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Abstract

Hydraulic fracturing process is a method for improving production from hydrocarbon reservoirs. It is very useful in low permeability
reservoirs. Although it has been used widely in hydrocarbon production wells, it is a new method in Iran. In this paper, the hydraulic
fracturing design was done for Bangestan reservoir (one of hydrocarbon reservoirs in south of Iran). To do this, at first, mechanical earth
model (MEM) was developed. This model comprise of in situ stresses and physical properties of reservoir rock (like porosity and water
saturation obtained from petrophysical well logs analysis) and determination of the rock fracture pressures and fracture propagation.
Then, Sarvak zone and zone 6 of Bangestan reservoir were selected as suitable layers for hydraulic fracturing modelling. Finally,
hydraulic fracture was designed for selected layers. In this design, the created fracture length in Sarvak zone is longer than the created
fracture length in zone 6, but dimensionless fracture conductivity in Sarvak zone is less than dimensionless fracture conductivity in zone
6. The results show that hydraulic fracturing can be done successfully in both Sarak zone and zone 6.
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Introduction

Reservoir stimulation is a technique to enhance oil and gas recovery from the hydrocarbon reservoirs. Matrix Stimulation and Hydraulic
fracturing are two major methods of the reservoir stimulation. Hydraulic fracturing, which is the newest technique and technically more
complex, is very useful in low permeability reservoirs. Since the early use of method, hydraulic fracturing has changed from a simple
method by low volume and rate to a complex engineering method with diverse goals. For example, this method can be used for Improve
well production by removing wellbore damages of drilling and production problems. In addition, this method can be used for creation of
fractures with high conductivity that deeply propagate in layer, in low permeability reservoirs. In this reservoirs, due to low permeability
for reservoir fluid flowing to the wellbore, and water injection for enhance recovery is not suitable, we need to use hydraulic fracturing
method in reservoir as a suitable method to increasing permeability in well and reservoir.

During a hydraulic fracturing treatment, fluids are injected into formation ata pressure high enough to cause tensile failure of the rock
andpropagate the fracture. As a result of a successful treatment, apath with much higher permeability than the surrounding formation is
created from the well (Queipo et al. 2002). This technique has been widely used in the oil industry during the last 50 years. Stimulation
of hydrocarbon wells and geothermal reservoirs are most important applications of hydraulic fracturing technology (Fjaer et al. 2008).
The first hydraulic fracturing treatment to stimulate well production was performed in Kansas in 1947 on a gas well in the Hugoton field
in order to compare with the current technology of acidizing wells (Clark 1949). During the 1940s, the process of creating a fracture by
the injection of oil and propping the fracture with sand was developed for stimulating sandstone formations. During the late 1940s,
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fracturing was a timid technique; but in the 1950s a proliferation took place (Economides & Nolte 2002). In 1964, new additives were
developed that promotedthe compatibility between the fracturing and reservoirfluids and helped achieve the goal of using aqueous based
fluid (Hassebroek & Waters 1964). In 1966, hydraulic fracturing was used as a stimulation technique in the Hugoton field using a low-
cost water based fluid (Aslam 2011). The growth of hydraulic fracturing treatments was rapid in the 1980s and today, hydraulic
fracturing is used extensively in the petroleum industry to stimulateoil and gas wells in order to increase their productivity Nonetheless
there is not any record of successful hydraulic fracturing in Iran. Four unsuccessful hydraulic fracturing treatments have been recorded in
the Iranian oil industry. The three acid fracturing treatments had been done in a carbonate reservoir mostly composed of limestone in one
Iranian oilfield and the single propped fracturing treatment was done in another carbonate reservoir (Heydarabadi & Moghadasi 2010).

Studying the previous fracturing jobs shows that the lack of mechanical properties and appropriate geotechnical knowledge can be major
causes leading to failure (Ashoori et al. 2014).

Case study situation

Iran has been producing oil and gas since 1911 and need to employ well stimulation techniques, are important and also necessary to
prevent reservoirs form rapid decline in pressure and the rate of production. Most of the Iran’s oil production comes from old super-giant
oilfields that have been producing for a number of decades (Shahbazi et al. 2017). The Kopal oil field with 4x39 km? sizes has been
located in 60 km Ahwaz northeast. The field discovered in 1965, by the first exploration well and the field exploitation started from
1970. This field consist of Asmari and Bangestan reservoirs that both of which produce oil. The Bangstan reservoir is one of the
multilayer carbonate reservoirs in southern Iran that provides approximately 5% of the total production ofthesouthern oil field region.

The Bangstan reservoir in Kopal oil Field is a good candidate for a hydraulic fracturing operation due to sufficient amount of oil in place
and the good quality of porosity with low permeability and flowing capacity in some of its production layers. Today, oil production in
Bangstan reservoir in Kopal oil field is approximately 41000 bbl/day by 9 producing well.

Hydraulic fracturing design procedure

Studying the four unsuccessful previous fracturing jobs, two of which has been done to this oil field, shows that the lack of the rock
mechanical properties, the region In situ stress field knowledge and appropriate geomechanical study can be major causes leading to
failure. The world experiences study shows that the success in job is related to precise geomechanical studies and evaluation tests such as
finite layer fracturing, calibration test, etc., so creation of mechanical earth model (MEM) for the wells is necessary as initial steps. It
means that rock mechanic or geomechanic in petroleum engineering is related to rock stress and strength to formation behavior as a
result of the producing oil.

A well comprehensive geomechanical model comprise of the In situ stresses situation as a function of depth ( direction and value), the
physical properties of reservoir rock and its barrier formations( the rock strength and elasticity modulus), estimating pore pressure and
determination of the rock fracture pressures and fracture propagation. This model must be capable of covering all the geomechanical
analysis that require for layer fracturing. For the reservoir rock geomechanical model design, at first, the reservoir rock elasticity
properties must be calculated. To calculate elasticity coefficient of the reservoir rock, at first, it is necessary to record some of the
physical properties of the reservoir rock from petrophysical well logs analysis. These properties comprise the gamma ray value, density
of the reservoir rock, neutron porosity value and the interval time of the compressive and shear waves passing through rock. So the initial
mechanical earth model (MEM) for well prepared by use of the petrophysical data(GR, RHOB, NPHI, ATc)

e  Elasticity Coefficient and Uniaxial Compressive Strength (UCS)
In order to develop mechanical earth model (MEM) elasticity coefficient must be calculated first. These coefficients can be obtained
using empirical relations and also well log measurements. To calculate elasticity coefficient, sonic and density logs were employed. In
sonic log calculations, only the compressional slowness data (ATc) was accessible. So the equation (1) was used as an empirical
correlation in Bangstan reservoir to find shear slowness (ATs) (Abdideh & Fathabadi 2013).

Aty = 1.5452 At + 21.2075 )

The velocities of compressional waves and shear waves depend on the density and the elastic properties of rock as defined by the
following characteristic equations:
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Where Dt is the slowness of shear wave (s/km), Dt represents slowness of compression wave (s/km), pp stands for density (g/cm?®), va is
dynamic Poisson’s ratio, and Eq indicatesdynamic Young’s modulus (Gpa).

The elastic constants, thus determined, are dynamic values and must be related to static values in order to be used in hydraulic fracturing
calculations. Static Poisson’s ratio and static Young’smodulus are both calculated via the following relations in Southwest of Iran. The
results show good conformity with laboratory data (Abdideh & Fathabadi 2013).

E; = 0.4145E,; — 1.0593 4)
vy = 0.7 vy 5)
Figure (1) shows the Young’s modulus and Poisson’s ratio for the well of study, in dynamic and static values.

The compressive stress required to cause failure is called the uniaxial compressive strength (UCS). UCS is the extensive rock strength
parameter for geomechanical analysis. It is the best mechanical characteristic of rock for engineering evaluation of rock behavior.Several
empirical equations exist for calculating UCS from log data. The researchers have used a correlation that was developed in Bangestan
reservoir to calculate UCS and its result matches well to the laboratory core measurements: (Ashoori et al. 2014).

UCS = 135.9 e~ (48PHD 6)
In this correlation, UCS is uniaxial compressive strength and PHI is porosity.
e Insitu stress

It has been reported that lack of accurate in situ stress values during the design of a hydraulic fracture can result in as much as a 50%
error in the actual fracture length upon implementation (Vonieff & Holditch 1992).In other words, in situ stress plays an important role
in all aspects of implementing a hydraulic fracture in oil and gas producing wells. Hydraulic fracture simulators require that the design
engineerprovide thein situ stress profile of the well as an input to the simulator (Mohaghegh et al. 2004).

In oilfield studies, the stresses are analyses only to determine the three principal components of the stress: a vertical component, and two
minimum and maximum horizontal stress components. Vertical stress (ov) is obtained through integration of rock density from surface to
the considered depth: (Zoback et al. 2003).

o= [ p@gaz=pgz @
0

Where (Z) is the rock density which is a function of depth;gis the gravity constant and r is the average density. In the borehole under
study, r has been assumed equal to 2.56 (g/cmd).

In this paper, the horizontal stresses have been calculated based on the poroelastic theory. In a tectonically active basin tectonic stresses
and strains arise from tectonic plate movement. If tectonic strains are applied to rock formations, these strains add a stress component in
an elastic rock. The poroelastic horizontal strain model takes tectonic strains into account, and therefore accommodates anisotropic
horizontal stresses (Fjaer et al. 2008).
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Where ch is minimum horizontal stress, cH represents maximum horizontal stress and vs stands for Poisson’s ratio, a indicates Biot
coefficient, Pp stands for pore pressure and Es for Young’s modulus, and finally ex and gy present strain toward minimum and maximum
horizontal stresses, respectively. The gradient of the average pore pressure in the borehole under examination is equal to .365(psi/ft).

According to figure 2, the comparison of in situ stress indicates that, in this well the stress regime is of normal type; i.e. GV>6Hmax>Ghmin.
Thus the hydraulic fracture must propagate in a vertical plane and the fracture plane is perpendicular to the minimum horizontalin situ
stress.

e  Formation breakdown pressure

Drilling a borehole will alter the in situ principal stresses, the vertical stress (ov) and the maximum and minimum horizontal stresses
(oHmax and ohmin), in such a manner as to maintain the rock mass in a state of equilibrium. This leads to a stress concentration around the
well. In a linear elastic material, the largest stress concentration occurs at the borehole wall. Therefore, breakdown is expected to initiate
at a pressure higher than the least horizontal stress. For the hydraulic fracturing study, consequently, stresses at the borehole wall are the
ones that must be compared against a failure criterion (Ashoori et al. 2014). These stresses comprise the tangential stress (c00) that is
tangential to the wellbore, radial stress (orr) as a radial from well center to the wellbore and axial stress (czz) that is parallel to the well
axis.

The equations to calculate these drilling-induced stresses in different direction are: (Al-Ajmi & Zimmerman 2006).

Opomin = 30n — 0y — Pp — Py (10)
Opomax = 30y — Op — Pp — Py (11)
Ozzmax = Oy + 2V (0y — 0,) — Pp (12)
Ozzmin = 0y — 2v (0 —03) — Pp (13)
Oy = Py — Pp 14

To develop the reservoir rock geomechanical model in this well, the appropriate failure criterion must be used on the basis of the
drilling-induced stresses.

There are numerous failure criteria that have been developed. The Mohr—Coulomb criterion is the simplest, and the most used in practice
(Table 1). This criterion is appropriate for vertical wells (Al-Ajmi & Zimmerman 2006). This criterion can present tensile failure and
shear failure models. In hydraulic fracturing design the study of the tensile failures models is very important.To analyze tensile failure
models by Mohr-Coulomb criterion should be:

(03— Pp)<T (15)
Because of the fracture at the high depth is vertical, the vertical tensile failure model (TVER) was used. The major induced stress to
create this failure model is the tangential induced stress. This parameter was used in hydraulic fracturing design. Table (1) shows the

minimum induced stress to cause formation tensile failure models.

In above equations, the rock tensile strength is equal to 0.1 x UCS. The results for breakdown pressure by Mohr-Coulomb criterion was
shown in figure (3).

e Investigation of suitable layers

Selection of suitable or target layer for hydraulic fracturing operation has its special challenges. Presentation of an accurate
geomechanical model which saves the time and reduces the field attempts makes the selection of suitable layer possible (Abdideh &
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Ahmadifar 2013). In deep wells the difference between minimum and maximum horizontal stresses causes the hydraulic fracture
propagate perpendicular to the minimum horizontal stress. The suitable layer for hydraulic fracturing must have appropriate porosity and
minimum horizontal stress difference with adjacent layers, to stop propagation of the fracture to the top and bottom layers. In addition,
the value of water saturationmust be considered. Figure (4) shows the minimum horizontal stress and water saturation curves. By
considering the oil producing zones condition that have the above hydraulic fracturing conditions, the Sarvak zone and zone 6 were
selected as a suitable layers for hydraulic fracturing design. Because of the llam zone was an aquifer layer, it was omitted from candidate
layers.

Figure (5) that was given from figure (4) for Sarvak zone shows that two section with higher pressure can be simply considered as the
fracture barriers for the goal depth. Based on fracture barriers, it is expectedthat fracture propagate in producing layer. The appropriate
depth for hydraulic fracturing in Sarvak zone according to barrier layers, has been selected between the top barrier layerat 4125 m depth
and the bottom barrier layerat 4170 m depth.

Figure (6) that was given from figure (4) for zone 6, shows that two section with higher pressure can be simply considered as the fracture
barriers for the goal depth. Based on fracture barriers, it is expected that fracture propagate in producing layer. The appropriate depth for
hydraulic fracturing in zone 6 according to barrier layers, has been selected between the top barrier layer at 4370 m depth and the bottom
barrier layer at 4400 m.

e  Hydraulic Fracturing Design

The hydraulic fracturing design initially require the appropriate fluid and proppant selection according to the reservoir conditions and
obtaining the appropriate injection rate according to the fluid rheology. Then the fracture must be designed in a way that it obtains
maximum fracture length. The controlling factor of fracture length is that the fracture must not passing through the barrier layers.

v" Fluid and proppant selection

Water base fluids are the most common fluid in hydraulic fracturing job because of low cost, high efficiency and simple control.
According to this point that our reservoir rock is not sensitive to water base fluid, the best selection according to financial approach and
availability, is the water base fluids. To increase viscosity of water base fluid, polymers are used. The important point to selection of the
polymeris the temperature effect on the viscosity. Therefore, the reservoir temperature is the main criteria to selecting fluid. According to
the reservoir temperature and conditions such as insensitivity to water base fluid, the HPG fluid with HG25G2K commercial name was
used for modeling. Figure (7) shows the viscosity of the fluid according to time.

After selecting the fluid, the proppant must be selected. The most important factor in proppant selection is bearing the fracture closing
pressure which is considered equal to minimum horizontal stress. Other factors are cost of proppant and its availability. According to
these factors, Badger sand selected as a proppant to both layers. According to the calculated in situ stresses, this proppant has the
capability of bearing the fracture closing pressure.

v' Selection of the simulation model and injection rate

The FracproPT software was used to hydraulic fracturing modeling in Sarvak zone and zone 6. This software can be used in oil and gas
wells for hydraulic fracturing design, simulation and analysis which has 2D and 3D models. P3D-lumped model was used which
provides results with a high degree of accuracy.

Another important parameter in hydraulic fracturing design is the fluid injection rate that determinesfracture dimensions. The injection
rate must be high enough to improve hydraulic fracture job efficiency by reducing the time of fluid loss, increasing the fracture width
and proppant transmission capability to the fracture.

The injection rate varies with fluid type, it means that by increasing fluid viscosity lower injection rate and higher pressure is required.
The fracture dimensions must be in a way that it has the maximum fracture length with suitable fracture width to receive proppant.
According to these factors, the 10, 20 and 30 bbl/day injection rates to calculate fracture dimensions has been considered by P3D-lumped
model. The results shown that the injection rates less than 30 bbl/day cannot create the suitable fracture width to receive proppant. So the
30 bbl/day injection rate was selected for the fluid.

Hydraulic fracturing modeling results
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e  Results for Sarvak zone

For Sarvak zone simulation was done in condition that the created fracture do not pass thorough barrier layers.The appropriate depth for
hydraulic fracturing in Sarvak zone according to barrier layers, has been selected between the top barrier layer at 4125 m depth and the
bottom barrier layer at 4170 m depth. Then simulation was done by 30 bbl/day injection rate. The fracture propagation was done before
fracture reached the barrier layers and then injection stopped. Figure (8) shows the fracture propagation simulation in Sarvak zone. In
low permeability Sarvak zone, the goal is to obtain longer fracture length. Figure (9) shows the result for fracture conductivity. The
fracture conductivity is related to concentration of proppant in fracture. Figure (10) shows the result for proppant concentration in
fracture. According to figure (10), it can be concluded that proppant is situated well in fractures that shows the appropriate fluid and
proppanet selection. For Sarvak zone, the created fracture length is 130 m which is long length and the acceptable Fco is equal to 0.795.
Finally, results show that hydraulic fracturing can be successfully employed in Sarvak zone. Figure (11) shows the result for temperature
variation of fluid in fracture after injection that could be used to fluid optimizing and fluid loss control.it must be noted that temperature
variation is the key parameter in fluid viscosity and can change the fracture dimensions.

e  Results for zone 6

For zone 6 simulation was done in the same condition as Sarvak zone where the created fracture do not pass thorough barrier layers. The
appropriate depth for hydraulic fracturing in zone 6 according to barrier layers, has been selected between the top barrier layer at 4370 m
depth and the bottom barrier layer at 4400 m depth. Then simulation done by 30 bbl/day injection rate. The fracture propagation was
done before fracture reached the barrier layers and then injection stopped. Figure (12) shows the fracture propagation simulation in zone
6. In low permeability zone 6, the goal is to obtain longer fracture length. Figure (13) shows the result for fracture conductivity. The
fracture conductivity is related to concentration of proppant in fracture. Figure (14) shows the result for proppant concentration in
fracture. According to figure (14), it can be concluded that proppant is situated well in fractures that shows the appropriate fluid and
proppanet selection. For zone 6, the created fracture length is 80 m which is long length and the acceptable with Fcp equal to 1.932.
Finally, results show that hydraulic fracturing can be successfully employed in zone 6. Figure (15) shows the result for temperature
variation of fluid in fracture after injection.

Conclusion

The suitable layer for hydraulic fracturing designthat is very useful in low permeability reservoirs, must have appropriate porosity and
minimum horizontal stress differences with adjacent layers, to stop propagation of the fracture to the top and bottom layers. In addition,
the value of water saturation must be considered. In this paper, the stresses were determined using the poroelastic method and based on
petrophysical data. The stress regime existing in the borehole under examination is of normal type and due to stress regime, the fracture
will propagate in avertical plane. The breakdown pressure was determined based on the Mohr—Coulomb criterion. Calculation of the
stress gradient, percentage of water saturation and porosity indicate that, in this well, the Sarvak zone and zone 6 of Bangstan reservoir
are suitable layers for hydraulic fracturing design.Based on reservoir temperature and conditions such as not sensitivity to water base
fluid, the HPG fluid with HG25G2K commercial name was used for modeling. Subsequently, Badger sand was selected as a proppant to
both layers. According to the calculated in situ stresses, this proppant has the capability of bearing the fracture closing pressure. Then the
P3D-lumped model was used to simulation that which provides results witha high degree of accuracy. The results show that the injection
rates less than 30 bbl/day cannot create the suitablefracture width to receive proppant. Therefore, the 30 bbl/day injection rate was
selected for the fluid. The goal is to obtain longer fracture length and more fracture conductivity as it possible.The appropriate depth for
hydraulic fracturing in Sarvak zone based on barrier layers, has been selected between the top barrier layer at 4125 m depth and the
bottom barrier layer at 4170 m depth. In low permeability Sarvak zone, the goal is to obtain longer fracture length. For Sarvak zone, the
created fracture length is 130 m which is long length and the acceptable Fco is equal to 0.795. The appropriate depth for hydraulic
fracturing in zone 6 based on barrier layers, has been selected between the top barrier layer at 4370 m depth and the bottom barrier layer
at 4400 m depth. In low permeability zone 6, the goal is to obtain longer fracture length. For zone 6, the created fracture length is 80 m
which is long length and the acceptable with Fcp equal to 1.932. In this design, the created fracture length in Sarvak zone is longer than
the created fracture length in zone 6, but dimensionless fracture conductivity in Sarvak zone is less than dimensionless fracture
conductivity in zone 6. The results show that hydraulic fracturing can be done successfully in both Sarak zone and zone 6.
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Fig.1. The Youngs modulus and Poissons ratio for the well of study, in dynamic and static values
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Fig.10. Proppant concentration in fracture simulation for Sarvak zone
. o Fracture Length (ft) 429.6
Temperature of Slurry in Fracture (°F) |propped Length (ft) 425.0
. ; ; ; ; ; ; ; ; ; ; ; ; Total Fracture Height (ft) 147.1
TVD(ft 25 50 75 100 125 150 175 200 225 250 275 300 325 |Total Propped Height (ft) 145.5
F R R N Fracture Top Depth (ft) 13528.5
ERI A PR § Fracture Bottom Depth (ft) 13675.6
LEds n ™ Average Fracture Width (in) 0.246
Average Proppant Concentration (Ib/ft?) | 2.19
Equivalent number of multiple fractures | 1.0
Dimensionless Conductivity 0.795
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Fig.11. Temperature variation of fluid in fracture simulation for Sarvak zone
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. Fracture Length (ft) 265.4
Growth Rings Propped Length (ft) 256.6
T T T T T T Total Fracture Height (ft) 96.9
TVD(ft 75 100 125 150 175 200 Total Propped Height (ft) 93.7
}J | | u | 1] u\ Fracture Top Depth (ft) 14336.7
[ E Fracture Bottom Depth (ft) 14433.6
S0 " R‘A""PRO » Average Fracture Width (in) 0.217
Average Proppant Concentration (Ib/ft?) | 2.25
Equivalent number of multiple fractures | 1.0
Dimensionless Conductivit 1.93
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Fig.12. Fracture propagation simulation for zone6
L. Fracture Length (ft) 265.4
Fracture Conductivity (mD-ft) Propped Length (ft) 256.6
T T T T - Total Fracture Height (ft) 96.9
TVD(ft 100 125 150 175 200 Total Propped Height (ft) 93.7
RN Fracture Top Depth (ft) 14336.7
[ E Fracture Bottom Depth (ft) 14433.6
£S00 . R‘ACPRO b Average Fracture Width (in) 0.217
Average Proppant Concentration (Ib/ft?) | 2.25
Equivalent number of multiple fractures | 1.0
| Dimensionless Conductivit) 1.93
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Fig.13. Fracture conductivity simulation for zone 6
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Fracture Length (ft 265.4
Concentration of Proppant in Fracture (Ib/{ propped Len%th((ft)) 256.6
T T T T T T T T Total Fracture Height (ft) 96.9
TVD(ft 25 50 75 100 125 150 175 200 Total Propped Height (ft) 93.7
}» | 1] u 1] u\ Fracture Top Depth (ft) 14336.7
Fracture Bottom Depth (ft) 14433.6
[LARe FR‘A""PRO Average Fracture Width (in) 0.217
Average Proppant Concentration (Ib/ft?) | 2.25
Equivalent number of multiple fractures | 1.0
Dimensionless Conductivit) 1.93
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Fig.14. Proppant concentration in fracture simulation for zone 6
. o Fracture Length (ft) 265.4
Temperature of Slurry in Fracture (°F) |propped Length (ft) 256.6
T T T T T T T T Total Fracture Height (ft) 96.9
TVD(ft] 25 50 75 100 125 150 175 200 Total Propped Height (ft) 93.7
LT ‘-.L Fracture Top Depth (ft) 14336.7
& E Fracture Bottom Depth (ft) 14433.6
BS00 ! H‘ACPRO = Average Fracture Width (in) 0.217
Average Proppant Concentration (Ib/ft?) | 2.25
Equivalent number of multiple fractures | 1.0
Dimensionless Conductivity 1.932
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Fig.15. Temperature variation of fluid in fracture simulation for zone 6
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Table 1. The minimum induced stress to cause formation tensile failure models

Tensile Failure Models O3 Borehole Tensile Failure will occur if :
(TVER ) Vertical Tensile Failure O gg P, 2306, —oy— P,-T
(THOR ) Horizontal Tensile Failure 0z P, <306p,—06y—06y— 2v(oy— oy)

(TCYL)Radial Tensile Failure

Py<Pp+T




