead to
rapid aggregation and blockage at the interface between the two
solutions (Binazadeh et al., 2016; Sheng, 2014). Understanding
the interaction between injected solution and formation water is
important and needs to be further investigated as it controls the
aggregation of proppant particles.
4.4.4. Confining stress
The other major parameter that has significant effect on the
conductivity of fractures is confining stress. Some laboratory experiments have been conducted, utilizing various proppant types,
to examine the impact of confining stress on the flow capacity
of the fractures (Brannon and Starks, 2008b; Fredd et al., 2000;
Gaurav et al., 2012; Kassis and Sondergeld, 2010; Parker et al.,
2005; Johnson et al., 2020). When a borehole wall is hydraulically
fractured, the permeability of unpropped fractures created in the
formation will increase because of the roughness and asperities
on the rock surface. However, this natural permeability will be
reduced and finally lost as the rock is exposed to a continued
increase in effective stress, resulting from pressure drop in the
reservoir. In addition, when the rock is exposed to stress, the rock
creeping would occur with time reducing the fracture conductivity (Sone and Zoback, 2013). Therefore, the loss in the fracture
conductivity occurs because of two main reasons. Firstly, the
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Fig. 7. The total DLVO energy potential versus separation distance for proppant–coal system: (a) rs = 5 µm and (b) rs = 9.5 µm (Keshavarz et al., 2015e).

increase in effective stresses on rocks results from the pressure
drop in the reservoir; and secondly, the rock creeping with time.
To counteract the possible consequences of these effects on the
natural permeability loss, proppants are introduced into the injection fluid to support and maintain the fracture conductivity. In
case of less proppant concentration, there will be larger distance
between particles leading to rock deformation between particles. This will reduce the permeability of the fracture. Thus, the
best concentration of proppant particles should be determined
where the highest permeability for the fracture system can be
obtained (Khanna et al., 2013).
5. Evaluation of micro-proppant efficiency
5.1. Mathematical models for micro-proppants
The graded proppant injection model suggested by Bedrikovetsky et al. (2012) and Khanna et al. (2013) shows the best possible
outcome to increasing fracture permeability. In this model, first,
the injection of small proppants and then bigger ones is carried
out and this leads to the percolation of smaller particles to
the deep reservoir whereas the bigger particles get trapped in
the zone close to the borehole. Consequently, a larger area of
reservoir is stimulated.
It was demonstrated by Khanna et al. (2013, 2012a) that
hydraulic resistance created in the treated natural fractures is a
consequence of (1) the greater tortuosity caused by the presence
of particles; and (2) deformation of propped fracture apertures
that is a result of rock stresses at the time of production. Accordingly, fracture deformation and proppant concentration are the
two factors that have considerable effects on the conductivity of
the fracture system. In case of higher concentration, there will be
more resistance against the flow leading to lower permeability.
However, in case of lower concentration, there will be a higher
distance between proppants and therefore, there will be more
rock deformation between proppants. The impact of this deformation is a reduction in fracture openings. Therefore, to achieve
the highest conductivity, an optimum proppant concentration
must be determined (Fig. 8).
Khanna et al. (2013, 2012a) have applied methods of computational fluid dynamic (CFD) to investigate the influence that
placing proppant into the cleats may have on the permeability. A
dimensionless parameter called proppant packing aspect ratio (β )
was used in these models. This is a ratio of the proppant diameter
and the distance between two adjacent proppants’ centers (l).
Next, a hydraulic resistance correction factor (Eq. (2)) which is a
function of β has been introduced. Multiplying the hydraulic resistance correction factor by permeability will reveal the decrease
in cleat permeability that is caused by proppant placement.
f (β, 0) =

0.3197β 2 − 0.7181β + 0.4057

β 2 − 0.4789β + 0.4048

(3)
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The impact of rock deformation on permeability has also been
investigated by Hertz theory and finite element analysis. Fig. 9
depicts the overall impact of cleat deformation and proppant
placement. It can be seen that the hydraulic resistance correction
factor acts as a function of dimensionless stress and the proppant
aspect ratio. The normal stress to the cleat divided by the coal
modulus of elasticity (E) is called dimensionless stress (εσ ).
According to Fig. 9, since the OPPR depends on the reservoir stress, this parameter must be calculated for each stress.
Afterward, the correction factor value can be determined by
putting the aspect ratio in Fig. 9. Bedrikovetsky et al. (2012)
and Khanna et al. (2013, 2012a) have reported the calculation
procedures of the optimum proppant concentration according
to the computational fluid dynamics methods and hertz contact
theory.
Keshavarz et al. (2015a, 2016a, 2015c,e) has developed this
method as an efficient technology using both mathematical models and experimental studies. They suggested an injection plan
that works according to a pre-specified size of stimulation region
and the assumption that natural fractures have even distribution
around the borehole, defined by Eqs. (3) and (4) (Keshavarz et al.,
2015e)
tin (rDs ) =
rDs =

D1
2h0

8h0 re2
qL

=

∫

α

rD (rDs )

1(
2

(

ϕ 1 + εq ln

1 − εq ln rD

)

1

ϕ

)1/4

dϕ

(4)
(5)

where tin (rDs ) is the injection time at which a proppant with size
of rDs should be injected; h0 is the initial aperture of the fracture; L
is the spacing between the cleats; q is the constant injection rate;
εq is dimensionless injection rate; rDs is the dimensionless particle
size; D1 is the particle diameter; re is the borehole drainage
radius; rD is the dimensionless radial coordinate and rD = r/re (r
is radial coordinate), α = rst /re (rst is stimulation radius); α
is the scaled radius of the stimulation zone and ϕ is a dummy
integration variable.
The following equation is used to determine the number of the
proppants with diameter D1 (Keshavarz et al., 2015e)
Np (rDs ) = 8β ∗

H r
L D1

(6)

where H is the reservoir thickness, and β ∗ is the optimal packing
ratio.
Furthermore, they used a coupled geomechanical and fluid
flow model to derive a stress-based analytical model describing
rock deformation and fluid flow for graded proppant injection.
This way, it would be possible to determine the optimum stimulation radius through which the highest level of productivity can
be obtained using the technology of injecting graded proppants.
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Fig. 8. The flow tortuosity and cleat deformation arisen from the presence of proppants and rock stresses (a) two dimensional view (Khanna et al., 2013); (b) three
dimensional view (Keshavarz et al., 2014d).

inside the stimulated region would equal f ×k(r). This factor
would be a function of two dimensionless parameters, namely the
dimensionless stress (σn /E) and the aspect ratio (β ).
Therefore, adding proppants to the fracturing fluid would
change the injectivity/productivity indexes. The reservoir permeability during the proppant injection is determined by Eq.
(10) where r st is the proppant stimulation radius. The hydraulic
pressure will maintain the fractures open as injection is being
carried out; thus, plugging of the cleats will be the only cause
of permeability reduction. In Eq. (10), the decline of permeability due to the plugging of proppant in the cleat network will
be represented by the dimensionless factor f (β ,0), and for the
production case, an analogous factor of f (β , σ /E) would be used
(Eq. (11)). This factor shows the impact of proppant plugging
on the cleat and also describes the deformation and closure of
the cleats around the proppant during production. In the areas
beyond the regions stimulated by proppants, Eq. (9) is used to
determine the reservoir permeability during production. Using
Eqs. (10) and (11), the permeability in different reservoir radii
can be determined during injection and production operations
(Keshavarz et al., 2013).

Fig. 9. Resistance correction factor for various dimensionless stresses (ϵσ =
σn /E) and packing aspect ratios (β = 2rs/l) (Khanna et al., 2012b).

f (β, 0) .kinj (r )

{
kinj (r ) =

Pinj (r ) = Pres +

1−ν

ln 1 −

qµCf (1 + ν)

ln

r

]

2π k0 (1 − ν)
re
(1 + ν) Cf
[
]
1−ν
qpro µCf (1 + ν)
r
Ppr (r ) = Pres +
ln 1 +
ln
2π k0 (1 − ν)
re
(1 + ν) Cf

(7)

[

[

kpr (r ) = k0 1 +

qinj µCf (1 + ν)
2π k0 (1 − ν)
qpro µCf (1 + ν)
2π k0 (1 − ν)

ln
ln

r

(8)

]
(9)

re
r
re

(12)

The derivation of these equations can be seen in the literature (Keshavarz et al., 2013).
As aforementioned, Keshavarz et al. (2014b,c, 2016a, 2015c)
have developed mathematical models trying to find the OPPR and
then, they have carried out experiments in order to confirm the
veracity of their models. An improved model of graded proppant
injection has been proposed by Liu et al. (2020a,b,c) in which
the Proppant Embedment and Proppant Deformation (PEPD) have
been considered. In this model, an analytical calculation for PEPD
has been used and coupled with the model of graded proppant
placement (GPP). The diagram of Khanna’s OPPR is drawn again
considering the effects of PEPD. The permeability correction factor (PCF) has been analytically derived and written as Eq. (12):

where Pres is reservoir pressure, ν is Poisson’s ratio, µ fluid is
viscosity, k0 is initial reservoir permeability, and Cf is the fracture
compressibility.
The permeability distribution during injection (kinj ) and production (kpr ) (before stimulation) are defined by Eqs. (8) and
(9) (Keshavarz et al., 2013)
kinj (r ) = k0 1 −

(11)

kinj (r )
r > rst
{ ( σ)
f β,
.kinj (r ) r ≤ rst
E
kpr (r ) =
kpr (r )
r > rst

The pressure distribution during injection (Pinj ) and production
(Ppr ) (before stimulation) can be calculated by Eqs. (6) and (7),
respectively, as a function of radius (Keshavarz et al., 2013)

[

r ≤ rst

]
(10)

⎡
(
)2
⎧
2
α
⎪
⎣
⎪
f = 1−
⎪
⎪
D1
⎨
1+β +

In the region that is stimulated by proppants (i.e., r ≤rst ),
there is less fracture permeability relative to the permeability
of region without proppants (i.e., r≥r st ). Therefore, a correction
factor (f ) is used so that the permeability of fracture system

⎪
D1 − 2α −
⎪
⎪
⎪
⎩φ =
9008

π
6
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β
(

15(D1 −2α)2 1−φ 2

(D1 − 2ζ ) +
D1 − 2α

D1 2 φ 3

2π
3

(3
2

)

D1 − h
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(13)

M. Aslannezhad, A. Kalantariasl, Z. You et al.

Energy Reports 7 (2021) 8997–9022

Table 7
The pros and cons of the mathematical models for micro-proppants.
Equation

Advantage

Disadvantage

Reference

Eqs. (2)–(11)

Examined the influential parameters,
including:
(1) closure pressure,
(2) cleat deformation
(3) proppant size,
(4) injection rate and time,
(5) proppant concentration.

(1) The deformation of proppants and
their embedment into the fracture wall
has been ignored.
(2) They have used fracture permeability
in which the change in fracture aperture
is not fully considered.
(3) It is not well understood how an
optimum injection schedule can be set
up utilizing the OPPR

Keshavarz et al. (2014b,c, 2016a, 2015c)

Eq. (12)

Examined important parameters,
including:
(1) proppant embedment,
(2) proppant deformation,
(3) proppant diameter,
(4) closure pressure,
(5) elastic modulus of rock and
proppants.

Time-dependent proppant embedment
has been neglected.

Liu et al. (2020a,b,c)

where f is permeability correction factor, α is variation of fracture aperture, D1 is the diameter of the proppant, h is proppant
embedment, and ζ is proppant deformation.
Despite some similarities, these mathematical models have
differences. Table 7 summarizes the advantages and disadvantages of the models.
Regarding Eq. (12), the PCF depends on the packing ratio (β ),
and proppant deformation and embedment (α ). Liu et al. (2020a)
also determined the PCF vs. proppant packing ratio shown in
Fig. 10. The detailed calculations of these correlations are presented in the literatures (Liu et al., 2020a,b,c). This indicates
that an increase in the PCF is observed at first and then as the
proppant packing ratio increases, the factor starts to decrease. At
the curve peak, the OPPR can be specified.
Fig. 10 depicts that the OPPR increases with increasing the
effective stress, because higher effective stress leads to greater
change of fracture aperture. Therefore, a greater amount of proppant particles will be required to withstand the changes and to
keep fracture permeability properly.
Considering a comparison between Fig. 10 and Khanna’s diagram Fig. 9, which ignores PEPD, the OPPR with consideration of
proppant deformation and embedment is always larger, particularly in high confining stresses. The values of OPPR calculated by
Khanna’s correlation are 15%–18% less than the values of OPPR
determined from Fig. 10. This implies that ignoring PEPD results
in an underestimation of 15%-18% for proppant concentration (Liu
et al., 2020b).
Smaller elastic modulus of proppants and rocks result in
slightly higher OPPR. To confirm this hypothesis, a fast cross
comparison between proppants with different elastic modulus
under a dimensionless effective stress (εσ = 0.00096) is depicted
in Fig. 11. It is observed that the OPPR for proppants with larger
elastic modulus is slightly lower than that of proppants with
smaller elastic modulus. The reason is that proppant with smaller
elastic modulus causes more proppant deformation, leading to
narrower fracture aperture. Consequently, more proppants are
required to be propped to resist the change of fracture aperture.
It is also observed that PCF for proppants with smaller elastic
modulus is lower than that of bigger ones, which can also be
explained by greater PEPD (Liu et al., 2020a).
The diameter of proppants does not have much effect on OPPR.
Smaller elastic modulus and diameter of proppants all cause
considerably lower PCF. Poisson’s ratio of rock and proppant does
not have much effect on both OPPR and PCF (Liu et al., 2020b).

Fig. 10. Permeability correction factor versus packing ratio for different
magnitudes of dimensionless effective stress (Liu et al., 2020a).

Fig. 11. Permeability correction factor versus packing ratio for various values of
proppant elastic modulus (Liu et al., 2020a).

5.2. Numerical simulation of micro-proppants
has been drilled in a strike-slip geologic environment. Therefore,
Marcellus well was the first formation examined numerically
by Montgomery et al. (2020) . It was assumed that the wellbore

in this type of stress regime, the overburden stress has been
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Fig. 12. Cumulative oil production (COP) versus time. (a) Comparison between base case and the other two cases with different fracture spacing, and (b) effects of
fractures number on well productivity (Dahl et al., 2015a).

effect, thus the larger size conventional proppants cannot enter
into the natural fractures. Stress shadowing is a phenomenon in
which the fractures in the subsurface are inclined to propagate
away from the direction of already fractured rock because of
changes in stress regime (Germanovich et al., 1997; Fisher et al.,
2004; Meyer and Bazan, 2011; Nagel et al., 2013).
Fig. 13 shows that the distribution of proppants in P-NFs is
much lower than that of HF. On the other hand, the outer P-NF
receives more proppants than the inner P-NF which is attributed
to their normal openings. Moreover, the inclination of the PNFs with the HF axis causes proppants to distribute asymmetrically in the wings of the P-NFs and the proppant concentration
distribution decreases in the P-NFs wings farther from the HF
axis. Therefore, the micro-proppants have potential to effectively
prop primary and secondary fractures in which larger size conventional proppants cannot be placed (Kumar and Ghassemi,
2019).
Montgomery et al. (2020) also numerically evaluated the potential benefits of micro-proppants in production improvement
in Wolfcamp, Utica, Woodford SCOOP, and Barnett Shale formations. They developed a new discrete fracture network model
describing the dynamic transportation of proppants. The microproppants used in the stimulation were very strong ceramic
micro-proppants with a high crush resistance of 60000 psi. The
results showed the positive effects of micro-proppants application on the post-frac production and on the reservoir drainage in
shale reservoirs. They reported that using micro-proppants causes
considerable production uplifts and flattened trend of production decline curve. Moreover, because of micro-proppants capability to enter farthest microfractures in the formation, higher
production from fractures can be achieved, resulting in larger
reservoir drainage. The results represent the priority of using
micro-proppants over the conventional proppants in these shale
formations.

considered a slightly lower than the maximum horizontal stress.
They argued that using micro-proppants in this type of well has
no effect because the pressure in the main hydraulic fracturing
is not enough to generate dilated natural fractures. Dahl et al.
(2015a) performed a reservoir simulation to show the effects
of micro-proppants on improving the conductivity of primary
and secondary micro-sized fractures created in tight formations,
thereby enhancing well productivity. The numerical modeling
was conducted on a retrograde condensate reservoir with and
without consideration of natural fractures.
The simulation results showed that increasing of both the
number of hydraulic fractures and fractures spacing, indicating
fracture complexity, result in more cumulative oil production.
Fig. 12a reveals that the presence of natural fractures improves
condensate recovery nearly twice compared to the base case
(without fractures). Fig. 12b also depicts that the highest cumulative oil production belongs to a reservoir having the greatest
number of fractures. Based on the obtained results, effective
stimulation and propping of primary and secondary fractures can
increase well productivity in complex reservoirs. Using microproppants is regarded as an opportunity to further enhance the
conductivity of fractures achieved, even in leakoff-induced microfractures. Therefore, transferring micro-proppants in places
where fracturing fluid travels inside the complex fractures is one
of the biggest concerns.
Inyang et al. (2019) conducted Kinetic Monte Carlo (KMC)
simulations to examine the effects of using micro-proppants with
different concentrations on the effective permeability of the fractures. They concluded that the fracture conductivity is improved
as a function of micro-proppants concentration. The high concentration of micro-proppants can prop the secondary microfractures
and keep them open under high stress and during flow testing.
Kumar and Ghassemi (2019) conducted numerical simulations
to examine the potential benefits of using micro-proppants in
a fracture system by comparing the results with those of conventional proppants. They used finite element method to model
the transport and placement of proppants in horizontal wells
with multiple hydraulic fracture propagations. The fluid slurry
used in the model consists of 400 mesh micro-proppants with
the density of 2.65 g/cm 3 . Fig. 13 shows the position of different fractures considered in the model. The results revealed that
the hydraulic fracture (HF) has greater openings in comparison
with the primary and secondary natural fractures; thereby higher
proppant distribution is expected in the HF part of the system.
Furthermore, the openings of inner primary natural fracture (PNF) are less than the outer ones because of stress shadowing

5.3. Laboratory studies on micro-proppants
Micro-proppants have attracted the attention of researchers
since the time they were initially studied in laboratory in 2013
(Nguyen et al., 2013). Nguyen et al. (2013) have proposed stimulation techniques by using ultra-fine particles in tight reservoirs. These attempts brought positive outcomes in the laboratory and showed that using micro-proppants would enhance
fractures conductivity considerably. Furthermore, these ultra-fine
proppants can be readily suspended in the carrier fluid and delivered to the created microfractures and keep them open, after pumping is ceased and the fractures tend to be closed and
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Fig. 13. Schematic of model used by Kumar and Ghassemi (2019).
Table 8
Particle size distribution (PSD) of fine proppants Dahl et al. (2015a).
Small-sized proppant

D10 (µm)

D50 (µm)

D90 (µm)

100-mesh sand
Ceramic MP-1
Ceramic MP-2
325-mesh silica flour

111
9.43
2.02
2.64

177
29.7
15.4
17.1

263
110
119
43.4

attached to core inlet, thereby an external cake at the inlet face
is formed.
A better understanding of this event was acquired by placing the core inlet face under the optical microscope. Fig. 14(a)
demonstrates the image of the proppants with a 5 mm radius
blocking the fracture entrance. Fig. 14(b) shows the magnified
image of the fracture area that is covered by the cake revealing
the aggregated proppants attached to the surface of the core
plug. This external cake blocks core inlets and causes a reduction
in permeability. The total energy potentials for particle–particle
and particle–coal systems confirm this observation (Figs. 6 and
7) implying that the strong attraction for both sizes of particles,
happens at high ionic strength I = 0.6 M.
As the ionic strength decreases to I = 0.1 M, mutual repulsion
of particle–particle and particle–coal takes place. At I = 0.05
M, the repulsion increases causing fines to detach and migrate
causing a decrease in permeability. Hence, for the second test
with core B-2, water with ionic strength of 0.1 M is used. The
injection of proppants with various sizes results in three-fold
increase in permeability of bituminous coal cores. This is justified
by the repulsion of particle–particle and particle–coal. Fig. 15(a)
corresponds to the separate cleats scale where particles do not
block cleat inlets. Particles cover only a very small portion of
inlet; however, the particles can flow in cleats freely. Fig. 15(b)
shows the magnified image of the fracture aperture where some
particles are placed deep in the core. With more magnification,
some propping on the scale of single particles can be observed
(Fig. 15c).
Madasu and Nguyen (2017) investigated the conductivity of
split shale cores with and without using micro-proppants. To
determine the initial conductivity, nitrogen gas has been used at
three various injection pressures as it began from the lower inlet
pressure.
In the other test, they examined the impact of micro-proppants
on the effective conductivity of the split core. To do this, the core
was broken apart and the micro-proppants slurry was applied
on the split face of the shale core. When treatment with microproppants slurry was done, it was observed that the conductivity
of treated split shale improved several times relative to the
conductivity of the initial split shale core.
The results of conductivity testing in two states of with and
without using micro-proppants is shown in Table 10 representing
the benefits of applying micro-proppants in stimulation treatments.
Kim et al. (2018) used the shale cores of Barnett, Bakken, Eagle
Ford formations to measure their stress dependent permeability

reach equilibrium. The distribution of these ultra-fine proppants
on the fracture surface leads to the improvement of fractures
conductivity.
Afterward, Dahl et al. (2015a,b) conducted a study on the
application of micro-proppants for improving well productivity
in Barrett shale. Table 8 shows the applied proppants and also
the micro-proppants made of ceramic materials with a mean
diameter of 29.7 and 15.4 µm. They also used a tackifying agent
called aqueous-based surface modification agent (ASMA). The
ASMA in Table 9 intended for coating of both fracture face and the
proppant so that the vertical proppant distribution would be enhanced. Using outcrop samples, experiments were carried out and
the outcomes indicated that micro-proppants have a considerable
effect on production and can enhance effective permeability of
microfractures up to ten times. They also carried out a field test
in the Barnett shale and the results showed that micro-proppants
could improve the gas and condensate production about 20 to
40% relative to the immediate offsets. Table 8 lists the particle size
distribution of proppants used in the laboratory test with considerably various distributions. Table 9 also shows the outcomes of
split shale core permeability tests in which the effect of different
kinds of proppants on the effective permeability of shale cores
are compared.
Keshavarz et al. (2014d) argued that injecting micro-proppants
with high salinity water will not increase permeability because
of particle aggregate and particle–rock attraction, creating internal and external cakes close to core inlet and not allowing
the particles penetrate deep into the rock. In contrast, water
with less salinity causes the particle–coal and particle–particle
repulsions, causing particles to penetrate deep into fractured
rock and increase the permeability. They also investigated the
impacts of proppant concentration, proppant size and also chemistry of fracturing fluid on the natural fracture permeability.
They concluded that micro-sized proppants with an optimum
concentration result in increasing permeability. However, microproppant injection with high salinity water cannot enhance the
permeability. The reason is that the particles are aggregated and
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Table 9
The effect of small-sized proppants and ASMA on the effective permeability of shale cores Dahl et al. (2015a).
Proppants

100-mesh Sand
100-mesh Sand
100-mesh Sand
Ceramic MP-1
Ceramic MP-2
Ceramic MP-2
325-mesh silica flour

With proppants only

With both proppants and ASMA

Ki (md)

Kf (md)

Type of treatment

Ki (md)

Kf (md)

NT
5
2
NT
NT
NT
NT

NT
25
17
NT
NT
NT
NT

2-stage
2-stage
1-stage
1-stage
1-stage
2-stage
1-stage

14
12
8.9
3.2
0.43
0.77
7.9

1708
304
1832
31.3
1.97
5.58
18.1

NT = not tested; Kf = Permeability of shale core with proppant; Ki = Permeability of shale core without proppant.

Fig. 14. Image of core B-1 inlet face after injecting proppant and plugging the rock: (a) core inlet face and (b) zoom (Keshavarz et al., 2015e).

Fig. 15. Image of core B-2 inlet face after injecting low ionic strength solution: (a) on the scale of fractured rock; (b) zoom on the scale of a single fracture; and (c)
proppants placed within the fracture on the scale of a fracture aperture (Keshavarz et al., 2015e).
Table 10
The impact of ultra-fine proppant and on effective conductivity of shale core Madasu and Nguyen (2017).
Type of proppant

Type of treatment

Initial conductivity without
micro-proppants (md-ft)

Conductivity with
micro-proppants (md-ft)

Ceramic micro-proppants

Micro-proppants slurry

0.18

3.69

in differential pressure, the fractures start to close and thus,
considerable reduction of permeability occurs. The permeability
of the sample was reduced by a factor of 6 while increasing the
pressure differential from 500 to 3600 psi (Kim et al., 2018).
The trend of permeability reduction of Barnett shale core before splitting is the same; however, the permeability magnitudes
of the intact core are much lower, varying from 100 nD to 1 µD.
At high pressure differentials, the Bakken split core permeability
enhanced by a factor of 8 and at low pressure differential, the permeability improved by a factor of 15. The permeability enhanced
when the core was divided; however, its permeability is very

while using micro-proppants in microfractures. The laboratory
results indicate that even a monolayer of micro-proppants can
significantly enhance the permeability of microfractures.
To evaluate the impact of micro-proppants on the permeability of shale cores, both their initial permeability and their
permeability after the stimulation should be known. Before splitting the core plug, the permeability values of the Bakken shale
core have been measured under different pressure loads. The
core permeability varies between 10–60 µD. The tested shale
core of Bakken is rich in fissures and microfractures; thereby it
has a highly stress-dependent permeability. With the increase
9012

M. Aslannezhad, A. Kalantariasl, Z. You et al.

Energy Reports 7 (2021) 8997–9022

sensitive to stress. The permeability improvement of Barnett core
plug was more significant than that of Bakken core plug because
the initial permeability of Barnett was much lower than Bakken
core permeability.
Furthermore, treating split core plugs by liquid CO2 can improve its permeability. Besides, treating split core plugs by liquid
CO2 plus micro-proppants slurry results in more improvement
other than the improvement obtained from mere using of CO2 .
To convert gaseous CO2 into liquid phase, an accumulator was
designed with a moving piston adjusting its pressure and temperature. CO2 liquefaction happens when the pressure achieves
about 1,500 psig in the accumulator. Then, the liquid CO2 in
the accumulator will apply hydrostatic pressure to the split core
part. Using CO2 , as a treating agent, shows great effectiveness
since it leads to an increase of 40–50% in split core permeability.
Based on the experimental results, micro-proppants can improve
the permeability of split core plug significantly. Despite the fact
that the uniform placement of micro-proppants in fractures is
difficult, it is definitely advantageous to use micro-proppants in
the stimulation treatments. In the presence of micro-proppants,
the permeability of cores treated with CO2 had an increase of 15–
30%. The same patterns have been seen for the split core plug
of Barnett shale confirming the previously discussed findings.
Micro-proppants could increase the permeability of Barnett core
plug by 60–80% (Kim et al., 2018). Microscale effects of CO2 ,
which may change the microstructure of the rock and dissolve
some soluble organic matters, were not part of their analysis and
require a detailed investigation. During CO2 injection, the mineral
dissolution and precipitation may change formation porosity and
permeability, and alter fluid flow patterns. For more details about
the side effects of CO2 injection on formation damage, refer to the
works in Yuan and Wood (2018), Izgec et al. (2005), Steel et al.
(2018), Jin et al. (2016) and Mohamed and Nasr-El-Din (2012).
Cortez-Montalvo et al. (2018) and Inyang et al. (2019) conducted an experimental study to examine the effects of microproppants on the microfractures conductivity of Eagle Ford, Marcellus,
Delaware Wolfcamp and Barnett cores obtained from outcrops.
They compared Eagle Ford cores treated by 0.001 lbm/ft 2 ultrafine particles (UFPs) to the unstimulated core plugs. Marcellus
and Delaware Wolfcamp micro-proppants treated cores achieved
two orders of magnitude greater conductivity in comparison with
untreated core plugs. Interestingly, unlike the unstimulated cores,
Barnett UFP-treated cores could sustain their conductivity under
closure stresses exceeding 4000 psi.
Liang et al. (2019) performed experiments and showed that
in stimulating tight carbonate reservoirs, using a mixture of
micro-proppants and the delayed acid generating materials in the
pad/pre-pad fluids can significantly enhance the permeability of
both natural or induced microfractures.
According to the obtained results from the laboratory studies,
it was believed that additional field case studies were required
to completely understand how micro-proppants work in various
rock types and in a wide range of reservoir conditions.

weight. This can be approximated as 8.2 lb micro-proppants in
each gallon of slurry (Montgomery et al., 2020).
Micro-proppant slurry is viscous and creates static gel strength.
Through a 3-inch valve, this can flow very easily out of an International Organization for Standardization (ISO) tank as it is rigged
up to centrifugal pump. This micro-proppant slurry is usually
transported to the location of the well with totes and ISO tankers.
If the slurry is mixed with the exact specifications, it can be
easily pumped by using centrifugal pump. The operator insulates
the ISO tank containers and based on the field experience, in
short run; it is possible to pump micro-proppants slurry even in
inclement weather of winter operations as it is combined with a
forced air heater (Montgomery et al., 2020). Most of the fracturing
fluids used in the Woodford Shale, Barnett Shale, Utica Shale,
Marcellus Shale and the Fayetteville Shale typically contain water,
surfactants, friction reducer, scale inhibitors, assorted biocides,
etc. Moreover, the fracturing fluids used in the Bakken Shale,
Bossier Shale, Haynesville Shale and some areas of the Eagle Ford
Shale usually contain assorted chemicals, gel or crosslinked gel.
For deeper reservoirs, more viscous fluids might be demanded in
the near borehole region because of tortuosity problems near the
boreholes (Montgomery, 2013; Harris and Heath, 1996; Kogsbøll
et al., 1993; Stegent et al., 2010; van Ketterij and de Pater, 1999;
Stadulis, 1995).

6. Instruction on micro-proppants in the field operations

7.1. Barnett Shale

The micron-sized particulates are transported to the well site
as a concentrated slurry and then used in the first pad stages of
stimulation operations (Calvin et al., 2017b). Micro-proppants as
slurry have been delivered to many wells in the United States.
Because of small sizes of micro-proppants, there was a general
concern of product loss and dusting. The composition of the slurry
differs based on toll blender; but in general, it is an aqueous
solution made from micro-proppants and a viscosifying agent.
The micro-proppant concentration target is about 65% of solution

The presence of well-developed natural fractures in the Barnett shale causes this unconventional reservoir to be drained
effectively and economically, although most of these natural fractures are sealed except for the largest ones (Gale et al., 2007).
A field pilot was conducted by Devon Energy Corporation on
eleven horizontal wet gas wells within the Grassland area located in northeastern Wise County, Texas. This was the first
set of wells documented in the literature and was completely
described by Dahl et al. (2015a,b). During the field trials, they

7. Field case studies of micro-proppants
The first field application of micro-proppants in the Barnett
shale was reported by Dahl et al. (2015a). They described the permeability improvement of microfractures using micro-proppants
over the first 210 days of production in eleven Barnett Shale
wells. Calvin et al. (2017a) extended this work and described
the effects of micro-proppants on well production in the liquidsrich South-Central Oklahoma Oil Province (SCOOP) Woodford.
Rassenfoss (2017) reported the potential benefits of using microproppants to improve well production regarding the research
outcomes of Calvin et al. (2017b). He argued that one of the many
benefits of micro-proppants is providing fairly good conductivity
in comparison with the flow capacity of the secondary unpropped
fractures, specifically if they tend to be closed. These articles have
attracted the attention of both practitioners in the oil and gas
industry and researchers (Kim et al., 2018; Kumar et al., 2019) and
Shrivastava and Sharma (2018) developing a series of laboratory
experiments and placement models of micro-proppants.
The aforementioned papers clearly present the advantages of
utilizing micro-proppants to extend the propped area of natural
and induced fracture networks. Kumar et al. (2019) investigated
the effect of micro-proppants on fracture conductivity and indicated that the smaller size proppants can be transported deeper
into the fractures causing more effective propped area. Fig. 16, for
instance, illustrate an additional 1486.5 m2 and 825 m2 fracture
area in the Eagle Ford and Utica formations, respectively, when
propped with micro-proppants in comparison with 100-mesh
sand (Kumar et al., 2019; Montgomery et al., 2020).
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Fig. 16. The effect of proppant size (i.e., micro-proppant, 80/140 mesh, 40/70 mesh and 20/40 mesh) on the propped fracture area in (a) Eagle Ford and (b) Utica
(Kumar et al., 2019).

length of both the offsets and the wells treated with microproppants varied from 3792 to 5252 ft and from 3922 to 6124
ft, respectively. Table 11 lists the data of a 25-month average
cumulative production for the eleven studied wells in the Barnett
Shale field normalized to a per foot basis, and then compares the
cumulative production of all the wells using a lateral length of
4000 ft.
The biggest challenges during shale gas production include
low recovery rates, 20%–30% compared to the estimated resource
(McGlade et al., 2013; Karra et al., 2015), and the fast reduction
of gas production within several months to years after the start
of production (Karra et al., 2015; Patzek et al., 2013; Bustin
and Bustin, 2012; Falk et al., 2015). The sharp decline in gas
production is likely the result of many factors, including a reduced pressure gradient as the reservoir is depleted over time
(Karra et al., 2015). Karra et al. (2015) used dfnWorks to generate
a typical production site and simulate production. Using this
physics-based model, they showed that the initial production
peak of shale gas is mainly controlled by the advective fracture
flow of free gas at very early times in the production process, particularly in the first year. Afterward, the production curve rapidly
declines and the hydrocarbon production mainly corresponds to
slower transport processes such as diffusion from matrix. The
production peak and the period of high production depend on the
intensity of natural fractures with accumulated free gas and the
connectivity between those fractures and production well. Presumably, increasing size and the frequency of hydraulic fractures
would develop the connectivity and cause higher production. For
example, the numerical simulation shows that a 10-fold change
in matrix diffusion can result in more than a 10-fold difference
in the production rate over the long-term. This would emphasize
on the need for using micro-proppants for opening more of the
smaller fractures for production where matrix diffusion becomes
extremely important for production.

stimulated four wells with micro-proppants and used the other
seven immediate offset wells as a benchmark. In these operations,
4200 lb micro-proppants was added to the fracturing fluid and
pumped during the pad stages with the concentration of 0.1
lb/gal. The results indicate that the wells in which 30 µm ceramic
proppant was introduced into the pad ahead of main hydraulic
fracturing operation performed better in terms of gas and condensate production over 395 days. The wells stimulated with
micro-proppants showed 36–55% increase in gas production and
23–47% increase in condensate production in comparison with
the wells that did not employ any micro-proppants. They also
used a resinous material called Aqueous-Based Surface Modification Agent (ASMA) to observe its effect on the productivity. ASMA
is utilized as a liquid additive and applied to fracture faces during
hydraulic fracturing operations. This surface modification agent,
which is not affected by reservoir conditions to be hardened
or cured, provides tacky sites between proppants and formation
surfaces, thereby mitigating the proppant settling (Nguyen et al.,
1998b,a; Vo et al., 2013; Weaver et al., 1999). In this particular
field, adding only ASMA into the pad fluid did not considerably
improved well conductivity, indicating that the main goal should
be delivering micro-proppants deep into the small fracture networks. In spite of its low efficiency in this field trial, the ASMA
application in the pad fluid caused considerable positive effect on
the well productivity in other field applications (Nguyen et al.,
1998b,a; Vo et al., 2013; Weaver et al., 1999) and Weaver and
Nguyen (2010).
Montgomery et al. (2020) identified the ID and API numbers of
these eleven Barnett Shale wells and gathered 25-month average
cumulative production data and converted them to barrel of oil
equivalent (BOE). Then, they normalized the production data in
order to compare the average cumulative production of wells
treated with micro-proppants (4 wells) along with the offsets (7
wells). They reported that compared to offset wells, the wells
treated with micro-proppants show better production performance with a continuous uplift improving over time. The results
are consistent with the expectation that larger propped fracture
area achieved by micro-proppants would increase well productivity. Although micro-proppants undoubtedly increase the cumulative production in this field, it is of high importance to notice
that there are also other factors affecting the well production and
should be considered. These include geology and geography, type
and amount of proppant, proppant concentration, the number of
stages, hydraulic fracture fluids type and volume, lateral length,
perforation clusters, etc. (Hu et al., 2014). The wellbore lateral

7.2. Woodford Shale (SCOOP)
The Woodford is a Devonian age siliceous unconventional
shale reservoir which has four major basins (i.e. Anadarko, Arkoma,
Ardmore, and Chautauqua) and located in Oklahoma (Grieser,
2011). This section presents the use of micro-proppants in the
Woodford SCOOP and also evaluates both their operational benefits and their effects on the well productivity.
The first study was conducted using seven wells treated with
micro-proppants along with twelve offset wells reported by Calvin
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Table 11
A 25-month average cumulative production (BOE) for the eleven studied wells in the Barnett Shale field normalized to a per foot
basis Montgomery et al. (2020).

Table 12
The types of treatment design in field trial Calvin et al. (2017a).
Treatment type

Proppant mass (lbm/ft)

Water volume (bbl/ft)

Type
Type
Type
Type

800
800
1100
800

40
45
45
40–45

I (baseline)
II (higher water)
III (higher proppant)
IV (micro-proppants)

et al. (2017a). They conducted these field trials in the SCOOP area
in the Woodford Shale of Grady County, Oklahoma to evaluate
the production advantages of pumping micro-proppants in the
pad stages of the stimulation operations. The fluid used in the
treatment was made of slickwater and linear gel. Trials were
carried out on three wellsites that respectively had six, four and
two wells. Each of the pads had one well where the microproppants were applied. Also in the three field trials, four types of
treatment designs existed that were especially devised for testing
the impact of proppants, micro-proppants and water volume
on production (Table 12). The treatment designs for wells are
summarized in Table 13.
They reported that by pumping a relatively small volume of
micro-proppants early in each stage, production was improved
about double-digit. Using micro-proppants also decreased treating pressure needed for pumping job.
In Sycamore and Woodford Shale, micro-proppants have demonstrated that they can be good conditioning agents and decrease
entry friction issues when pad stages in stimulation treatments
are conducted. It is also possible to use micro-proppants in
the Meramec formation achieving the same goal (Calvin et al.,
2017a,b,c; Jackson et al., 2018).
Montgomery et al. (2020) determined the API numbers of
all the wells studied by Calvin et al. (2017c) and then gathered their relevant production data. They converted the data
to cumulative BOE for all the wells and then normalized to
BOE/1000 ft of wellbore lateral length. Unlike the Barnett wells,
the comparisons illustrate that it took about 12 months before the
micropropped wells began to outperform the offset wells; however, after that the cumulative production (BOE) of micropropped
wells improves significantly compared to the offset wells. The
main reason of this behavior is that the operator has used microproppants to decrease the treating pressure. The borehole treating pressure was 11500 psi; however, it was reduced about 800
to 1100 psi by using micro-proppants. This helps the hydraulic
fracturing treatment to be performed at a higher pump rate,
thereby the fluid efficiency has improved and more rock has been
stimulated (Keshavarz et al., 2014b).
Montgomery et al. (2020) also conducted a study on three
micropropped wells and six offset wells in the Woodford (SCOOP)
field. They carefully selected the micropropped and offset wells
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to keep wellbore orientations, geometries and the geology as
consistent as possible. These wells were completed with 20 stages
pumped at 80 bpm. About 120000 lb of 100-mesh proppants
followed by 371000 lb of 40/70-mesh proppants were used with
a combination of guar (a polymer gel) and friction reducers to
prop the induced fractures. In the treated wells, 8200 lb microproppants with an average concentration of 0.45 ppg was introduced into the pad of each stage. The data of 9-month averaged cumulative oil production showed that the micro-proppants
treated wells have lower decline rates compared to the offset
wells.
7.3. Utica Shale (Ohio)
Montgomery et al. (2020) studied two micro-proppants treated
wells and one offset well in Utica Shale, Ohio. The lateral lengths
of each well together with the resulting values of the fracturing treatment are summarized in Table 14. Because of several
pressure issues in the first micropropped well, only 39 of the
44 planned stages were hydraulically fractured. Moreover, stage
7 was skipped for the second micropropped well, and of the 48
planned stages, only 47 stages were fractured.
The field trial in the Eastern Ohio illustrated that the cumulative oil and gas production for all the micro-proppant treated
wells increased 374 days compared to offset wells (Montgomery
et al., 2020).
7.4. Marcellus (West Virginia and Pennsylvania)
Montgomery et al. (2020) studied and evaluated the test data
of 14 wells on four pads in West Virginia and 16 wells on two
pads in Pennsylvania. In the West Virginia case, 7 of the 14
wells were stimulated with 7500 lb of micro-proppants utilized
in each stage. In the Pennsylvania study, 6 of the 16 wells were
stimulated with 7500 lb of micro-proppants utilized in each stage.
In each of these wells, about 50 to 60 stages were completed. To
evaluate the effects of micro-proppants, they gathered the data
of 14-month cumulative production in Pennsylvania and an 8month cumulative production in West Virginia for two pads. In
all cases and on all pads, the data show that the micro-proppants
treated wells outperform the offset wells. Because of the high
limitation of the micro-fracture networks in the Marcellus Shale,
it is hard to achieve any degree of network complexity in this
formation (Montgomery et al., 2020).
7.5. Permian/Delaware basin
Five tests were carried out in the Permian Wolfcamp, of which
three tests belong to the Delaware basin and two tests belong
to the Permian basin. The production time of four of these tests
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Table 13
Normalized proppant mass and water volume used to stimulate each well in Woodford Shale Calvin et al. (2017a).

Table 14
Wellbore lateral lengths and the fracturing results in Utica wells Montgomery et al. (2020).
Well type

Lateral length (ft)

Stages

Stage intervals (ft)

Clusters of each stage

Cluster intervals (ft)

Offset well
The first micropropped well
The second micropropped well

7845
5742
7341

45
44
48

180
150
150

5
5
5

36
30
30

has been limited and not provided definitive data; however, the
initial results are satisfactory. The 10-month cumulative production data of a 3-well test that is currently being conducted
in the Delaware basin were provided by
Montgomery et al.
(2020). The field results showed that compared to offset wells, the
wells treated with micro-proppant have provided a consistent,
additional, and positive uplift in well productivity and reduced
production declines.

two offshore stimulation treatments carried out in Romania. The
micro-proppants were used to prop microfractures and control
the leak-off for better proppant placement and higher stimulated
reservoir volume. The goals of using micro-proppants included
controlling leak-off to improve proppant placement, reducing
near borehole friction, and trying to reach the natural fractures
so that the best well production can be achieved. According to
the field production data, it was concluded that in case more
than 5% of proppant volume consists of micro-proppants, more
fracture conductivity and fluid production could be attained. The
use of micro-proppants in both onshore and offshore stimulation treatments of Romania indicated their advantageous impacts
on decreasing entry friction and consequently enhancing the
proppant placement (Patrascu et al., 2020).

7.6. Other field cases
An international operator reported on using 100-mesh proppants in order to hydraulically fracture Longmaxi shale in Sichuan,
China and the outcomes were promising (Ji et al., 2016). The same
operator described that with the use of 50/140-mesh proppants,
better outcomes can be achieved than the ones achieved by
40/70-mesh proppants in Wolfcamp formation of Permian Basin
and Fox Creek in Appalachia (Cheung et al., 2018). Another service
company documented the application of 149 µm-sized proppant
in the Haynesville and Eagle Ford shale formations. Based on the
results, the wells stimulated by purely 149 µm-sized proppant
showed much higher gas production rates in short and long run
compared to those stimulated by larger proppants (Li et al., 2018).
Calvin et al. (2017c) investigated the first micro-proppants application in Romania. Some new ceramic micro-proppants were
made to deal with issues regarding placement and production.
These micro-proppants can resolve the restrictions of fracture entry in perforations and the zone near the borehole leading to the
reduction of surface treating pressures. It would be also helpful
to resolve the problem related to the pressure dependent leak-off
(PDL), which is assumed to be the main factor in screenouts. They
used the new ceramic micro-proppants in tight oil formations
of Romania and reported that when high net pressures and PDL
are present, the reservoir is complex, so using micro-proppants is
necessary. In 2019, micro-proppants were used in an onshore and

8. Conclusions
During hydraulic fracturing treatment, the created secondary
or unpropped fractures tend to close soon after ceasing the injection of fracturing fluid. To solve this issue, proppants have
been combined with the carrier fluid to keep the new generated fractures open; thereby a narrow hydraulic flow path is
created (Wang et al., 2021; Isah et al., 2021). Although conventional proppants work well in some stimulation treatments,
they might be too large and have poor performance in reaching
and propping secondary and micro-sized fractures. To make these
ultra-fine fractures more productive and increase their contribution, smaller proppants called micro-proppants are required
(Dahl et al., 2015a; Kumar et al., 2019). This review has highlighted conceptual, mathematical, numerical, experimental and
field studies of micro-proppants and the major conclusions are
as follows.
1. Compared to conventional proppants, micro-proppants are
effective agents to successfully prop the micro-sized natural and induced fractures. Micro-proppants can readily
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bypass the restrictions around the borehole region or in
the perforations and reach the farthest fractures in the
formation, causing lowers screen-out problems.
2. Removing the entry restrictions results in decreasing pump
pressure, increasing injection rates leading to lower injection time; consequently, the time and costs of completion operations can be decreased. Since passing microproppants through the fractures reduces the entry restrictions, the situations get better for the following bigger sized
conventional proppants to enter these fractures, leading to
a uniform distribution of proppants in the complex fracture
system. Consequently, the increase in conductivity of the
propped primary and secondary fractures will improve the
overall well productivity.
3. The developed mathematical models illustrate that the
graded proppant injection technique can be beneficial in
unconventional reservoirs. This technique allows the placement of particles of various sizes in the fractures, thereby
improving the stimulated area and well productivity. This
is achieved by choosing the optimum proppant concentration and injection schedule.
4. The numerical simulations reveal that using a proper concentration of micro-proppants improve the effective microfracture conductivity in a linear manner. The numerical
simulations also help to identify which unconventional
reservoirs would benefit from the use of micro-proppants.
5. According to laboratory experiments, using micro-proppants
can significantly enhance well performance provided that
micro-proppant aggregate is avoided. This demands the
study of micro-proppant performance under various pH,
salinity and other reservoir fluid properties.
6. Field trials have demonstrated that using micro-proppants
in the pad fluids resulted in higher uplift in well productivity and less production declines. The second benefit of
micro-proppants is reducing excessive treating pressure
during hydraulic fracturing operations.

9. Nomenclature

Cf
D1
d
E
e
g
h*
h0
kinj
kpr
k0
L
l
n∞
Pinj

Fracture compressibility
Particle diameter
Particle diameter
Elasticity modulus
Electron charge
Acceleration due to gravity
Surface-to-surface separation length
Initial aperture of the fractures
Injection permeability
Production permeability
Initial reservoir permeability
Spacing between the cleats
Distance between two adjacent proppants’
centers
Bulk number density of ions
Injection pressure

Ppr
Production pressure
Pres
Reservoir pressure
q
Injection rate
rD
Dimensionless radial coordinate
rDs
Dimensionless particle size
re
Borehole drainage radius
rs
Proppant radius
rst
Stimulation zone
T
System absolute temperature
tin (rDs )
Injection time of proppant
VEDL
Born’s repulsion force
VLW
London–van der Waals force
Vtot
Total DLVO energy potential
vt
Particle settling velocity
z
Valence of a symmetrical electrolyte solution
Greek Letters
α
Scaled radius of the stimulation zone
β
Proppant aspect ratio
β∗
Optimal packing ratio
γ1
Reduced surface potentials for coals
γ2
Reduced surface potentials for proppants
εq
Dimensionless injection rate
εσ
Dimensionless stress
λ
Characteristic wavelength of the interaction
µ
Fluid viscosity
ν
Poisson’s ratio
ρf
Fluid density
ρp
Particle density
σn
Normal stress to the cleat
ϕ
Dummy integration variable
Abbreviations
ASMA
Aqueous-based surface modification agent
BOE
Barrel of oil equivalent
CFD
Computational fluid dynamics
DEM
Discrete element method
DLVO
Derjaguin–Landau–Verwey–Overbeek
EDL
Short-range attractive/repulsive electrical double
layer
FC
Fracture conductivity
HF
Hydraulic fracture
ISO
International organization for standardization
ISP
Intermediate-strength proppant
LW
Long-range London–van der Waals
LWP
lightweight proppant
MP
Micro-proppants
NPV
Net present value
OPPR
Optimal proppant packing ratio
PCF
Permeability correction factor
PDL
Pressure dependent leak-off
PEPD
Proppant embedment and proppant deformation
P-NF
Primary natural fracture
PSA
Propped surface area
RCS
Resin coated sand
SCOOP
South-Central Oklahoma Oil Province
SRV
Stimulated reservoir volume
UFP
Ultra-fine particle
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