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ABSTRACT

Unconventional reservoirs (NCR) have been responsible for an important revolution in the volume and profile of
gas production in the USA and are now arousing interest of other countries e.g. China, Canada, Argentina and
Australia. In most of the NCR, the development of production has been made possible through horizontal wells
with multiple transverse fractures. In order to optimize the well hydraulic fracturing design for exploration and
production’s development of shale gas/shale oil, is required to understand the key parameters that influence in
the complex fractures network. In terms of reservoir stimulation through horizontal wells, the practice by smaller
operators came before the theory, generating nice results and promoting theoretical development. The recent
join of big operators into the unconventional reservoirs environment raised about the huge volumes of fluids and
propping agents used in the complex fractures network, have generated some questions about shale gas/shale oil
well stimulation. This work presents the main parameters that have influence on the complex fractures network
built in shales, aiming to understand their effects in shale rock in order to avoid problems and optimize the
hydraulic fracturing design.
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INTRODUCTION

Shale gas/shale oil reservoirs have a significant amount of world
hydrocarbon reserves and therefore has a huge importance for the
global energetic matrix supply. The generation of petroleum occurs
in sedimentary basins such as lakes, oceans, rivers and marshes,
where sedimentary rocks with large amounts of ne grains, clay
and silt are deposited over millions of years and carrying a certain
volume of organic matter accumulated in the interior of their pores,
[1] Such rocks are called source rocks, [2] After the maturation of
the organic matter present in the source rock, a natural fracture
occurs in the same one, due to the conditions of high pressure and
temperature providing an ideal generation window and generating
the primary migration of the hydrocarbon for its later imprisonment
in a rock with high permo-porous properties, denominated rock
reservoir, [3] The next step of the conventional petroleum system
generating mechanism is to surround the reservoir by means of
traps and a sealant rock, i.e., with low permeability, e.g. evaporite
(salt) or shale itself, thereby preventing the hydrocarbon be drained
to other layers [3].

The shale gas/shale oil system is different from the conventional
reservoirs (CR) mentioned above, since shales are part of a group
known in the literature as non-conventional reservoirs (NCR),
because the primary migration has not yet occurred and also,
because the shales have low permo-porous properties. Thus, the
drilling operation is done directly on the source rock, so the shales
are classified as sourcereservoir rocks (SRR), [4] The ultra-low
permeability and various gas accumulation features render the
shale gas reservoirs difficult to be developed without hydraulic
fracturing treatment, except a few with highly developed natural
fracture networks [5] With the global commercial development
of unconventional hydrocarbon reservoirs with low porosity
and permeability, hydraulic fracturing has been one of common
practices and major methods for reservoir stimulation [6].

The research of natural fractures shows that there are not many
open NFs in shale reservoirs [7] because most of the pre-existing
natural fractures are sealed by cementing materials during the
diagenetic process. However, as the weak parts, these fractures can
be reactivated to increase the effectiveness of hydraulic fracturing
treatment.
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NFs provide the accumulation space for natural gas. Hydraulic
fracturing stimulates also NFs. Some NFs are opened and the
conductivity in these fractures is greatly increased. If injected
proppant reaches into the reactivated natural fractures, gas
production will be greatly enhanced [8]. By around 2012, more
than 55,000 wells have been drilled in shale gas reservoirs in the
USA and as many wells are drilled for the development of an area,
reducing the cost of well construction is an important aspect to
be considered in a project of exploration and development of the
production of shale gas/oil reservoirs, especially when the selling
price of the gas/oil falls [9].

Normally, routinized and optimized operations are adopted and
often improved, based on studies in specific areas. These studies
are usually done through partnerships between operators and
suppliers [10].

Shales proprieties

The structure of the shales is formed by clastic or detritic rocks. Its
formation is by transport by water or air. Such rocks are normally
composed of silica (e.g. quartz), combined with other common
minerals such as feldspar and clay minerals e.g. quartz, limestone
and feldspar, which have low particle size, making it difficult to
exploit unused shale gas/shale oil of stimulation techniques.
Another characteristic of shales is their high total organic content
TOC [11]. A shalegas reservoir primarily consists in three main
types of porous media: organic matter, inorganic matter and natural
fractures; where a fourth type called hydraulic/induced fractures
occurs during hydraulic stimulation. It must be mentioned that,
gas desorption and diffusion are the dominant physics in the
organic matter or kerogen, where the organic content is expressed

in terms of TOC [12]

The shale reservoir properties are critical factors determining
fracture network generation, e.g. mineral composition, rock
mechanical properties, horizontal stress difference and natural
fracture properties. Brittle mineral-rich shale is beneficial in
maximizing fracture complexity, whereas high clay mineral content
is harmful in stimulating the reservoir [13,14] listed four conditions
that made fracture complexity in the Barnett shale a desired and
possible outcome: extremely low matrix permeability, low Poisson’s
ratio, low horizontal stress difference, and orthogonal regional
tensile fractures. The importance of natural fractures in shale for
hydraulic fracturing treatments has been particularly studied by

Gale et al. [15].

The main challenge of petroleum engineering for the exploration
and production of shale gas/oil reserves is that their geomechanical
properties are very different from conventional reservoirs.

In general, the main characteristics of shales are:
¢ Large variations in mineralogy [16]

¢ High anisotropy and heterogeneity, due to the laminations
of the depositional process [9]

*  Porosity between 2% and 15% [17]
¢ Presence of high volume of organic matter [18]
¢ High degree of fragility [19]
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¢ DPresence of natural fractures [20]

¢ Permeability between nanodarcy and microdarcy [3]
Shales developments

The stimulation of a given formation by means of the hydraulic
fracturing technique consists in the pumping of a high pressure
fracturing fluid and controlled flow in a producing zone that
has low permo-porous properties, in order to exceed its limit
poroelastic and to generate artificial fractures which aim to increase
the productivity index of the well by increasing the conductivity
and permeability of the zone of interest [21]. In conventional
reservoirs, HF propagates in a two-wing shape, however, in shale
gas/shale oil reservoirs, [22,23] due to some geo-mechanical,
hydraulic and design parameters, the activation of natural fractures
through the HFs occurs, building a network complex fractures, as
shown in Figure 1.

Parameters that influence the construction of the complex
fractures network in shale gas/shale oil reservoirs

Rock parameters: In a hydraulic fracturing design in shale gas/
shale oil reservoirs, the mechanical properties and mineralogical
composition of the rocks are of great importance, since in order to
estimate fracture pressure it is necessary to know NFs orientation
and distribution,
modulus of elasticity and Poisson's ratio. Such parameters, related
to mineralogical composition, provide the rock fragility coefficient.

overburden gradient, horizontal stresses,

NFs orientation and distribution: According to previous
considerations, during the hydraulic fracturing process in shale
gas/shale oil reservoirs, NFs are activated in order to allow the gas
flow trapped in the shale pores to the well and to optimize the
stimulation operation [15,24] simulated the interaction between
HF and NF in shale rocks and realized the behaviors shown in
Figure 2a, Field tests have found that any HF in a naturally
fractured medium is influenced by the approach angles of the NFs
[25,26] and generates a network of complex fractures, as shown in
Figure 2b, Warpinski and Teufel [25], Guo et al. [26] found that
the amount and pattern of fracture orientation directly influenced
the shape of the complex fracture network. Figure 3 shows the
network for a vertical well with Rn=5 for cases Figures 3a and 3b,
and Rn=2 in case Figure 3c. For Figure 3a, NFs are parallel to in
situ HF direction, for Figure 3b and 3c, NFs are tilted 5° clockwise
from HF direction [27].

NF cementing strength: Many researchers, geologists and
petroleum engineers working in the Barnett shale believed
that cemented NFs enhanced the effectiveness of hydraulic
fracturing treatments because these characteristics could act as
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Figure 1: Presence of NFs and HFs in a shale rock and Types of HFs
constructed by hydraulic fracturing operation in conventional reservoirs
and shale gas/shale oil reservoirs [24].
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zones of weakness that serve to deflect the growing HFs [7]. In
order to understand how the cementing strength of NFs affects
the building of complex fractures network, [26] investigated the
fracture morphology for various NFs cementing strengths and was
defined three NF cohesive strength grades as strong, medium, and
weak according to various magnitudes of cohesive zone parameters
to represent NFs. Figure 4 shows fracture lengths and widths for
different cementing strengths when the approaching angle is 75°.

Direction of beddings: Beddings are flat sedimentary structures
generated by the deposition of overlapping lithological layers. In
rocks such as shale, which have different types of granulometry and
mineralogical composition, the answers of the fundamentals are
more evident [28].

Gomaa et al. [29] experimentally verified that the direction in
which the foundations are accommodated, directly influencing
the fracturing pressure and no pumping time, where parallel
foundations use rock fracture with lower pressures and shorter
pumping time.

Sun et al. [30] made tests with two kinds of shale samples:

e Test 1: Shale beddings were vertical to the minimum in situ
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stress direction and the HFs propagates along the beddings
plane.

e Test 2: Shale bedding is parallel to the minimum in situ
stress direction, and the HFs propagates along the bedding
plane.

In test 1, HFs were initiated at the eighth second and 9.87 MPa.
The instantaneous initiation pressure declines and then rebounds.
With the propagation of HFs, the injection pressure stabilizes at
6.5 - 7.0 MPa. At the thirty-second second, fractures penetrate the
entire sample, the injection pressure sharply declines, and liquid
outflows from exit end of the sample.

In Test 2, HFs were initiated at the tenth second and 14.8 MPa.
Since the size in the bedding direction is small, HFs propagate only
within a short time, under the pressure of 11 - 12 MPa. Figure 5a
shows the variation of injection pressure along with time. Figure
5b shows the HF area and opening degree in different bedding
directions. It is indicated that, given a constant displacement, as
the angle increases, the pressure required for HFs propagation
increases, the HFs propagation rate decreases. Within the same
time, the HFs area decreases, and the opening degree increases.
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Figure 2: (a) HENF different types of interaction (b) Numerical and experimental comparison studies about HE-NF interaction for different angles

of NFs [25,26).
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Figure 4: The fracture geometries for 75° approaching angle for various cohesive strengths: (a) HF. (b) NF.
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Figure 5: Influence of beddings in complex fractures network construction: (a) Correlation between beddings direction on pressure breakdown
of the shale rock and pumping time (b) Correlation between beddings angle in HFs area and opening degree [30].

Horizontal stress field: Ren et al. [16] experimentally found, by
means of a triaxial test in a naturally fractured environment that
HF propagates along the NF for low horizontal stresses difference
values and crosses natural fractures for high stress difference
values, generating changes in the behavior of the complex
fracture network. Li et al. [31] used the cohesive zone model and
verified that an increase in horizontal stress difference tends to
increase the probability of NFs crossing under lower values of the
approaching angle. However, the stress shadow resulting from
multifractures can change this phenomenon in multiple-cluster
hydraulic fracturing. The results show that HFs tend to cross the
NFs and form a less complex fracture network as the horizontal
stress difference increases, which agrees well with the findings of
Zou et al. [32]. The simulations showed too that in the isotropic
case of stress difference about 2 MPa, the HFs that initiate from
the two perforation clusters mainly open and propagate along
the NFs, resulting in a highly complex fracture network near the
horizontal wellbore. However, the geometry of HFs changes with
the propagation process owing to stress interference. When the
stress difference increases, the complexity of the fracture network
reduces, and fractures propagate in a straighter manner within the
same injection process [33].

The
propagating hydraulic fractures or the so-called stress shadowing
effect, especially its influence on fracture propagation path, has

stress shadowing effect: Interaction among multiple
been previously studied for fractures initiated and growing in

J Pet Environ Biotechnol, Vol. 11 Iss. 1 No: 399

approximately the same formation layers [34]. The stress shadowing
effect can influence the height growth for fractures propagating in
the same layer or in the different layers in depth. Roussel et al.
[35] used a poroelastic model of non-orthogonal 3-D fractures to
perform numerical simulation on the effects of fracturing sequence
in this stress field reorientation in Barnett shale and proposed
two sequence-based fracture methods of HFs construction: The
consecutive fracture method and the alternate fracture method.
Alternate fracturing has been proposed in some USA shale gas
reservoirs to reduce fracture spacing and increase the complexity
of the fracture network [36,37] This technique consists of placing
the 2nd fracture where the 3rd fracture site would be. Roussel and
Sharma [36], Weng [38] found that the presence of an NF close
to the HF or interactions between HFs close to each other altered
the stress field in the domain considered and thus influences the
geometry of the HF and the way it spreads. This effect is called
stress shadowing effect and can change the trajectory of the entire
complex fracture network, reaching unwanted layers during the
hydraulic fracturing operation. For a shale gas/shale oil reservoir
stimulation operation to be successful, two design parameters are
extremely important:

e Multifracture operational sequence [36).

e Fracture spacing, as it has a direct correlation with the

behavior of the HF being generated (Figure 6) [39,40].
Roussel and Sharma [36], Fisher et al. [39] and Mayerhofer et al.

4
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[40] realized that the fractures spacing influences in reorientation
of the stress field of the shale rock. This way, the fracturing design
must considerate this parameter in order to optimize the complex
network extension and SRV. Figure 7a show the in situ stress state
perturbation due to the presence of an HF and the in situ stress
reorientation angles, respectively, in the Barnett shale [36]. Figure
7b shows the influence of secondary fracture length in relationship
to the HF spacing with the angle of deviation of the orthogonal
path to the axial axis.

Internal friction angle of NFs: By setting the internal friction
angle of natural fractures as 10°, 20", 30" and 40", and the hydraulic
injection time at 20 minutes, the fracture geometries are simulated.
Figure 8a indicates that smaller internal friction angle can lead to
more complicated fracture patterns, higher fracture propagation
pressure as well as more shear fractures. Figure 8b illustrates that
the smaller the internal friction angle, the larger the SRA of natural
fractures can be achieved, manifesting that the internal friction
angle is a key factor in influencing the SRV. When the half fracture
length is the larger, the fracture width is the smaller. It indicates
that there is a great relationship between the number of shear
fractures and internal friction angles of the natural fractures.

Young’s modulus: Simulation results at the injection time of 50
minutes with Young’s modulus of 20, 30, 40, and 50 GPa, are
shown in Figures 9a and 9b. These figures show that, the higher
the Young modulus, the more complicated the fracture networks
around the wellbore, and the more shear failure of natural fractures
attained. Figures 10a and 10b present that, the larger the Young’s

OPEN aACCESS Freely available online

modulus, the more obvious the shear failure of NF and the less
dominant role the HF plays. When Young’s modulus is relatively
small, fracture width decreases a little while fracture length slowly
increases. When the Young’s modulus surpasses 30 GPa, the shear
failure of natural fractures dominates, accompanied by a decrease
in hydraulic fracture length and an increase in fracture width.

Poisson’s ratio: Simulation results at the injection time of 20
minutes with different Poisson’s ratio of 0.1, 0.15, 0.2, and 0.25,
are shown in Figures 11a and 11b. High Poisson’s ratio inhibits the
growth of shear fractures, in that fewer shear fractures are achieved
as the Poisson’s ratio goes higher. This conforms to the brittleness
index equation of Poisson’s ratio, which implies easier shear failure
with smaller Poisson’s ratio. With increasing Poisson’s ratio, the
HF length increases, meanwhile the HF width decreases. High
Poisson’s ratio is in favour of long and narrow fractures, such that
the hydraulic fracture propagation plays a dominant role [41].

Combined Young’s
modulus and Poisson’s coefficient: Shale brittleness is directly

effects of mineralogical composition,
correlated with its mineralogy, modulus of elasticity and Poisson's
ratio. As the concentration of feldspar, quartz and calcite
containing silicon or calcium increases, the clay concentration
decreases and the fragility of the rock decreases, i.e., it reduces its
ability to undergo deformation under tensile stress [42,43]. As the
brittleness of the rock increases, natural fracture formation occurs
due to compression forces of the upper layers, easily generating
a network of complex fractures through the hydraulic fracturing
operation using low fracturing fluids, dynamic viscosity, e.g.

Figure 6: Geomechanical behavior of HFs in a shale rock without NFs as a function of the spacing of 10m, 20m and 40m, respectively, we
can notice that the HFs less spaced present more bend behavior than the more spaced [39,40].

Figure 7: (a) Disturbance of stress state in situ due to the presence of an HF. (b) Angles of reorientation of stresses in situ, Correlation between
transversal secondary fracture length to HF length and spacing with the angle of deviation [36].

J Pet Environ Biotechnol, Vol. 11 Iss. 1 No: 399
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phenomena.

slickwater fracturing. The volume of clay in the rock matrix averages
over 30% of the sample and this amount limits the volume of gas
within the shale pores, making the rock more ductile. Thus, the HF
extends mainly into a simple fracture plane like the conventional
two-wing model rather than a fracture network [44].

Zou et al. [45] found that for the economically viable exploration
of shale gas/shale oil and construction of the complex fracture
network, the concentration of minerals in the rock must be
between 46% and 60%. To characterize shale fragility it is necessary
to combine the modulus of elasticity and the Poisson's ratio, as
shown in Figures 12a and 12b shows the effect of rock brittleness

J Pet Environ Biotechnol, Vol. 11 Iss. 1 No: 399

index on HF pattern and it is possible to notice that, as greater
as the brittleness index, as more complex the HFs pattern. Thus,
the smaller the value of the Poisson modulus and the modulus of
elasticity, the greater the degree of fragility of the rock [19].

Fracturability: In addition to the parameters mentioned above, for
a shale hydraulic fracturing operation to be successful, the rock
must have a large fracturability property, i.e., the shale's capability
to propagate the dominant fracture with several secondary fractures
connected to it, so as to obtain the largest possible stimulated
reservoir volume value, Chong et al. [46] High fracturability
is associated with friable shale regions, with high modulus of
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pattern.

elasticity and low Poisson's ratio. Under these conditions a large
and stable fracture network is created [47,48]. Two parameters are
associated with fracturability: the SRV and the fracture complexity
index (FCI), where the SRV is defined as the product between the
shale's productive thickness and the stimulated area, estimated
by micro seismic mapping [49] The fracture complexity index is
defined as the ratio between the width and the length of the point
cloud obtained in micro seismic mapping [50]. Thus, we can notice
that planar fractures have a low FCI value and networked fractures
have a high FCI value. Figures 13a and 13b show fracturability and
FCI influences on complex fractures network and total width of
the network, respectively.

Fluids and design parameters

Net pressure: The net pressure, i.e., the difference between the
fracturing fluid injection pressure and the horizontal rock stress
difference, has a direct correlation with the construction of the
complex fracture network, since the higher the net pressure, the
greater the extension of the fracture network. Olson and Dahi-
Taleghani [27] showed that net pressure directly influences the
construction of the complex fracture network. Normally, the
analysis of the influence of liquid pressure on the interaction
between HFs and NFs is performed using the net pressure
coefficient Rn. Thus, for high Rn values, it is easier to build the
fracture network. Figures 14a and 14b show the behavior of the
fracture network for Rn = 5 and n=1 and n=5, while Figures 15a
and 15b show the behavior of the fracture network for Rn = 1 and
n=1 and n=>5, respectively [27].
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Presence of NFs influence in the net pressure and affect the shape
of HFs built. Figure 16a shows the net pressure behavior in two
cases: in the presence of NF (blue chart) and no NF case (red chart).
We can realize that in presence of NF, net pressure decays faster for
a fixed position x. Figure 16b shows the different behaviors of the
left and right wings for these two cases mentioned. We can notice
that, until 1.5 minute, two wings have the same size, but for times
above 1.5 minute, the left wing grows up faster than right one.
This behavior is not desirable in a hydraulic fracturing operation,
because decreases the SRV.

Dynamic viscosity of fracturing fluid: The dynamic viscosity of
the fracturing fluid in shales has a direct influence on the fracture
network construction, as the fluid viscosity increases; the fracture
network extension is significantly reduced [24]. Experimentally, it
has been found that a high viscosity fracturing fluid contributes to
the generation of the planar fracture pattern and a low viscosity
fluid such as slick water fracturing generates the complex fracture
network pattern. Thus, compared to conventional hydraulic
fracturing, slick water fracturing achieves higher SRV (Figures 17a

and 17b) [49].

Pumping flow: Gomaa et al. [29] investigated the influence of
the fracturing fluid pumping flow during the hydraulic fracturing
operation using slick water in shales and realized (Figure 18a), that
the increased flow provided a reduction in the fracturing pressure
of the fracturing fluid sample. Figure 18b shows the influence of
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pumping flow rate on complex network extension [50]. Therefore,

besides the influence of the fracturing fluid viscosity on the

geometric shape and extension of HFs, the injection rate has a key

J Pet Environ Biotechnol, Vol. 11 Iss. 1 No: 399

role for complex fractures network construction. By increasing the

injection rate, the fluid injection pressure increases, and the rock

breaks up to lower pressure than if lower flow rate was pumped [51].
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DISCUSSION AND CONCLUSION

This work has shown the influence of rock, fluids and design
parameters on complex fractures network construction through
multi-fracturing techniques and aimed to bring the background
acquired on exploration and production development of USA
shales in order optimize future hydraulic fracturing operations
due the understanding about how these parameters. As petroleum
engineering team just can act in fluids and design parameters, they
must look for regions of the rock that have properties that contribute
to construction of the complex fracture network. Regarding

] Pet Environ Biotechnol, Vol. 11 Iss. 1 No: 399

fluid and design parameters, we can look for configurations that
optimize. In this study, we could realize that:

Number of NFs and their orientation can contribute
significantly to increase and complexity of fractures
network due activation during fracture fluid pumping stage.
Through micro-seismic mapping is possible to predict the
region of shales rock that has desirable NFs orientation and
larger fractures density, i.e., number of NFs per area and
so, drill well in this area to reach a large number of NFs
and improve complex fracture network conductivity by its
activation.



Fernando BF, et al.

Cementing strength influences on complex fractures
network so that, when NFs strength decreases, the HFs
length and width also decrease and when cohesive strength
decrease, NFs length and width increase due pumping
flow keep constant. Thus, for optimization of a hydraulic
fracturing design, the engineer’s team must look for the
region with a more cemented degree to increase the complex

network area.

Beddings orientation influences on shale’s breakdown
pressure, opening degree and HFs area. We could conclude
that parallel beddings require lower injection pressure to
initiate rock fracture. As the beddings orientation angle
increases from 0° to 90°, HFs opening degree increases and
HFs area decreases when angle increases.

Horizontal stress field, fracturing sequence and stress
shadow effect have a key importance on multifracturing
design and can increase or decrease network conductivity
depending how close HFs are built each other. This study
showed that as stress difference decreases, the complexity
and the total length of fractures network increase and
consequently more NFs are activated, providing larger
SRV. We observed that when HFs are built closer each
other, the middle HFs have more curved geometry and
smaller lengths. This setting provides smaller conductivity
of the fractures network and SRV. Fracturing sequence has
a significant role in conductivity of HFs.

Combined Effects of Mineralogical Composition, Young’s
Modulus and Poisson’s Coefficient have influence in shales
brittles. This propriety is correlated to complex network
construction through a brittles index, Figure 2b shows
that as this index increases the fracture network tends to a
complex morphology and contributes to high value of FCI
and fracturability.

After in situ stresses are predicted by leak-off test, net
pressure can be controlled by pumping injection pressure
during hydraulic fracturing operation and thereby, try to
reach a favorable net pressure coefficient so that complex
fractures network can be performed.

Low dynamic viscosity contributes to complex fractures
network construction, but has low proppant transport
propriety, thereby, depending of the hydraulic fracturing
stage, viscosity of fluid must be changed.

High pumping flow provides shales breakdown at lower
injection pressure and change of orientation of HFs to

complex fractures network construction.

Due the rock parameters mentioned previously, prediction
of the reservoir properties by geophysical team is
fundamental for sizing of number of stages and spacing
between HF for an optimized hydraulic fracturing design
as well as selection of fracturing fluid, propping agent,
software and multifracturing technique. Selection of the
fracturing fluid is important to build the fractures network
and reduce leak-off effect, while propping agent section
aims mechanical strength to proper the whole network.

J Pet Environ Biotechnol, Vol. 11 Iss. 1 No: 399
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For optimum complex fractures network construction, best
completion design must be able to build the largest possible
fracture network with the highest possible fracture density
to reach maximum fracture surface area and recovery.
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