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Abstract
Hydraulic fracturing is widely accepted technology to unlock unconventional reservoirs and produce the hydrocarbon 
fluids at feasible rates, but reaching these rates requires an optimal designing of the hydraulic fracturing treatment. This 
study presents an approach to design an appropriate hydraulic fracture with proper material selection and optimized 
fracture half-lengths. In this approach, initially, a hydraulic fracture model is selected for fracture design while consider-
ing formation stresses and fracture propagation. After that, the proppants and fracturing fluids are selected based on 
in-situ stresses, hydraulic fracture permeability and conductivity, the sensitivity of formation with water, pressure and 
temperature conditions of the reservoir. After the selection of the above materials, five hydraulic fractures with fracture 
half-lengths of 318 ft, 415 ft, 539 ft, 618 ft, and 724 ft are selected based on the amounts of proppants pumped, and their 
production responses are plotted. After comparing the selected fractures, the optimal fracture treatment is achieved at 
fracture half-length of 618 ft due to its high fluid recovery, along with the low amount of proppant pumped (127 klbs), 
which ultimately increases revenue and puts less burden on the economics of the project. The approach used in this study 
will, therefore, help design future hydraulic fracture treatment with an optimized hydraulic fracture, resulting in high 
hydrocarbon production rates, and reduce the overall cost by selecting the compatible fracturing fluids and adequate 
amounts of proppants.

Keywords Hydraulic fracture design · Proppants · Fracturing fluids · Unconventional reservoirs · Tight gas productivity · 
Hydraulic fracturing · Multi-layered formations

List of symbols
md  Milli darcy
MMSCF  Million standard cubic feet
MMSCFD  Million standard cubic feet per day
cp  Centi poise
Fcd  Dimensionless fracture conductivity
kf  Fracture permeability
w  Fracture width
k  Formation permeability

Lf  Fracture length (conductive and of single 
wing)

FOI  Fold of increase
PI  Productivity index
Gal  Gallons
Ppg  Pounds per gallon
Bpm  Barrels per minute
Klbs  Kilo pounds
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1 Introduction

Hydraulic fracturing is a major well-stimulation technol-
ogy widely used to recover unconventional reservoirs 
[4]. One of the major types of those reservoirs is tight gas 
reservoirs. Tight gas reservoirs contain natural gas sealed 
in extremely impermeable tight formation [1]. They have 
a matrix permeability of less than 0.1 md (1 × 10–16  m2) 
and a matrix porosity of about 10 percent [2]. Moreover, 
they are characterized by low porosity and permeabil-
ity, low productivity, and a small drainage radius. Con-
sequently, a hydraulic fracturing treatment is always 
required to produce such reservoirs at economically 
feasible rates [4].

Hydraulic fracturing operation involves the creation 
of fractures into the formation through a fracturing fluid 
or frac fluid. This fluid is injected, at a specified pressure 
and flow rate, to create and extend the fracture deep 
into the formation. During hydraulic fracturing opera-
tion, a "pad fluid" is generally injected first to initiate 
the fracture. Later, a fracturing fluid containing prop-
pants is injected at an adequate flow rate and pressure 
to extend the created fracture deep into the formation. 
The purpose of using these proppants is to create a 
proppant-filled (propped) region from the fracture tip 
to the wellbore. This region keeps the fracture open 
and allows a high permeable path for the hydrocarbon 
fluids to flow from the reservoir to the wellbore [1]. As 
a result, the hydrocarbon gas produces at higher rates 
as compared to rates obtained earlier before hydraulic 
fracturing operation.

Since hydraulic fracturing is required in tight gas 
reservoirs, to produce at economical rates, therefore, 
an optimized hydraulic fracturing treatment is always 
needed. This optimized treatment depends upon many 
factors. It includes the selection of appropriate materi-
als for the effective creation of hydraulic fractures, pre-
diction of various hydraulic fracture lengths for high 
productivity from the formation and conductivities of 
hydraulic fractures [3].

In this study, an approach has been established to 
design hydraulic fracturing treatment in a tight gas res-
ervoir. This approach will be helpful in designing future 
hydraulic fracture treatment with an optimized hydrau-
lic fracture, resulting in high hydrocarbon production 
rates, and reducing the overall cost by selecting the 
compatible fracturing fluids and adequate amounts of 
proppants. This approach uses the following steps: (1) 
Selecting a hydraulic fracture model based on formation 
stresses, fracture propagation, and confining mecha-
nisms. (2) Selecting an appropriate proppant based 
on in-situ stresses and high proppant permeability. (3) 

Selection of fracturing fluids based on the sensitivity of 
water with formation, the viscosity of the fracturing fluid, 
pressure and temperature condition of the reservoir. (4) 
Simulating hydraulic fracture half-lengths based on the 
selected materials. (5) Comparing those fracture half-
lengths to determine an optimum fracture half-length 
and hence an optimum hydraulic fracture treatment. The 
workflow of this approach is shown in Fig. 1.

In this study, the reservoir considered for hydraulic 
fracturing treatment is a sandstone reservoir drilled with 
a vertical well. The total depth TD of the well is 11,355.4 
ft. The formation consists of a shale-sand-shale sequence. 
The payzone is sandstone with an average permeability of 
0.154 mD, a pressure of about 4847 psi and a temperature 
of 335 °F. Moreover, the reservoir consists of a gas with 
appreciable amount of water. Further, the well without 
fracture was initially flowing at 0.92 MMSCFD [5].

2  Selection of model

The hydraulic model selection is a critical phase while 
designing any hydraulic fracturing treatment. It has been 
found through the monitoring of actual field treatments 
that fracture grows in a complicated manner because of 
layering, heterogeneity, and natural fractures in the forma-
tion [6]. Therefore, selecting a fracturing model is highly 
dependant upon the formation characteristics.

The hydraulic fracture models are categorized into two-
dimensional models, pseudo-three-dimensional (P3D) 
models and three-dimensional models (see Fig. 2) [6–8]. In 
two-dimensional models, 2D analytical equations are used 
in which the height of the fracture is assumed [9]. The Per-
kins-Kern-Nordgren (PKN) and Khristianovic–Geertsma–de 
Klerk (KGD) are the two most common models used for 2D 
fracture treatment design with former is used when the 
fracture half-length is sufficiently large enough than frac-
ture width whereas the later is used with higher fracture 

Sensitivity of hydraulic fractures 

based on production responses

Data Acquision

Selection of hydraulic fracture 

model

Selection of proppants

Selection of fracturing fluid

Results 

Satisfactory?

Selection of optimum hydraulic 

fracture design and generation of 

treatment schedule
Selection of treatment size and 

fracture half-lengths

Yes

No

Fig. 1  Hydraulic fracture design approach
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heights than fracture lengths [10]. These models, however, 
cannot be applied for layered reservoirs and are not able 
to simulate both lateral and vertical propagation [7].

The pseudo-three-dimensional models counter the 
above disadvantages of analytical models and are first 
introduced for modeling fractures in multi-layered reser-
voirs [7]. These models are characterized into lumped (or 
elliptical) and cell-based models. In lumped models, there 
are two half-ellipses in the fracture shape that are con-
nected at the center. In these models, the fracture shape 
assumed is matched with the calculated horizontal length 
and vertical tip extensions. This model assumes that the 
fluid flow is along the predetermined streamlines from 
perforated interval to the edges of the fracture. In cell-
based models, the shape of the fracture is not defined. 
The fracture is discretized in small PKN-like cells with dif-
ferent heights and fluid flow is generally approximated. 
The pressure in the cell helps to calculate the height at any 
cross-section [6–8].

In three-dimensional models, the propagation of frac-
ture is in all dimensions with non-ideal geometry and 
growth regime. They are either planar 3D models or fully 
3D models. Such models require high computational 
requirements but predict accurate fracture design [7, 8].

The growth of hydraulic fractures varies depending on 
the formation being stimulated. In a tight formation, it 
has been found through various micro-seismic hydraulic 
fracture mappings that the hydraulic fractures are more 
confined than they should be through the conventional 
confining mechanisms such as stress barriers and perme-
ability facies [11]. This phenomenon is known as compos-
ite layering effect (CLE). This phenomenon explains why it 
is easier for a fracture to propagate along layer bounda-
ries (hydraulic fracture length) than to grow across layer 
interfaces (hydraulic fracture height) [12]. Figure 3 shows 
composite layering effect.

Since the reservoir considered in this study is a tight 
sandstone reservoir with a shale-sand-shale layer 
sequence, therefore, the confinement of fracture in the 
formation is expected. Therefore, considering the insitu 

response of the formation and sensitivity of hydraulic 
fracture to confining stresses, the 3D shear-decoupled 
model, provided by the commercial simulator, has been 
used in this study for designing hydraulic fracturing treat-
ment. This model predicts a more confined and longer 
hydraulic fracture caused by composite layering. Moreo-
ver, this model widely describes CLE in tight gas sands as 
the tight gas sands are supposed to exhibit this behavior. 
Such confinement and variable fracture growth cannot 
be accurately determined through 2D analytical models 
as they either may under-estimate or over-estimate the 
fracture geometry values in the formation.

3  Selection of proppant

The proper selection of proppant is necessary for any opti-
mized hydraulic fracture as they keep it open and allow 
conducive flow through it. The primary consideration 
for selecting any proppant must be given to its behavior 
under stress conditions, along with its permeability and 
conductivity [9]. Higher proppant permeability and con-
ductivity results in higher production from the reservoir. 
Economides and Nolte [13] developed a chart for under-
standing the effect of stress on proppant permeability 
as shown in Fig. 4. Another critical factor that needs con-
sideration is the proppant Beta factor. It is also termed as 

Fig. 2  Different hydraulic fracture models: a PKN Geometry, b KGD Geometry, c P3D lumped model, d P3D cell-based model [6]

Fig. 3  Composite layer effect [12]
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non-Darcy flow coefficient or inertial flow coefficient. The 
beta factor deals with the non-Darcy pressure drop effects 
in the fracture. A significantly lower value of the beta fac-
tor reduces non-Darcy pressure drops in the fracture [16]. 
This leads to improved conductivity resulting in increased 
flow rate and high recovery of hydrocarbons.

As the closure stress plays its part in the selection of 
proppant and the closure stress of considered sandstone 
rock is 6871 psi, therefore, based on the Economides and 
Nolte chart, resin-coated proppants are selected for the 
study. These proppants are available at different mesh 
sizes. Hence, the selection of mesh size is very critical for 
easy admittance of proppants into the pores. The per-
foration diameter of the well in the current scenario is 
0.32 inches, so the proppant size must be 8 to 10 times 
smaller than the perforation diameter for easy admittance. 
Therefore, the proppants with 20/40 mesh sizes have been 
shortlisted.

In order to determine the optimal 20/40 proppants, sen-
sitivity has been carried in the simulator on the following 
proppants for proppant permeability, proppant conductiv-
ity, and proppant beta factor. The values of these proper-
ties are determined on the effective stress on proppant. 
The effective stress is simulated to be 3371 psi.

• Atlas PRC Premium 20/40.
• MagnaProp 20/40.
• CarboProp 20/40.

• Ceramax I 20/40.

Out of these four proppants, CarboProp 20/40 has 
been selected for fracturing treatment as an optimal 
proppant because of higher permeability, higher con-
ductivity and lower Beta-factor under stress. Figures 5, 
6, 7 shows the permeability, conductivity and Beta factor 
for each shortlisted proppant under stress of sandstone 
formation.

Fig. 4  Effect of fracture closure stress on proppant pack permeabil-
ity [13]

Fig. 5  Proppant permeability under effective stress

Fig. 6  Proppant conductivity under effective stress
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4  Fracturing fluid selection

Fluid selection is an important part in designing a 
hydraulic fracture. In this study, the fracturing fluid 
selection is based on compatibility with the reservoir 
formation and viscosity of the fluid. Economides et al. 
[14] fluid selection chart largely helps in selection of 
optimum fracturing fluid for fracturing treatment. The 
fluid selection chart based on Economides et al. study, 
in a gas well is shown in Fig. 8. For viscosity of the fluid, 
the criteria used in this study is to obtain atleast 200 

cp apparent viscosity at 40 1/s after 1 h of exposure to 
reservoir temperature [12].

Considering the above criteria, as the reservoir is a high-
pressure gas reservoir with temperature around 335˚F, the 
water-based zirconate-crosslinked CMHPG (Carboxyme-
thyl hydroxypropyl guar) fluid is selected as optimum for 
the study. Following two CMHPG-Zircon fluids are avail-
able in the industry for high temperature environment.

• YF800HT
• PrimeFRAC.
Both the fluids fall under the viscosity criteria described 

earlier. Hence, any of these fluids can be used for optimum 
design. A 2% addition of KCl in this water-based fluid can 
prevent clay swelling. In this study, PrimeFRAC has been 
used for fracturing treatment.

5  Selection of treatment size

For the selection of a particular treatment size, the dimen-
sionless fracture conductivity is critical. According to a 
correlation given by Cinco-Ley and Samaniego [15], the 
increase in dimensionless fracture conductivity (FcD) 
upto 15 results in the increase in effective wellbore radius 
however after 15 there will be no increase in the effective 
wellbore radius and hence no effect on the performance of 
well [15]. This correlation is shown in Fig. 9. Therefore, for 
designing hydraulic fracture in this study, the FcD goal in 
the simulator is set between 10 and 15 so that the hydrau-
lic fracture design is simulated within this range of FcD. 
Moreover, the maximum amount of production can be 
obtained through the designed hydraulic fracture.

Fig. 7  Proppant Beta factor under stress

Fig. 8  Fluid selection chart [14]
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Apart from FcD, it has also been found that the fracture 
lengths greatly benefit the production in a low permeable 
reservoir [8]. Hence, while setting dimensionless conduc-
tivity values prior attention must also be given to frac-
ture lengths. A simulated relationship between fracture 
half-length and fracture conductivity is shown in Fig. 10. 
The relationship is found to be linear and shows that high 
fracture conductivities can be obtained with high frac-
ture half-lengths. Another relationship between fracture 
half-length and productivity index ratio is also plotted in 
Fig. 10. It shows a linear increase in productive index while 

increasing the fracture half-length. This quantifies that 
high production can be achieved with high productivity 
index. Another important relationship between fracture 
half-length and treatment size (total proppant pumped) 
is also plotted in Fig. 11 which can greatly help in select-
ing an optimum fracture half-length in a given treatment.

The figure shows that with the increase in treatment 
size, the fracture half-length is increasing. From 0 to 800 ft, 
it can be seen that the fracture half-length has increased 
considerably with a slight increase in the treatment size. 
However, after 800 ft, a large increase in treatment size 

Fig. 9  Correlation between 
dimensionless fracture 
conductivity and effective 
wellbore radius [15]

Fig. 10  Average fracture conductivity and productivity index 
ratio versus Fracture half-length Fig. 11  Treatment size versus Fracture Half-length
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results in a slight increase in fracture half-lengths. As 
higher the treatment size, the higher the cost will be for 
the fracturing design. Hence, the optimum fracture design 
can be achieved with the fracture half-lengths of less than 
800 ft.

6  Results and discussion

Based on the above considerations, five simulated frac-
tures are obtained having different fracture half-lengths 
and other treatment parameters. The simulated fractures 
alongwith its different properties are shown in Table 1.

These simulation results show that larger fracture half-
length requires the pumping of a high amount of prop-
pants. For 318 ft, a total of 16.7 klbs of proppant is required 
by fracture, whereas, for 724 ft, an amount of 200 klbs is 
needed. This increase in the pumping of proppants is 
desirable because high fracture half-length requires more 
proppants to cover the fracture volume and develop a 
propped zone. This zone will be capable of transmitting a 
high volume of gas from the reservoir to the fracture and 
from fracture to the wellbore.

With the increase in proppants, the propped fracture 
half-length is increasing from 247 ft in fracture half-length 
of 318 ft to 675 ft in fracture half-length of 724 ft. With 
this, the propped height has significantly increased from 
83 to 192 ft. Also, the fracture width has increased from 
0.26  inches to 0.34 inches. This shows that the earlier 
selected 3D model quantifies all three dimensions of frac-
ture based on reservoir characteristics, fluid injection, and 
proppant amount.

The effect of increased proppant volume is also evident 
in average fracture conductivity. It causes the average 
fracture conductivity to increase from 614 mD.ft in 318 
ft of fracture to 1818 mD.ft in 724 ft. With the increase in 
fracture conductivity, the fracture permeability will also 
increase. This result translates to the increase in the pro-
duction of hydrocarbon gas with the increasing fracture 
half-lengths.

6.1  Production performance results

In order to understand the recovery obtained from the 
above specified hydraulic fractures, the production per-
formance responses are simulated. The production con-
straints are set in the simulator with a maximum produc-
tion rate of 9 MMSCFD and a minimum reservoir pressure 
limit of 500 psi. The maximum drawdown is set to 2000 
psi. The production from the reservoir is forecasted for 
10 years. Based on these constraints, the production per-
formance of the reservoir is reported and plotted. The 
response of gas production rates w.r.t time is plotted in 
Fig. 12. Moreover, the cumulative gas production response 
w.r.t time is plotted in Fig. 13. The reservoir pressure deple-
tion profile and productivity index as a function of time is 
also plotted in Figs. 14 and 15 respectively.   

As per the production rate graph (see Fig. 12), the well 
without fracture is flowing at 0.9 MMSCFD. After apply-
ing the fracturing treatment, gas production rates have 
increased. At 318 ft fracture, the gas production rates are 
between 4 and 2 MMSCFD. With the increase in fracture 

Table 1  Designed fractures

Fracture half-
length (ft)

Propped half-
length (ft)

Dimensionless 
conductivity

Average conduc-
tivity (mD.ft)

Fracture 
height (ft)

Propped 
height (ft)

Fracture 
width (in)

Total proppant 
pumped (klbs)

318 247 16.152 614 108 83 0.26 16.7
415 354 16.63 906 126 107 0.28 38.5
539 483 16.94 1259.6 156 140 0.3 80
618 565 17.7 1541.6 177 162 0.32 127
724 675 17.5 1818 206 192 0.34 200

Fig. 12  Gas rate versus time
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half-lengths (along with other simulated fracture proper-
ties), the gas production rates are increasing. The highest 
gas production rate is obtained at 724 ft fracture with the 
initial flow of 9 MMSCFD for some time. Later, it declines to 
approximately 2 MMSCFD at the end of 10 years.

Since the production rates are increasing with the 
increasing fracture half-lengths, the cumulative produc-
tion is also increasing (see Fig. 13). The simulation results 
show that the production obtained without hydraulic frac-
ture is 2395 MMSCF. After hydraulic fracturing treatment, 
the cumulative production increases with the increase in 

fracture half-lengths. For hydraulic fractures of 318 ft, 415 
ft, 539 ft, 618 ft, and 724 ft, the cumulative productions 
are 8990 MMSCF, 10,568 MMSCF, 11,932 MMSCF, 12,732 
MMSCF and 13,595 MMSCF respectively.

The response of pressure depletion (see Fig. 14) shows 
that the pressure depletes to 4266 psi at the end of 
10 years when there is no fracture in the reservoir. How-
ever, after fracturing, the pressure depletes to 2840 psi, 
2593 psi, 2348 psi, 2206 psi, and 2049 psi with the frac-
ture half-lengths of 318 ft, 415 ft, 539 ft, 618 ft, and 724 ft 
respectively. Apart from this, the productivity index (see 
Fig. 15) varies for different conditions. Without fractur-
ing, the productivity index is 0.32 Mscf/d/psi at the end 
of 10 years. However, the productivity index at different 
fracture half-lengths varies with time, with the maximum 
productivity index at 724 ft of fracture. Initially, the pro-
ductivity index at that condition is around 11 Mscf/d/
psi, which is later dropped to 1.1 Mscf/d/psi at the end 
of 10 years.

6.2  Discussion on production performance

The above production rates and cumulative production 
responses show that the tight gas reservoir will perform 
better with the hydraulic fracturing treatment. The pro-
duction responses obtained without the fracture is low 
as compared to the production obtained after fracturing. 
Moreover, the production rates and cumulative produc-
tion increases with the increase in fracture half-length and 
the parameters responsible for it. There are various reasons 
for this increase in production. The production is highly 
dependant on the reservoir contact with the fracture. 

Fig. 13  Cumulative production versus time

Fig. 14  Reservoir pressure depletion versus time

Fig. 15  Productivity index versus time
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The higher the fracture half-length, the higher will be the 
contact, which results in higher production. Apart from 
this, the propped region also affects reservoir production. 
As the fracture half-length increases, the propped region 
increases resulting in increased reservoir production.

With the production rates and cumulative responses, 
the productivity index is also higher for high fracture half-
length values. However, with time the productivity index 
tends to decrease owing to the low production rates at 
different values of reservoir pressure and drawdown calcu-
lated over time. Moreover, gas production is also affected 
by water production. As the reservoir has moderate water 
saturation, therefore, the water production is restricting 
gas production. However, its effect is not as high com-
pared to high water saturation in the reservoir. This impact 
is shown in Fig. 16.

The pressure depletion profile shows that the pressure 
depletes largely with high fracture half-lengths. Pressure 
depletion is usually associated with the production of 
reservoirs. High reservoir pressure depletion suggests an 
increase in reservoir production. Since the production is 
significantly increasing with high fracture half-lengths, 
therefore, the reservoir pressure will deplete more at 
higher lengths.

During the production of gas from this reservoir, a sig-
nificant fluid flow behavior is observed from the produc-
tion rate plot. The production rate declines at a rapid pace 
during the early production period (see Fig. 12), however, 
at later stages, the production rates get stabilized. This 
rapid decline is due to the transient flow at the early pro-
duction period in the tight gas reservoir. With time, the 
reservoir tends to flow at more stabilized rates reaching 
pseudo steady-state flow.

6.3  Discussion on optimized fracture selection

The criteria used for the selection of final optimized frac-
ture and fracturing treatment is based on the production 

responses. As higher fracture half-lengths result in high 
productivity (see Figs. 12, 13, 14, 15), therefore higher 
fracture half-lengths greater than 500 ft are preferred in 
this study. Furthermore, these higher half-lengths can 
be achieved with a little increment in the treatment size 
(Refer Fig. 11), which is also an advantage from the eco-
nomics point of view.

From those higher fracture half-lengths, the fracture 
with a half-length of 618 ft is considered as an optimized 
hydraulic fracture. Although, the 724 ft fracture provides 
the highest recovery, yet, it is not considered as optimum 
because (1) The production rate and cumulative produc-
tion of 624 ft fracture have a lesser difference compared 
to 724 ft fracture (2) 724 ft fracture needs about 200 klbs 
of proppants to be pumped, whereas, the 618 ft fracture 
requires only 127 klbs, hence the additional treatment 
cost is not justified (3) Very high fracture half-length may 
get more confined from their extended tip due to insitu 
stresses. The fracture profile of optimized fracture along-
with the proppant concentration is shown in Fig. 17.

6.4  Treatment schedule of selected fracture

Inorder to achieve that optimized fracture half-length, 
a proper treatment schedule is needed. Table 2 shows 
the schedule of obtaining required fracture half-length. 
The whole treatment will take about 72 min to complete. 
Table 3 shows the hydraulic fracture growth of the entire 
fracture system and at the end of each stage. 

6.5  Discussion on approach used for optimized 
fracture

As described in this study, the significant parameters 
required for the development of an optimized fracture 
includes the appropriate selection of proppants, fractur-
ing fluids, predictive fracture model, and treatment sizes. 
It is necessary to quantify all these parameters accurately 

Fig. 16  Gas production response of 618 ft fracture as a function of water saturation
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Fig. 17  Concentration of proppant and width profile

Table 2  Treatment schedule

Stage # Stage type Elapsed 
Time 
min:s

Fluid type Clean 
volume 
(gal)

Prop 
conc. 
(ppg)

Stage 
prop. 
(klbs)

Slurry rate (bpm) Proppant type

1 Pad 8:55 PrimeFRAC 15 6000 0.00 0.0 16.00
2 Slurry 10:28 PrimeFRAC 15 1000 1.00 1.0 16.00 CarboProp 20/40
3 Slurry 13:39 PrimeFRAC 15 2000 2.00 4.0 16.00 CarboProp 20/40
4 Slurry 21:53 PrimeFRAC 15 5000 3.00 15.0 16.00 CarboProp 20/40
5 Slurry 37:11 PrimeFRAC 15 9000 4.00 36.0 16.00 CarboProp 20/40
6 Slurry 59:58 PrimeFRAC 15 13,000 5.00 65.0 16.00 CarboProp 20/40
7 Slurry 61:47 PrimeFRAC 15 1000 6.00 6.0 16.00 CarboProp 20/40
8 Flush 72:07 PrimeFRAC 15 6948 0.00 0.0 16.00
Design clean volume (bbls) 1046.4 Design proppant pumped (klbs) 127.0
Design slurry volume (bbls) 1154.1 Wellbore Volume 6948 gal (164.5 bbls)

Table 3  Hydraulic fracture growth history

End of 
stage #

Stage type Time (mm:ss) Fracture half-
length (ft)

Fracture 
height (ft)

Fracture width 
at well (in)

Avg. fracture 
width (in)

Slurry efficiency

1 Main frac pad 8:55 207 90 0.306 0.196 0.59
2 Main frac slurry 10:28 221 92 0.317 0.202 0.56
3 Main frac slurry 13:39 253 98 0.361 0.225 0.59
4 Main frac slurry 21:53 338 115 0.415 0.242 0.63
5 Main frac slurry 37:11 455 138 0.498 0.270 0.66
6 Main frac slurry 59:58 572 165 0.605 0.304 0.70
7 Main frac slurry 61:47 579 167 0.613 0.307 0.70
8 Main frac flush 72:07 617 177 0.655 0.321 0.71
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for the optimized fracturing treatment and the economic 
feasibility of the project. Although the materials (used in 
this study) can vary depending upon the reservoir condi-
tion, the criteria defined above are very much feasible for 
optimally designing any hydraulic fracturing treatment.

For designing a hydraulic fracturing treatment, a frac-
turing model is required for the fracture propagation 
in the formation. The 2D model works on assuming the 
height of the fracture and with this calculating the frac-
ture half-length or width. It, however, does not incorporate 
the stress barriers and stress effects of the reservoir. In the 
actual scenario, the fracture geometry changes with these 
stress conditions. Therefore, using a 2D model can only 
predict a simplified fracture dimension, but realistically 
these dimensions tend to vary as the fracture propagates 
deep into the reservoir. The 3D shear decoupled model 
simulates an efficient fracture propagation, as it tends to 
include the stress conditions during the fracture propaga-
tion. Moreover, it models the fracture propagation in all 
three dimensions with the variation of fracture geometry 
based on the reservoir stress constraints.

From the selection of the materials, it is evident that 
the permeability, conductivity, and beta factor contribute 
significantly to the selection of the proppants. Higher per-
meability and conductivity provide effective hydrocarbon 
production, whereas the beta factor deals with the non-
darcy pressure drop effects and quantifies the best suit-
ability of material with the reservoir. It is to be noted that 
these parameters should be considered based on their 
sensitivity to the insitu stresses.

The fracturing fluid should be selected depending upon 
its viscosity and compatibility with the reservoir. The selec-
tion of the fluid varies with different properties of forma-
tions because the fluid behaves differently in different 
formation types. Dealing with this criticality requires the 
consideration of different fracturing fluid and additives. 
In this study, the PrimeFrac is used as a fracturing fluid 
because it is delivering an effective performance with 
regards to fracturing the formation. However, for differ-
ent reservoirs, different fracturing fluid can be preferred 
depending upon the selection criteria described earlier. 
Apart from reservoir compatibility, the viscosity of the 
fluid must be maintained at optimum values to fracture 
the formation and carry the proppants into the reservoir.

For any reservoir, the Fcd values must be kept within 
the limit of 15 as it generally provides infinite conductive 
fracture, which is highly feasible for high gas production. 
Moreover, the fracture half-lengths must be increased in 
the reservoir while considering the Fcd values. Higher 
half-lengths give higher conductivities and optimum 
Fcd values. However, the fracture half-lengths should not 
be increased indefinitely as the fracture may collapse 
because of the insitu stresses. Moreover, the treatment 

size (or the amount of proppant pumped) increases con-
siderably with very high fracture half-lengths. Hence, a 
reasonable fracture half-length should be chosen while 
considering treatment sizes, insitu stresses, and Fcd 
values. With this, a sensitivity should always be run on 
the production performance of the fractures to deter-
mine the most effective fracture half-length and hence 
the fracture design for a proposed hydraulic fracturing 
treatment.

7  Conclusion

In this study, an approach has been presented to design 
an optimum fracturing treatment in a tight gas reservoir. It 
covers the fundamental aspects of fracturing design which 
includes the fracture model selection, material selection, 
and fracture half-length selection for effective hydraulic 
fracture treatment and efficient production performance 
of the reservoir. This study will, therefore, help design 
future hydraulic fracturing treatment in an optimized man-
ner. Based on this study, the following conclusions can be 
drawn:

 1. The 2D fracture models restrict the fracture propaga-
tion in all three dimensions as the height of the frac-
ture is assumed. Realistically, the fracture propagates 
with varying heights, widths, and lengths depend-
ing upon the stress conditions and stress barriers in 
the reservoir. Therefore, the 3D fracture propagation 
model is an effective tool to understand the fracture 
propagation in all three dimensions with stress vari-
ations.

 2. The selection of proppant is highly dependent on 
stresses prevailing in the reservoir. Its permeability, 
conductivity, and beta factor vary with stress con-
straints. A proppant with higher permeability, higher 
conductivity, and lower beta factor provide higher 
recovery of hydrocarbon in the reservoir. Therefore, 
consideration should always be given to perme-
ability, conductivity, and Beta factor under stress for 
selecting any proppant.

 3. The reservoir pressure, reservoir temperature, and 
fluid viscosity extensively help in selecting an appro-
priate fracturing fluid. Based on this consideration, 
PrimeFRAC is found to be compatible with reservoir 
formation and fluid viscosity in this study.

 4. While designing any fracture, the dimensionless frac-
ture conductivity (Fcd) value should be kept within 
10–15, because after the Fcd value of 15, the effective 
wellbore radius does not increase, hence no signifi-
cant impact on production will be observed.



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:886 | https://doi.org/10.1007/s42452-020-2729-9

 5. It has been found through simulation that fracture 
conductivity directly increases with the fracture half-
lengths. It follows a linear trend.

 6. Simulation results show that the fracture half-length 
has a direct relation with the productivity index (PI) 
ratio. Higher fracture half-lengths provide high val-
ues of productivity.

 7. The treatment size (or amount of proppant pumped) 
increases with the increase in fracture half-lengths. 
However, it has certain restrictions. In this study, it is 
found that upto 800 ft of fracture, the treatment size 
gets a minor increase in value. However, after 800 ft, a 
significant increase in treatment size is observed with 
the increase in fracture half-length. Hence, in general, 
there will always be a limit upto which a small incre-
ment in treatment size will be observed. After that 
limit, the treatment size tends to grow considerably.

 8. The simulation shows that the production rates, 
cumulative production, and productivity index 
increases with fracture half-lengths. The higher the 
half-lenghs the higher the gas production.

 9. Water saturations largely restricts the flow of gas in 
the reservoir. It is observed that the gas production 
decreases with the increase in reservoir water satura-
tion.

 10. The optimized hydraulic fracture is obtained at 618 
ft fracture half-length as it provides high gas produc-
tion from the reservoir. However, the fracture half-
length greater than 618 ft is not considered as opti-
mized because higher lengths may collapse from the 
fracture tip due to formation stresses. Moreover, the 
proppants required is also high in the higher fracture 
half-lengths. Apart from this, the production has less 
difference as compared to 618 ft fracture. Hence, in 
general, the moderate fracture half-lengths provide 
efficient performance in tight gas reservoirs.

7.1  Future work

This study does not include permeability heterogene-
ity in the reservoir. Therefore, the future work will be to 
import this fracture design into a reservoir simulator and 
determine its production performance while considering 
the permeability heterogeneity in the reservoir.
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