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Abstract
Hydraulic fracturing technologies revolutionize the way petroleum industries drill the conventional and unconventional forma-
tions by the purpose for oil recovery enhancement. Multi-criteria decision-making (MCDM) methods are always considered as
the preferable techniques in organizational and industrial operational performances that some of them are being widely admin-
istered for numerous purposes. The objective of this comprehensive study is to conduct an investigation about the considerable
influence of five important criteria on the hydraulic fracturing techniques and select the best technology regarding enhancing oil
recovery factor. Fuzzy Analytic Hierarchy Process (FAHP) and Fuzzy Technique for Order Preference by Similarity to Ideal
Solution (FTOPSIS) analyses are applied to compare each criterion. Consequently, among the five fundamental criteria for
selecting and operating hydraulic fracturing, in situ stress-strain with the score weight of 0.421 is the most important selectivity
criteria. Furthermore, after analyzing the results derived from FAHP and FTOPSIS methods, hydra-jet fracturing and zipper
fracturing techniques with the normalized weights of 0.186 and 0.194, and relative closeness coefficients of 0.69 with a 0.66 are
considered respectively as the best and optimum techniques of hydraulic fracturing. Last but not least, the cavitation hydro-
vibration fracturing and explosive fracturing are the least preferable methods among hydraulic fracturing techniques.
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Introduction

Hydraulic fracturing has been considered as one of the prefer-
able technologies in petroleum industries for several decades by
the purpose of hydro-carbon well stimulation to recover a huge
volume of oil and gas since the 1940s (King and Durham 2017;
Shahbazi et al. 2017; Sutra et al. 2017; L. Thomas et al.
2019; Davarpanah and Mirshekari 2019). Hence, the industrial
utilization of hydraulic fracturing techniques is catapulted in
petroleum industries to enhance the oil recovery factor. The
treatments of hydraulic fracturing were extraordinarily

applicable rather than the conventional fracturing processes in
the year 1968, and after that, other techniques of hydraulic
fracturing have taken into consideration among petroleum in-
dustries (Cheremisinoff and Davletshin 2015; Li et al.
2015; Davarpanah 2018b). The considerable influence of hy-
draulic fracturing in the multi-layers’ formation and its combi-
nation with the directional drilling procedures of a well espe-
cially in horizontal wells due to the high contact level with
reservoir fluids has become the substantially progress role in
the modeling analysis and operational processes (Dustin et al.
2018; Ebadati et al. 2019a; Lei et al. 2017). However, numerical
modeling of hydraulic fracturing facilitated the contemporary
advancement of harnessing technologies, and managing the
challenges of fluid mechanics characterization phenomena is
still considered as the pressing concern of petroleum compa-
nies. Hence, modeling and estimation techniques give petro-
leum industries the chance to overcome the squanders vast
sums of money (Davarpanah 2018a; Edwards et al. 2017;
Kiran et al. 2017; Kirane et al. 2017; Klejment et al. 2018).
The factors which severely affect the procedures of hydraulic
fracturing are in situ stress and strain, rock heterogeneity, frac-
tures that existed from the previous processes or induced natu-
rally (pre-existed fractures), sidewall pressure, and geometry of
the injected section (Bandara et al. 2018; Krietsch et al. 2018;
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Yin et al. 2019; Davarpanah et al. 2018). The effects of each
parameter are illustrated briefly as the following descriptions to
espouse the importance of them on hydraulic fracturing appro-
priately (Cheremisinoff and Davletshin 2015; Hagström and
Adams 2012; Li et al. 2015; Meyer and Bazan 2011; Ebadati
et al. 2019b).

In situ stress-strain effect on the hydraulic fracturing pro-
cedures has played a substantial role in the creation of hydrau-
lic fractures at several locations and could control the propa-
gation rate. Rock heterogeneity effect on the hydraulic frac-
turing procedures related to the variation of reservoir charac-
teristics especially rock properties entailing porosity, perme-
ability, and Young’s modulus has exerted a profound impact
on the hydraulic fracturing procedures. Thereby, the fluctua-
tion of these parameters might be affected by the location and
data sets of the selected area. Formations initially have frac-
tures and cracks from the original base of creating the forma-
tion which most of them are several far from the created frac-
tures during the process. Therefore, these natural fractures
might be significant influences due to their induced connec-
tivity during hydraulic fracturing which is called as pre-
existed fracture effect on the hydraulic fracturing procedures.
In addition, sidewall pressure and geometry of the injected
section effect on the hydraulic fracturing procedures are con-
sidered as the crucial parameters which should be taken into
consideration (Daneshy 2009; Pak and Chan 2008; Thomas
e t a l . 2017; Vengosh e t a l . 2017 ; Zhang e t a l .
2017; Davarpanah 2018c).

In the coming decades, petroleum industries have tended to
utilize harnessing technologies and recent advancements to
find the optimum method with the current reservoir character-
istics. The following techniques, which are used in this study,
are the preferable ones who have applied for decades and
engineers have tried to improve them by recreating or admin-
istering modern facilities to obtain more volume of oil and
gas. Zipper fracturing entails the simultaneous stimulation be-
tween two wells which they are located parallel in the hori-
zontal axis. Hence, fractures that are created in each section
propagate in front of other sections (Rafiee et al. 2012; Yu and
Sepehrnoori 2013).

Moreover, this method is preferably used in shallow for-
mations. In cavitation hydro-vibration fracturing, by simulta-
neous operation of pressurized water pulse, the rock is frac-
tured. Regardless the use of any chemical treatment, this tech-
nology is considered as the green technology. Hydra-jet frac-
turing is a combination of hydraulic fracturing and hydro-
jetting by running a specific jetting tool to start hydraulic
fracturing. Thereby, dynamic fluid energy is the primary force
to create fractures on the determined locations (East Jr et al.
2004; Gokdemir et al. 2013; McDaniel and Surjaatmadja
2009). Exothermic hydraulic fracturing is a combination of
mechanical and thermal fracturing processes by generating
gas and heat from the injected chemical treatment in a specific

location (Al-Nakhli et al. 2013). In explosive fracturing, any
utilization of fluids seemingly appears in the process, and it
operated as the induced dynamic loadings by locating the
explosives at the bottom surface of a well or administration
of electrical fracturing near the sidewall of the formation
(Zhong et al. 2018). Other hydraulic fracturing techniques
are hydraulic fracturing with foam-based fluids, hydraulic
fracturing with oil-based fluids, hydraulic fracturing with
acid-based fluids, hydraulic fracturing with alcohol-based
fluids, and hydraulic fracturing with emulsion-based fluids.
Although each of the mentioned techniques has its privileges
due to the reservoir characteristics and the compatibility of
injected fluid to the formation, petroleum engineers try to
operate new techniques such as plasma stimulation and frac-
tur ing technology (PSF) and enhanced bacter ia l
methanogenesis to improve the oil recovery factor in excep-
tional circumstances (Ma and Ruggiero 2018; Sumner and
Plata 2018; Zhu et al. 2018).

The basic definition of decision-making could be explained
as the clarification and selection of a specific alternative from
a collection of alternatives categorized by the preferences and
criteria that managers or decision makers responded to answer
correctly. These criteria are entailed the problem statement and
how to choose the appropriate method by experts to achieve
the optimum method of selection. Due to the increasing de-
mand for selecting optimum ways and methods in every as-
pect of human life, decision-making techniques would be the
preferred choice to adapt to a world accelerating technological
change regarding divergent views and experiences. On the
contrary, decision makers have encountered a blizzard of at-
tributes in the selection of decision-making criteria and meth-
od for their purposes, and this is why they would try to im-
prove the current methods to be more adapted with their sys-
tem (Laureiro-Martínez and Brusoni 2018; Toth and Vacik
2018). For numerical evaluation of criteria and alternatives
in the decision-making methods, three sequential steps are
being administered as the following statement to obtain the
best results:

i. Specify the properly relevant alternatives and criteria
ii. Combine the numerical measurements with the most rel-

ative criteria and spouse the significant importance of
each alternative

iii. Evaluate the numerical investigation to identify the best
ranking for each analysis

Decision-making criteria techniques are categorized as the
following techniques which everyone has its privileges in
each circumstance. These techniques are Analytic Hierarchy
Process (Panahpoori et al. 2018), Fuzzy Analytic Hierarchy
Process (FAHP), Analytic Network Process (ANP), Simple
Additive Weighted (Zhu et al. 2015), Linear-Programming
for Multi-dimensional Analysis of Preference (LINMAP),
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Fuzzy Technique for Order Preference by Similarity to Ideal
Solution (FTOPSIS), Elimination et Choice in Translating to
Reality (ELECTRE), Preference Ranking Organization
Method for Enrichment Evaluations (PROMETHEE), and
Simple Multi-Attribute Ranking Technique (SMART)
(Amin and Rajhans 2016; Amini et al. 2016; Hsu et al.
2017; Qin et al. 2017; Triantaphyllou 2000; Wangen 2017;
Yazdani et al. 2016).

Although all of the decision-making techniques are widely
reported in literature and numerous studies are being done to
improve the recent analysis and offer the best preferable solu-
tions in different industrial purposes, in this comprehensive
study, the utilization of FAHP and FTOPSIS techniques is
applied to conduct an investigation into the hydraulic fractur-
ing methods in order to enhance oil recovery from the hydro-
carbon reservoirs and select the optimum fracturing technique
which is more adaptable to the reservoir characteristics.
Consequently, among the five fundamental criteria, in situ
stress-strain criteria are the most important selectivity criteria.
Furthermore, by the analysis of FAHP and FTOPSISmethods,
it indicates that hydra-jet fracturing with the normalized
weight of being considered as the best and optimum tech-
niques of hydraulic fracturing respectively.

Decision-making criteria techniques

Numerical analysis of FAHP

In this technique, the possibility of investigating quantitative
and qualitative criteria is simultaneously provided and formu-
lated the problem definition by the hierarchy processing as
one of the principles of the FAHP technique. Moreover, the
utilization of fuzzy procedures in the decision-making activi-
ties is more preferred by the experts in their judgments. One of
the significant drawbacks of this technique is the inappropriate
pairing comparison and the heterogeneity scales in the judg-
ments. Thereby, experts are often would not be able to dem-
onstrate their opinions properly about the priorities regarding
the fuzzy nature of pairing comparisons (Aslani and Aslani
2012; Khanaposhtani et al. 2016). The steps of process are
being explained by the following principles with the purpose
of investigating the hydraulic fracturing methods (Amin and
Rajhans 2016; Amini et al. 2016; Hsu et al. 2017; Qin et al.
2017; Triantaphyllou 2000; Wangen 2017; Yazdani et al.
2016);

– Set up the analytic hierarchy process structure. In this
step, the purpose of the decision including causes and
effects of making the decision is demonstrated. The first
level entails the general goal of the decision, and the
second level is related to the general criteria which deci-
sions are based on. At the final level, decision criteria

selections according to the eleven hydraulic fracturing
techniques are proposed.

As is seen in Fig. 1, Cs are the criteria and Fs are the
fracturing methods.

– Create pairing comparison matrix A regarding the appli-
cation of fuzzy numbers; pairing comparison matrix is
according to the following matrix:

~A ¼
1 ⋯ ~a1n
⋮ ⋱ ⋮
~an1 ⋯ 1

2
4

3
5 ð1Þ

Also, the matrix included the following fuzzy numbers.

~aij ¼
1 i ¼ j
~1; ~3; ~5; ~7; ~9 or ~1

�1
; ~3

�1
; ~5

�1
; ~7

�1
; ~9

�1
i≠ j

(

ð2Þ

– Calculation of Si for each of matrix rows for pairing com-
parison matrix as follows:

Si ¼ ∑
m

j¼1
M j

gi⊗ ∑
n

i¼1
∑
m

j¼1
M j

gi

" #−1
ð3Þ

wherein this matrix i indicates row number and j indicates
column number. And M j

gi is the triangular fuzzy numbers of

pairing comparison matrix. The other parameters are defined
as follows:

∑
m
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where li, mi, ui are the triangular Fuzzy numbers for the
three components.

– Determine the maximum Si

Generally, M1 = (l1,m1, u1) and M2 = (l2,m2, u2) are the
fuzzy numbers; therefore, increasing ratio of M1 than M2 is
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V M 2≥M 1ð Þ ¼ hgt M 1∩M 2ð Þ

¼
1 if m2≥m1

0 if l1≥u2
l1−u2

m2−u2ð Þ− m1−l1ð Þ otherwise

8><
>: ð7Þ

– Calculation of criteria and alternatives weight in the
pairing comparison matrix

To do this, the normalized weight vector is calculated by

w ¼ d A1ð Þ; d A2ð Þ;…; d Anð Þð ÞT ð8Þ

– Calculation of final weight vector

To do this, equation eight should be normalized again as
the following equation:

w ¼ d A1ð Þ; d A2ð Þ;…; d Anð Þð ÞT :

ð9Þ

The fuzzy triangular numbers are described in Table 1.

Numerical analysis of FTOPSIS

Yoon and Hwang firstly proposed this technique as an alter-
native to the ELECTRE technique. The principle concept of
this technique is that the alternative which was selected by
experts should have the smallest distance from the ideal solu-
tion and the farthest solution from the negative ideal solutions.
The FTOPSIS steps are considered as the following steps
(Amin and Rajhans 2016; Amini et al. 2016; Hsu et al.
2017; Nazari et al. 2018; Qin et al. 2017; Triantaphyllou
2000; Wangen 2017; Yazdani et al. 2016):

– Build the normalized decision matrix

In this step, the dimensions of different criteria are convert-
ed into the non-dimensional criteria. An element rij of the
normalized decision matrix R is thus calculated as follows:

rij ¼ X ijffiffiffiffiffiffiffiffiffiffiffiffi
∑
m

i¼1
X 2

ij

r ð10Þ

– Build the weighted normalized decision matrix

In this step, the normalized matrix crossed to the weights to
generate the normalized decision matrix.

– Specify the ideal and non-ideal solutions

The F∗ and F− are the ideal and non-ideal solutions respec-
tively.

F* ¼ fðmax
i

vijj j∈J
�
; ðmin

i
vij j∈Jj Þji ¼ 1; 2;…;mg

¼ v*1; v
*
2;…; v*j ;…v*n

�n
: ð11Þ

Table 1 Linguistic terms to compare attributes

Definition Triangular fuzzy numbers

Just equal (1,1,1)

Equally important (1/2,1,3/2)

Weakly important (1,3/2,2)

Moderately important (3/2,2,5/2)

Strongly important (2,5/2,3)

Important (5/2,3,7/2)

Goal

C3 C4 C5C1 C2

F1 F2 F11

Fig. 1 Basic analytic hierarchy
process structure
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F− ¼ fðmin
i

vijðmax
i

vij j∈Jj Þji ¼ 1; 2;…;mg

¼ v−1 ; v
−
2 ;…; v−j ;…v−n

�n
: ð12Þ

– Calculate the separation measure

The distances of each ideal and non-ideal solution are as
follows:

S*i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

j¼1
vij−v*j
� �2s

i ¼ 1; 2;…;m ð13Þ

S−i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

j¼1
vij−v−j
� �2s

i ¼ 1; 2;…;m ð14Þ

where S*i and S−i are the alternative distances of ideal and
non-ideal solutions respectively.

– Calculate the relative closeness to the ideal solution

The relative closeness for each of Fi is calculated from the
following equation:

C*
i ¼ S−i

S−i þS*i
0 < C*

i < 1 and i = 1,2, 3, …, m,

C*
i ¼ S−i

S−i þS*i
0 < C*

i < 1 and i ¼ 1; 2; 3;…;m;

It is assumed that C*
i ¼ 1 if Fi = F∗

– Prioritize the preferences ordering

Finally, the relative closeness’s are ranked in the descend-
ing wise. Thereby, the best alternative is those that have the
shortest distance to the ideal solution.

Results and discussion

FAHP analysis

In the first part of the analysis, the significant parameters
which have played a substantial role in the hydraulic fractur-
ing are being calculated according to the pairing comparison
matrix. Thereby, due to the experts’ judgment, the weighted
normalized criteria are derived in Table 2.

As is seen in Table 2, the most significant criteria regarding
expert’s judgment are related to the in situ stress and strain
criterion with the score weight of 0.421. Since then, rock
heterogeneity and sidewall pressure with the score weight of
0.325 and 0.294 respectively are in the sequential orders. The
least criteria are related to the pre-existed fractures and geom-
etry of the injected section; in respect of the way, an over-
whelming majority of the experts subscribe to the theory that
these two criteria are less important than other criteria. In the
second part of the analysis, the selected criteria by utilization
of pairing comparison matrix for the eleven hydraulic fractur-
ing techniques are analyzed, and the normalized weight is
calculated for each technique.

As is seen in Table 3, zipper fracturing and hydra-jet frac-
turing with the normal weight of 0.194 and 0.186 respectively
are considered as the best method of hydraulic fracturing
among eleven techniques. Also, hydraulic fracturing with
emulsion-based fluids, hydraulic fracturing with oil-based

Table 2 Weighted normalized criteria

Criteria Weighted normalized criteria

In situ stress and strain 0.421

Rock heterogeneity 0.325

Pre-existed fractures 0.126

Sidewall pressure 0.294

The geometry of the injected section 0.095

Table 3 Prioritizing the hydraulic
fracturing techniques to oil
recovery enhancement by FAHP

Technique Normalized weight Rank

Zipper fracturing 0.194 1

Hydra-jet fracturing 0.186 2

Hydraulic fracturing with oil-based fluids 0.134 3

Hydraulic fracturing with emulsion-based fluids 0.130 4

Exothermic hydraulic fracturing 0.112 5

Hydraulic fracturing with foam-based fluids 0.101 6

Pneumatic fracturing 0.089 7

Hydraulic fracturing with alcohol-based fluids 0.076 8

Hydraulic fracturing with acid-based fluids 0.071 9

Explosive fracturing 0.062 10

Cavitation hydro-vibration fracturing 0.055 11
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fluids, and exothermic hydraulic fracturing are in the middle
ranking. Next, explosive fracturing and cavitation hydro-
vibration fracturing are the least applicable techniques to oil
recovery enhancement.

FTOPSIS analysis

In this part, the following steps are done to calculate the rela-
tive closeness and then prioritize the preferences:

i. Build the normalized decision matrix
ii. Build the weighted normalized decision matrix
iii. Specify the ideal and non-ideal solutions
iv. Calculate the separation measure
v. Calculate the relative closeness to the ideal solution
vi. Prioritize the preferences ordering

The results of these six-step calculations are statistically
demonstrated in Table 4.

After prioritizing the normal weigh for each technique is
statistically categorized in Table 5.

As is seen in Table 5, hydra-jet fracturing and zipper frac-
turing with the normal weight of 0.69 and 0.66 respectively
are considered as the best method of hydraulic fracturing
among eleven techniques. Also, hydraulic fracturing with
oil-based fluids, hydraulic fracturing with foam-based fluids,
and hydraulic fracturing with acid-based fluids are in the mid-
dle ranking. Next, exothermic hydraulic fracturing and cavi-
tation hydro-vibration fracturing are the least applicable tech-
niques in order to oil recovery enhancement.

Conclusion

Hydraulic fracturing is the procedure where the rocks are rup-
tured by fluid injection under high pressure, and it is consid-
ered one of the significant processes in order to improve the
oil recovery from reservoirs. Regarding the utilization of the
decision-making techniques in numerous studies to improve
the recent analysis and offer the best preferable solutions in
different industrial purposes, in this extensive study, the utili-
zation of FAHP and FTOPSIS techniques is applied to select
the optimum hydraulic fracturing methods in order to enhance
oil recovery from the hydro-carbon reservoirs which is more
adaptable to the reservoir characteristics. To do this, the five
important criteria in the hydraulic fracturing are analyzed by
the decision-making procedures, i.e., FAHP and FTOPSIS.
Among the five crucial criteria for selecting and operating
hydraulic fracturing, in situ stress and strain criteria with the
score weight of 0.421 are the most important criteria.
According to the results derived from both FAHP and
FTOPSIS, hydra-jet fracturing and zipper fracturing tech-
niques are considered the best and optimum techniques of
hydraulic fracturing. Hydra-jet fracturing and zipper fractur-
ing techniques with the normalized weights of 0.186 and
0.194 and relative closeness coefficients of 0.69 with 0.66
are considered respectively as the best and optimum tech-
niques of hydraulic fracturing. Moreover, the cavitation

Table 4 TOPSIS calculations

i S*i S−i C*
i

1 0.08651 0.1924 0.689828

2 0.1425 0.1025 0.418367

3 0.1368 0.08654 0.387481

4 0.0963 0.1784 0.649436

5 0.1017 0.1635 0.616516

6 0.2549 0.09147 0.264082

7 0.1685 0.06528 0.279237

8 0.07541 0.1439 0.656149

9 0.1935 0.1384 0.416993

10 0.1863 0.04786 0.204390

11 0.1428 0.03691 0.205386

Table 5 Prioritizing the hydraulic
fracturing techniques in order to
oil recovery enhancement by
FTOPSIS

Technique Relative closeness coefficients Rank

Hydra-jet fracturing 0.69 1

Zipper fracturing 0.66 2

Hydraulic fracturing with oil-based fluids 0.65 3

Hydraulic fracturing with foam-based fluids 0.62 4

Hydraulic fracturing with acid-based fluids 0.42 5

Hydraulic fracturing with emulsion-based fluids 0.42 6

Hydraulic fracturing with alcohol-based fluids 0.39 7

Pneumatic fracturing 0.28 8

Explosive fracturing 0.27 9

Exothermic hydraulic fracturing 0.21 10

Cavitation hydro-vibration fracturing 0.21 11
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hydro-vibration fracturing and explosive fracturing are the
least preferable methods among hydraulic fracturing
techniques.
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