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ABSTRACT

UTILIZATION OF RESERVOIR CHARACTERIZATION AND
HYDRAULIC FRACTURING FOR RESERVOIR STIMULATION
MODELING OF ENHANCED GEOTHERMAL SYSTEMS (EGS)

Ozgiin BOZDOGAN

Master of Science, Department of Civil Engineering
Supervisor: Assoc. Prof. Mustafa Kerem KOCKAR
Co- Supervisor: Asst. Prof. Dr. Gence GENC CELIK

January 2022, 126 Pages

This thesis presents the characterization of the crack mechanisms in marble formations,
which are likely to be potential reservoir rocks, in the exploration drilling located in a
field with high geothermal potential in the south of the Menderes Graben. It covers the
characterization of these reservoirs by deep borehole drilling and extensive field studies,
creating an artificial enhanced geothermal system using the hydraulic fracturing method,
and developing these fracture propagations with numerical modeling. The fracture-strain
orientations will be obtained in the field by the exploration tests conducted in the borehole
and field characterization studies. Furthermore, the principal stress and crack orientations
that control the propagation of fracture-crack occurring in the reservoir rock will be
determined in detail and controlled. Then, the principal stress and crack orientations in
the reservoir rock will be determined in detail. In-situ stresses and their orientations,
which determine the crack mechanisms and characteristics in the potential reservoir rock

determined with the help of the input parameters obtained from these studies, will form



the basis of hydraulic fracturing studies. In this way, it will be possible to numerically
model the fracture network development in the rock using the hydraulic cracking method.
As a result of these studies, an enhanced geothermal system developed with an artificial
reservoir with optimum fluid and heat transfer properties will be implemented by
controlled stimulation of the crack mechanism in the reservoir rock. In this process, Mfast
software educationally supplied by Baker Hughes company will be used for hydraulic

fracturing modeling.

Keywords: Enhanced Geothermal Systems, In-situ Field Reservoir Characterization,
Geological and Engineering Geological Field Studies, MFast Software, 2D Hydraulic
Fracturing



OZET

GELISTIiRiLMIiS JEOTERMAL SiSTEMLER (GJS) iCIN
REZERVUAR KARAKTERIZASYONU VE HiDROLIK
CATLATMA YONTEMIYLE REZERVUAR STIMULASYON
MODELLEMESI

Ozgiin BOZDOGAN

Yiiksek Lisans, insaat Miihendisligi Boliimii
Tez Danmismani: Dog¢. Dr. Mustafa Kerem KOCKAR
Es Damisman: Dr. Gence GENC CELIK

Ocak 2022, 126 Sayfa

Bu tez ¢calismas1 Menderes Grabeninin giineyindeki yiiksek jeotermal potansiyeline sahip
bir sahada bulunan arastirma sondaji i¢erisindeki potansiyel rezervuar kaya olma olasilig1
olan formasyonlardaki catlak mekanizmalarinin sondaj igerisinde ve ylizey arazi
caligmalariyla karakterize edilmesi ve hidrolik g¢atlatma yontemiyle bu rezervuarlarin
nlimerik olarak modellenerek yapay bir gelistirilmils jeotermal sistem olusturulmasi
caligmalarin1 kapsamaktadir. Sahada jeotermal elektrik iiretimi amacli agilan sondajda
yapilan 6zel kuyu arastirma testleri ile elde edilen ylizey arazi karakterizasyonu
calismalar1 sonucu elde edilen catlak ve gerilme yonelimi verileri ile karsilagtirilarak
rezervuar kayada meydana gelen kirik-catlak sistemlerini kontrol eden asal gerilme ve
catlak yonelimlerinin detayli ve kontrollii olarak belirlenmesi amaglanmigtir. Buradan
elde edilen girdi parametreler yardimiyla potansiyel rezervuar kaya icerisindeki ¢atlak
mekanizmalarim1 ve Kkarakterini belirleyen yerinde (in-situ) gerilmeler ve bunlarin

yonelimleri hidrolik ¢atlatma calismalarina temel teskil edecektir. Bu sayede kaya
ii



icerisinde meydana gelecek catlak ag1 gelisiminin hidrolik ¢atlatma yontemiyle niimerik
olarak modellenmesi saglanacaktir. Bu ¢alismalarin sonucunda rezervuar kaya igindeki
catlak mekanizmasinin kontrollii olarak stimulasyonu ve optimum akiskan ve 1s1 transferi
Ozelliklerine sahip yapay bir rezervuar ile buna bagl olarak yapay bir gelistirilmils
jeotermal sistem olusturulacaktir. Hidrolik catlak yonelerimlerinin modellemesinde
Baker Hughes sirketinin egitim amacl olarak tarafimiza sagladigi Mfast yazilimi

kullanilmustir.

Anahtar Kelimeler: Gelistirilmis Jeotermal Sistemler, Yerinde Saha Rezervuar
Karakterizasyonu, Hidrolik Catlatma Modellemesi, Jeolojik ve Miihendislik Jeolojisi

Saha Arastirmasi, MFast Yazilimi, 2 Boyutlu Hidrolik Catlatma Modellemesi.
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1.INTRODUCTION

1.1. Introduction

In today's world, it is seen that energy need and consumption has been on an increasing
trend for a long time, and this trend will continue in the coming decades. Considering
clean and environmentally friendly renewable energy sources, demanding this as a
necessity has now become a condition that every country and individual must accept.
Fossil resources such as coal and oil, which pollute the environment and nature and
decrease reserves, need to be gradually replaced by green energy: wind, solar, and
geothermal energy. Among these, the importance of geothermal energy is increasing day
by day. This is because geothermal energy can profoundly contribute to economic and
social goals, such as meeting the rapidly increasing energy needs. Geothermal power
plants have a little negative impact on the environment thanks to their high capacity and
easy installation, low noise level, generosity against air pollution. This way, geothermal
power plants can be built in and near settlements-the results in lower energy transmission
and infrastructure costs. Today, 24 countries produce electrical energy using geothermal
energy, applying conventional (classical) geothermal methods. At the same time, the
electrical energy that can be produced with conventional geothermal systems is 72 Giga
Watt electrical (Tester and Smith, 1977; Sanyal and Butler, 2005). It is possible to double
these values with the hydraulic fracturing method, which emerged in the third quarter of
the 20th century and is still being developed. Hydraulic fracture allows geothermal
systems to increase the potential electrical power generation to 168 GWe. The United
States Department of Energy estimates that 100 GW of electricity will be produced by
2050 with the application of the Advanced Geothermal System method and has funded
around $4.45 million (IEA, 2011., Richter, 2018), while the International Geothermal
Agency predicts this value as 80 Gigawatt and the International Geothermal Agency

highly supports that world CO2 emission has to reach near-zero at 2050.

The view of Turkey’s perspective is highly similar to the world. Energy demand is
drastically increasing. According to Lally (2011) and the Geothermal Energy Authority
(2012), the electricity network is projected to grow 6-8% annually until 2020, with an


https://www.sciencedirect.com/science/article/pii/S0375650517301980#bib0190

increase of 50000 MW. The total installed power plant capacity in Turkey is 52,911 MW
as of 2011 (EMRA, 2012). Considering the 351 electricity generation licenses granted in
2011, the installed capacity exceeds 63000 MW (EMRA, 2012). The capacity estimations
made by TEIAS (2015) are based on the currently installed power plants, the licenses
obtained, and the plants still under construction. Only reliable production and project
production capacities were used to calibrate each scenario. TEIAS calculated these
scenarios by including high and low demand series with an average of 7.5% and 6.5% for
2011 to 2020, respectively.

In the light of these results, the expected energy deficit based on demand and capacity
types is expected to start between 2016 and 2020. However, it should be noted that as of
2011, Turkey has been able to use 77% of its total installed power. Thus, the importance
of existing capacity increases. Accordingly, it can be said that the energy deficit in Turkey
will occur earlier than the estimated date (EMRA, 2012). Therefore, the energy produced
from the enhanced geothermal system is an essential alternative solution to reduce or even
eliminate the risk. As of 2010, the total installed power based on geothermal energy is
94.2 MW. With the participation of the licensed area, the energy production capacity of
geothermal fields in Turkey is expected to reach approximately 400 MW (TEIAS, 2015).
However, even if the total licensed energy production is considered, it shares
approximately 1% of the total electricity production in Turkey (EMRA, 2012).
Considering Turkey's view on renewable energy, this rate is meager and should be
increased. Field development should be planned to increase the share of geothermal

energy in total energy production.

Considering all these, it is evident that Turkey needs to improve its energy production
capability with proper and sustainable solutions. Although Turkey has a very high
geothermal potential (Figure 1) and ranks 7th in the world in this regard, there is currently
no study or project in which any Advanced Geothermal Systems are applied. (Kaygusuz,
2004; Basel vd., 2010; Holm vd., 2010 ve Jeotermal Enerji Kurumu, 2017).
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Figure 1. Turkey’s distribution of geothermal resources and applications map. Taken
from General Directorate of Mineral Research and Exploration

While Turkey has such a high potential even in terms of conventional geothermal energy,
it has an undeniable advantage in Enhanced Geothermal Systems (EGS). Conventional
methods are used in areas with an underground reservoir and other necessary elements.
In addition, another technique has emerged as a technique where there is no geothermal
fluid reservoir but creating a reservoir by injecting water from the wells to be drilled and
generating electricity by using the geothermal fluid (water and/or steam) to be obtained
from this fluid. This application has two different names: Enhanced Geothermal Systems
(EGS) and Hot Dry Rock (HDR). With this method, underground heat is evaluated and
IS used as a source. Production trials with this technology started in the 1970s.

1.2 Enhanced Geothermal Systems Concept

Los Alamos Scientific Laboratory first studied the concept of Hot Dry Rock in New
Mexico in the early 1970s (Potter et al., 1974). The idea was based on injecting water into
the crack system with the help of an injection well by cracking the impermeable high-

temperature dry rock at depth and regenerating the heated water by the rock (Figure 2).
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Figure 2. Enhanced Geothermal System Concept (Lei et al., 2020)

This method aims to artificially obtain the permeability and water parameters, which are
the requirements of traditional geothermal energy. Since a conventional geothermal
reservoir needs three parameters: heat, permeability, and fluid (Figure 3) to operate
efficiently, eliminating two factors provides a huge advantage. Also, this method allows
reaching higher temperature values. After successful results from the first application,
research on the application of developed geothermal systems has increased. In order to
obtain the best results in various implementation stages, multidisciplinary studies were

needed in this area.
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1.3. Case Studies

In this section, some field studies will be examined chronologically. While examining
these projects, the difficulties and problems of this method will be briefly mentioned, and

the main elements of the thesis will be explained based on all these problems.

1.3.1 Fenton Hill Project

The work done at Fenton Hill is considered the first of its kind and started in 1974
(Norbeck et al., 2018). Two different boreholes were drilled consecutively within this
project's scope at depths of 2932 m and 3064 m. 180 °C was the maximum bottom hole
temperature for these two wells, which was considered sufficient. First hydraulic fracture
attempts were ineffective since the well connection was not adequate. After failing to
connect the two wells, drilling another well into the fractal matrix partly shut one failed



well (Ghasemi & Alexis, 2010). After nearly a year and a half of testing, 3-5 MWt (1-1.6
Mwe) was achieved, and the continuation of the project was decided in 1979 with two
new sets of well-drilled and stimulated at a depth of nearly 4400 m. However, the problem
in the previous project reappeared. The expectation of the fracture propagation was not
in the estimated directions. Thus, the connection of the two wells failed again, and a re-
drilling operation was made to provide enough connection between the wells. During
December 1983, the most effective stimulation treatment was performed in Well EE-2
(Expt. 2032, also known as the Massive Hydraulic Fracture (MHF) treatment), in which
approximately 21,000 m? of water was injected over 60 hours at a maximum flow rate of
106 kg/s (Norbeck et al., 2018). Long-term tests showed that the fluid loss was minimal,
temperature decrease at the reservoir rock was acceptable, and for a while, 180 °C water
temperature was reached, but after some failure, this production temperature dropped
back to insufficient levels. This drop was thought to be due to the low flow rate that

caused heat loss while passing through cooler lithological layers.

1.3.2 Rosemanowes Project

Rosemanowes was a project in the Carnmenellis granite in the United Kingdom. Drilling
300-meter wells to test fracture initiation techniques began in 1977 (Macdonald et al.,
1992). The direction of the minimum principal stress in the rock at Rosemanowes was
vertical at 300 m; therefore, the opened fractures were primarily in the horizontal plane
since fracture propagation was perpendicular to the minimum principal stress direction.
At depths greater than 400-500 m, the minimum principal stress was usually horizontal,
so fractures opened up preferentially in a vertical plane unless a different fault structure
did not exist. Many aspects of shallow fracture behavior (i.e., mode of opening,
subsequent water loss) are now recognized as distinct from those at depth. Nonetheless,
the results of Phase 1 provided enough confidence in the experimental procedures at the
time to justify the second phase of investigation (Macdonald et al., 1992). Thus, it was
found that this shallow depth was not representative of the deeper wells. Subsequently, it
was decided to drill a pair of boreholes to reach 2000 m depth. The bottom hole
temperature observed at 2000 m was 80 °C. Phase 3 started in 1983, and the final borehole
depth was achieved as 2600 m while the temperature was around 100 °C. After reaching
these temperatures, it was decided to carry out flow tests, but at the end of four years, a

decrease of 20 to 30 percent was observed in reservoir temperatures. It was also observed



that there was a short circuit in the fracturing mechanism and the reservoir was sealed to
prevent this. As a result, the amount of flow in the system has decreased, and production

has become more complex.

1.3.3 Hijiori hot-dry rock project

Hijiori's hot-dry rock project started in 1985 with the knowledge and experience gained
from the Fenton-Hill HDR project. The project was developed in two parts. Because of
the hydraulic characteristics of the artificial reservoir, particularly connectivity between
the injection well and the production well in a domestic basement, reservoir rock had not
been thoroughly investigated at the time. Consequently, a small heat extraction system
known as the "upper reservoir" was planned and built first (Matsunaga et al., 2005).
Drilling operations started in 1989 with four wells while three of them were producing
wells and the other one was injection. The bottom hole of the production wells was
approximately 1800 meters, and the other was at 2151 meters. While maximum
temperature readings showed an enormous 250°C (Matsunaga et al., 2005), hydraulic
fracturing operations made with 2000 m?® of water and flow tests were determined for 30
days, and only 30% of the injected fluid could be recovered (Ghasemi & Alexis, 2010).
Upon facing lower than expected recoveries, it was decided to move to the project's
second phase and develop the system. The same wells were deepened to 2200-2300 m,

and the fracturing process was repeated, targeting a larger reservoir (Figure 4).
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Figure 4. Hijiori Enhanced Geothermal System Project

Although the lower reservoir's production efficiency was higher than the upper reservoir,

only approximately 50% of the injected fluid was returned as production (Ghasemi &



Alexis, 2010). If it is examined in terms of the produced water temperature and flow rate,
the flow rate of 5 kg/s and 4 kg/ s yield 163 °C and 172 °C, respectively, while the fluid
injection temperature was 36 °C. (Ghasemi & Alexis, 2010). These results showed that
the total thermal energy production was around 8 MWt (2.67 MWe). Although successful
operations, the project had been stalled due to an unexpected temperature decrease at the
bottom hole and political issues (Ghasemi & Alexis, 2010; Matsunaga et al., 2005).

1.3.4 Ogachi Project

The Ogachi was also located in Japan. In the first study, two boreholes reaching a depth
of 1000 meters were used where the temperature reached 230 °C (Hori et al., 1999). In
this 1000-meter borehole, two different hydraulic fracturing processes were performed at
the lowest point and 700th meters. This provided two layers of the fractal layer with 0.3
km? and 0.5 km?at depths of 700 and 1000 meters, respectively (Figure 5).
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Figure 5. Ogachi Fracture Experiment (Hori et al., 1999)

First circulation tests showed just around 3% recovery of the injected water. This low
production reservoir was re-stimulated in 1994. Although improvement was achieved



according to the retest results, a sufficient production level could not be reached.
Production was limited to only 10%. As a result, a final cracking operation was carried
out, followed by a month-long flow test. Production of the injected water amount was
increased with this last stimulation; however, it reached 25% (Ghasemi & Alexis, 2010).
Finally, the project was closed in 2002 (Xie et al., 2015).

1.3.5 Soultz Field

The European site for HDR/EGS research is at Soultz- sous-Fore™ts in northern Alsace,
about 50 km north of Strasbourg, France. The Soultz project is located in the old
Pechelbron oilfield in France (Ghasemi & Alexis, 2010), and it is currently the most
prominent research area in this field and has continued to produce electricity effectively
since 2008 (Genter et al., 2010). The site is located in granitic rocks within the Upper
Rhine Graben, the most significant Central European thermal anomaly and a main active
fault located 5 km east of this region (Tenzer et al., 2010). The essential factor in selecting
this region was the high geothermal gradient. Gradient values were between 65 — 100 °C
/km. Although the gradient changes are not constant, the change according to the layers
is as follows: The gradient between 2,000-3,000 m depth is reduced to virtual zero due
to convection cells and rises again to 30 °C/km at depths below 3000 m (Tenzer et al.,
2010). In addition to this superior advantage, the water content in the designated reservoir
was also found, whereas the older project contained hot-dry rock without any fluid
content. Therefore, since the rock in the region was not dry, the name Enhanced
Geothermal Systems had been used instead of HDR (Hébert et al., 2012).

In 1987, the first well re-drilled down to 2000 meters was named GPK1. In 1990, seismic
surveys were performed using an old oil well (EPS1), and detailed information was
obtained about the region (Gérard et al., 2006). As a result of these researches, it was
decided to deepen the GPK1 well to 3600 meters where approximately 160 °C of
temperature was reached (Gérard et al., 2006). Despite these, three new boreholes were
drilled since the observation well, and GPK1 could not produce due to technical problems
(Hébert, 2012). The depths of these three wells, GPK2, GPK3, and GPK4, were 5000
meters. The temperature at the bottom hole of the GPK2 was read as 203 °C. The
horizontal distance between these three boreholes was 650 m for GPK2-GPK3 and 700



m for GPK3-GPK4, while GPK3 was well placed in the middle. (Gérard et al., 2006).

Figure 6 shows the orientation of the wells.
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Figure 6. Soultz’s well orientation (Genter et al., 2010)

Considering the problems from the previous projects, extensive borehole drilling
investigations were performed to start the project. Since hydraulic fracture propagates
perpendicular to minimum principal stress (Boyun et al., 2017), connecting the injection
and production wells is essential after the hydraulic fracturing process. Therefore, the
borehole imager and the test tools were lowered to almost all wells, except EPS1, which
was cored, and borehole observations were made for the rest of the boreholes. There are
two different fracture types to analyze fractal networks along bore-holes. The first fracture
set induced by drilling operations can lead to misinterpretation of the stress state of the
region. Thus, only natural fracture networks have been taken into account. Drilling-
induced fractures are fresher than paleo-stress fractures. The differences in the directions
of these drilling-induced and paleo-stress fractures provided information on the past and
present stress directions (Dezayes et al., 2010). Five different measuring instruments were

performed in the borehole observations. These were BHTV: BoreHole TeleViewer; UBI:
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Ultrasonic Borehole Imager; FMS: Formation Micro Scanner; FMI: Fullbore Micro-
Imager; ARI: Azimuthal Resistivity Imager (Dezayes et al., 2010). (Figure 7). Asaresult,
hydraulic fracturing operation was carried out in the GPK3 boring well between 2003 and
2004, and flow tests were started between GPK3 and GPK2.

After a year, second hydraulic fracture stimulation was performed in GPK4, and
circulation tests were made between the central injection well (GPK3) and two production
wells (GPK2-GPK4). Test results show that connectivity between wells was sufficient
for production. The circulation rate was higher than 21 kg/s, and the temperature of the
injected water increased from 40 °C to 136 °C (Ghasemi & Alexis, 2010). While the
amount of water produced back in the old practices was around 50%, it reached up to
90% in this region (Ghasemi & Alexis, 2010). As a result of the studies, the thermal power
generation was measured as about 10 MWt. Soultz EGS site is still operating and is used
as both a power generation facility and experiment field to understand the hydraulic

fracture mechanism better.
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Figure 7. Soultz’s boring wells and applied imager logs
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In summary, this 40-50 years of hydraulic fracturing process improved geothermal energy
systems. It has been proven that hydraulic fracturing can be used commercially. Despite
unsuccessful attempts and high costs, the success rate has increased as information has
been transferred from the past to the present. Moreover, actively used electrical facilities
have emerged. (Table 1). For these reasons, this technology should be well understood

and applied in Turkey.

Table 1. Completed projects and their status (Xie et al., 2015)

Project Country Duration Depth(km) Temperature Status
cO)
Fenton Hill USA 1974-1995 3.5 240 Not-
active
Resemanowes UK 1977-1991 2.6 95 Not-
active
Hijiori JP 1985-2002 2.3 270 Not-
active
Ogachi JP 1989-2002 1 230 Not-
active
Soultz FR 1987- 5 200 Active
Present

Learning outcome over the years;

e The hydraulic fracture propagating process can create lengthy fractures reaching
1-3 km.

e Acquiring a large reservoir volume is essential to the lifespan of the system.
Smaller reservoirs cannot keep their heat capacity, and temperature will fade away
in a much shorter time.

e In order to obtain a large reservoir volume, the gap between wells must be broad
enough, but at the same time, there should be enough connection to production.

e The connection between injection and production wells is crucial for both the
HDR and EGS concept

12



e Decreasing injection pressure will reduce the water loss and reservoir
development; however, it can also cause a decrease in flow rate, which is
undesirable for keeping the temperature high during the production step.

e The reservoir stress state has to be determined to estimate the direction of the
propagation.

e Hydraulic fracture propagation direction is hard to estimate even with bottom-
hole borehole data imager tools. A fracture can grow beyond estimations. Due to
this situation, the production well has to be drilled after stimulation.

e Proppant placement needs higher pressures, and this pressure can cause short-
circuiting.

e Proppant type should be chosen carefully. It must withstand high compression
stresses and should not cause the particles to interlock. High thermal conductivity
is essential for EGS and should be durable for years.

e Short-circuiting is almost irretrievable. Even resealing and re-stimulating will not

yield any efficiency.

1.4 Scope of The Thesis

This thesis will be performed at the southern flank of the Biiyiik Menderes Graben.
In order to understand the geothermal system in the field, a deep boring log having
two different sections were extracted from one drilling study for research purposes,
and in-hole injection, Micro-imager (Full Bore Microimager-FMI), Sonic, Caliper,
Static Pressure and Temperature (Static PT) tests have been conducted. In the light of
the data obtained from these experiments, it was estimated that the control of the
cracks in the lithological unit was formed by the effect of geomechanical processes
in the reservoir and showed behavior depending on this. In the light of previous
studies, it has been proven that crack orientations have been directly affected by stress
directions in the region. With these borehole data sets, it has been possible to
determine the principal stresses and the orientation of the fracture system. However,
it is crucial to compare the data obtained from drilling with the data obtained in field
survey characterization studies and test its reliability. For this purpose, within the
scope of the thesis, the results of paleo-stress distributions, scan line surveys, and
focal mechanism solutions will be compared and evaluated with field studies. The

principal stress and crack orientations that control the fracture-crack systems in the
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region will be determined. As a result, the geomechanical behavior that characterizes
the crack mechanisms occurring in the reservoir rock will be evaluated and controlled
in detail at the surface and the potential reservoir depths determined in deep borehole
drillings. With the help of the input parameters obtained from these, the in-situ
stresses and their orientations that determine the crack mechanisms and characteristics
in the potential reservoir rock will form the basis of hydraulic fracturing studies. Also,
the hydraulic fracturing method will provide numerical modeling of the crack network
development that will occur in the rock. As mentioned before, hydraulic fracturing is
the process of creating high permeability tensile cracks at regular intervals in the
borehole wall reservoir rock by the injection of a fracturing fluid containing a high
percentage of water in general terms. In this way, hydrothermal waters that could not
flow into the well due to low reservoir permeability before hydraulic fracturing can
start to flow into the well from distant reservoir points through newly-formed high
permeability cracks after fracturing. The main parameters affecting the formation,
geometry, and orientation of hydraulic cracks are; drilling the well in the horizontal
or vertical direction, minimum and maximum horizontal principal stress magnitudes
and their directions, geometric relationship, principal vertical stress, and elastic
coefficients of the rock along with the rock mass tensile strength. With the help of the
obtained input parameters, crack geometries can be modeled in cracking simulations.
In this way, since numerical simulation software will produce results entirely
according to these values, it will be possible to create the crack in the planned
geometry in natural underground conditions as much as possible. As a result, the crack
mechanism in the reservoir rock will be developed (stimulation) in a controlled
manner, and an artificial reservoir with optimum fluid and heat transfer properties
will be developed. An artificial enhanced geothermal system will be created

accordingly.
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2. GEOLOGY AND TECTONICS

2.1 Geology and Tectonics

The subject of the thesis is the southern flank of the Biiyiik Menderes Massif, in a small
scale and young-graben structure, in the western Aegean region of Turkey (Figure 8).
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Figure 8. Menderes Massif (Barka & Reilinger, 1997)

Hydraulic fracturing mechanism requires extensive geological and tectonical surface and
particularly subsurface investigations. Advanced Geothermal Systems need suitable
reservoir environments that must contain both adequate temperature and the appropriate
rock type for hydraulic fracturing operations. Therefore, before starting the field studies,
it is necessary to investigate the paleo-stress regime, seismotectonic and geologic
characteristics of the selected region from previous and literature studies and to determine

the geological structure and stress regimes in the region.

To start with the geological research studies in the region, the development of Greece's
and western Turkey's Aegean-west Anatolian orocline-back arc system occurred during
the sinking of the African plate beneath Eurasia. This area has a well-documented
structural, metamorphic, and magmatic geological record, which has been interpreted in
terms of creating an accretionary prism stretched in Neogene time, permitting the
exhumation of metamorphosed sections of the prism (Gautier et al., 1999; van Hinsbergen
et al., 2005a; Jolivet and Brun, 2010; Ring et al., 2010). In the Neoproterozoic, the last
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era of the Precambrian Supereon and the Proterozoic Eon from 1 billion to 541 million
years ago, the geological development of the Menderes Massif resulted in complex
geological architecture and a diverse inventory of deformation features (Siefert et al.,
2021). Miocene crustal thinning caused the formation of east-west trending extensional
graben structures and north-south basins (Bozkurt and Oberhénsli, 2001; Gessner et al.,
2001a; Régnier et al., 2003 Reilinger et al., 2006). Menderes Massif consists of generally
metamorphic crystalline units with a predominantly Alpine and some Pan-African
(Sengor et al., 1984; Bozkurt and Park, 1994; Bozkurt and Oberhidnsli, 2001; Gessner et
al.,2001b; Ring et al., 2003). The basement rocks of the graben mainly consist of
metamorphic and igneous rocks overlain by sediments and sedimentary rocks with a
thickness of several hundred meters (Giirer et al., 2009). The rock type in the geothermal
fields in this region is generally determined as schist and marble (Simsek, 1985).
Assuming that marble is crucial for enhanced geothermal systems since marble is known
as a suitable heat exchanger, understanding the geological settlement of the area is
essential for further electricity generation. Two different marble-bearing horizons are
distinguishable within the area around the Biiyiik Menderes Graben: one of Paleozoic and
another of Mesozoic (Cretaceous) age (Ring et al., 1999; Gessner et al., 2001a; Ozer and
Sozbilir, 2003). According to Hinsberger (2010) study, there are four nappes of different
ages in the Menderes Massif. The depths of these nappes vary in the north-south direction
(Figure 9). The nappes in the model forming the Menderes Massif are respectively from
bottom to top; Bayindir, Bozdag, Selimiye and Cine. Bayindir nappe mainly consists of
phyllite, quartzite, marble, and greenschist, which indicates that the metamorphic grade
of Bayindir Nappe is lower than other nappes. Bozdag Nappe is mainly composed of
metaperite and metagranite, including eclogite and amphibolite. According to structural
data, although the age of the bedrock, Gessner et al. (1998) claim that this nappe belongs
to the Precambrian age. The Cine nappe consists mainly of orthogneiss, meta-granite and
pelitic gneiss accompanied by eclogite and amphibolite lenses (Siefert et al., 2021). The
last nappe of the Menderes Massif formation is Selimiye, which is divided into two
sections. The upper section predominantly consists of meta-pelite, meta-basite, and
marble, and the lower section is composed of meta-pelite and weakly-deformed meta-
granite. The age of the upper layer is estimated as carboniferous due to its fossil content,
and the age of the lower section has been found as Precambrian (549 Ma) according to

Uranium-Pb zircon ages (Siefert et al., 2021).
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Hinsbergen et al., 2010)

The nappe geometry under the young cover in the Biiylik Menderes Graben is stacked
from bottom to top as Bayindir, Bozdag, Cine, and Selimiye. The Selimiye, Cine, and
Bozdag nappes were lowered in the south during the graben formation. The marble
located in the deeper Bayindir nappe is separated from the others by inclining towards the
south and is represented by deeper marble successions (Siefert et al., 2021). These
successions, suitable for developed geothermal systems in the study area and for which

field studies were carried out, crop out in the Bayindir nappe.

The Aegean Region is very active based on tectonic movements to examine the Menderes
Massif tectonically. In Western Anatolia, compression is dominant at first, and then a
stretching occurs in the earth's crust with Cenozoic tectonics (Sengér, 1979). It is accepted
that the Aegean region in the west of Anatolia also emerged as a result of crustal
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expansions (Cemen et al., 2006). Different models have been put forward about how the
expansion occurs in this region. These are; Tectonic Escape Model brought up by Dewey
and Sengor, Back-arc Opening Model supported by Le Pichon and Angelier, and a two-
stage Grabenization model put forward by Kogyigit (1999). The common point of these
different models is that the western Aegean region has expanding and seismically active
tectonism (Dewey and Sengor., 1979). In neotectonics, the forces formed as a result of
these expansions have caused shape changes in the western Aegean, and as a result, they
have led to some east-west trending normal faults. All of these fault activities have formed

the Biiyiik Menderes graben.

E-W trending grabens within the Aegean graben system such as the Biiyiik Menderes
Graben system and their active normal faults limiting the basin are among the most
distinctive neotectonic features of Western Anatolia. Fault directions in the Menderes
graben are an essential indicator in determining the main stress directions. In the earlier
phase, between Late Miocene and Early Pliocene, N-S extension occurred with the
development of sub-slip-slip components of a conjugate NE- and NWN trending normal
fault pair. This expansion in this region has created the episodic two-stage graben model
proposed by Kogyigit et al. (1999), which includes the following two stages. In this East-
West and North-South direction, normal faults start from the east of Aydin and move
towards Denizli. The main fault set mentioned above, which developed approximately in
the E-W direction, developed to form steps in the Biiyilk Menderes Graben (Figure 10)
Bozkurt 2001). It is stated that these faults are normal faults dipping south, and their

formation ages start from the Late Miocene and continue until today (S6zbilir 2001).

As mentioned above, as a result of the information obtained from the compiled geological
and tectonic studies, it is thought that the marbles in the Bayindir nappe at the bottom of
the metamorphic nappes outcropping in the graben system in the south of the Menderes
Massif are suitable for advanced geothermal systems. In this thesis, evaluations regarding
the suitability of these units, especially in the study area, will be examined in detail. These
E-W and N-S strike normal faults cause extensional regimes. Besides, it has been
observed that these fault types and their orientations are normal faults with nearly vertical

angles, which is an essential factor for the hydraulic fracture direction.
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Western Anatolia can be evaluated in the extensional area type class (Figure 11).
Tectonically, this area shows an area type similar to the enhanced geothermal field of
Soultz in France. Therefore, the studies conducted in Soultz are promising for the progress

of the advanced geothermal studies to be carried out in the Aegean Region of Turkey.
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Figure 11: Geothermal systems according to tectonic classifications
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Despite all these literature studies, the Aegean region's complex structure and variable
characteristics require engineering geological and tectonic field studies, seismological
studies, deep boring operations, and extensive geomechanical laboratory experiments to
determine the seismotectonic mechanism in the targeted region in detail. Therefore,
multi-disciplinary field reconnaissance surveys have been performed via assessment of
fault kinematic measurements, scan-line surveys, rock mass characterization, along with

geomechanical properties.

2.2 Paleo Stress Analysis

Paleostress is a word used in geology to describe mechanical stress that has impacted rock
formations, particularly in structural geology and tectonics in the past. The situation has
first developed the theory by Wallace (1953) and Bott (1959) regarding the mathematics
of this method. Kinematic analysis methods using fault-slip data are divided into two
groups. These are numerical analysis and graphical analysis. The basis of both methods
is that the slip direction (fault scratches) and the stress systems causing the faulting are
the same as the direction at which they are maximum on the fault plane. It is based on the
principle that fault surfaces striations represent the maximum stress on the planes of

weakness.

Carey & Brunier (1974) developed a method for determining the principal stress
directions that cause faulting, based on fault scratches, using the paleo stress inversion
method. Many paleo stress transformation methods have been developed in the following
periods to consider different boundary conditions and variables (Angelier, 1990; Yin ve
Ranalli, 1993). The basic logic of these improved methods is to use at least four or more
fault-slip data from the same fault zone, which are thought to belong to the same
deformation phase.

Paleo-stress inversion techniques, developed by Angelier (1988) that generally form the
main mathematical framework of many paleo stress inversion software use reduced tensor
logic. As a part of this research, Akgiin (2021) has used the rotational optimization (RO)
method, which is presented under the Win-Tensor program developed by Delvaux and

Sperner (2003). There are nine variables, three of which result from fault geometry, three
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from the direction of principal stresses, and three from the magnitude of stresses. Since
the direction of the faults can be measured in the field, the number of variables can be
reduced to six. It is possible to establish a geometric relationship between stress
magnitudes according to the type of deformation. Then, it can be done by subtracting the
minor stress magnitude (o3) from the other two stress magnitudes (o1 and o2) and
revealing the magnitude relationship between the stresses using the geometry of the stress
ellipsoid. This ratio is called the shape factor and is defined by the equation presented

below:

O — O3
01 — 03

R=( ) (2.1)

2.3 Kinematic Data Collection from Fault Set

Paleo stress measurements are performed by measuring the inclination of the strike, dip,
and fault-slip lines with the strike from the fault mirror. At the same time, the direction
of movement of the fault should be determined by evaluating the kinematic on the fault
mirror. In general, fault-slip data were collected from Quaternary units describing the
current basin fill, the Plio-Miocene units describing the older basin fill, and schist-marble
alternating unit forming the Menderes Massif. In some of the mesoscopic faults observed
in the Quaternary and Plio-Miocene (Figure 12) aged sedimentary units, the fault plane
and slip surface striations developed on it were observed. In addition, paleo-stress data
were also collected from the schist-marble intercalated unit forming the Menderes Massif.
While the directional relationship between the fault plane and the schistosity plane was
taken into account during the collection of these data, attention was also paid to the
existence of reference structures (different metamorphic units or vein formation, etc.)

where the offsets can be tested in terms of reliability of the data.

Representative stress-tensors of paleo stress inversion solutions prepared by the Win-
Tensor program are given in Figures 13. According to the results obtained based on these
studies, it was observed that the maximum principal stress was in the vertical direction,
and the dip angle was close to 90°. In addition, extensions observed in East-West and
North-South directions prove the episodic two-stage graben model proposed by Kogyigit
etal. (1999).
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3. IN-SITU FIELD TESTING STUDIES

3.1 Deep Boring Studies

Identifying the in-situ stress parameters and the hydro-mechanical processes required in
hydraulic fracturing applications to enhance the reservoir fracture network, deep boring
studies have been performed in the southern flank of the Biiyilk Menderes Graben. In
order to evaluate the in-situ mechanisms of the target reservoir throughout the depth, it is
necessary to determine the direction and the relative magnitude of the current principal
stresses along with performing fracture network characterization and determining the
reservoir rock geomechanical properties in detail. Hence, deep boring studies are essential
processes for enhanced geothermal systems. Deep in-situ boring data can ensure that the
minimum criteria are required to meet EGS in the target region. In light of these data sets,
the continuation of the operation would be decided upon, and various analyses and tests
need to be performed to design hydraulic fracture procedures. In this research,
geophysical in-situ testing of PT (Pressure-Temperature), FMI (Full-bore formation
micro imager), Sonic and Caliper boring logs were assessed to determine thermal, in-situ

stress conditions, rock mass characteristics, and geomechanical parameters.

In addition, to demonstrate that the marble succession at the selected region of the study
area in the Bayindir nappe is suitable for hydraulic fracturing (sufficient heat capacity,
reservoir area with high thermal conductivity), extensive deep in-situ boring information
has been collected from this region. Considering the complex mechanism of hydraulic
fracturing, the multitude of variables depends on the success rate in connecting the two
crack mechanisms and considering the drilling depths for the deep hydraulic fracturing
and drilling data that are most significant in aiding the position for modeling parameters.
Raw FMI drilling data from an anonymous private organization was obtained and
analyzed to satisfy and test these conditions. Before starting further engineering analysis,
these eligibility criteria were analyzed and examined in regards to whether the mentioned
standards could be met or not. Analyzed parameters were heating vs. depth and rock mass

characteristics.
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Temperature measurements were made with a multi-tool open well device starting with
heat development. According to the temperature log for the shallow depths (0-2000 m),
the average temperature increase was around 3 Celsius per 100 m. Although it may not
seem sufficient at first glance (only a 90-degree rise can be achieved within 3000 meters),
it has been observed that the geothermal gradient increases significantly at larger depths.
The increase of the geothermal gradient is 5°C/100m up to 3000 m depth and approaches
almost 6°C/100m for the 3900m depth, and it reaches 190°C in total from 29°C. This fact
proved that the candidate geothermal site was promising from a thermal point of view

hydraulic fracturing.

After checking the temperature status and deciding that this site was suitable for thermal
conditions, other criteria to check were rock mass characteristics full bore imager that
provides both lithology images and gamma-ray. The gamma-ray log provides a means of
identifying changes in lithology in the siliciclastic environment. (Osarogiagbon et al.,
2020) In reality, various rocks release varying quantities of gamma radiation, and the log
allows for identifying lithological variations. Shale has high gamma radiation because
clay minerals, which are common in fine-grained sedimentary rocks, contain all three of
the most prevalent radioactive elements, potassium, uranium, and thorium, but quartz, the
primary component of mature sandstone, contains none of these elements (Rider., 1990).
In the deep boring log, a biotite schist series with a minor alteration zone representing the
Bayindir formation has been encountered at the bottom of the boring between 3600 and
3650 m. A marble formation was observed between 3650 and 3725 meters, including a
thin layer of biotite schist with an alteration. Between 3725 and 3900 meters, there is
leucocratic orthogenesis with biotite schist and some alteration zones with gray gneiss,
high chlorite, and calcite content. Although the highest temperature measurement was
obtained at the deepest section of the borehole (3900 m), the rock mass type was not
convenient for the enhanced geothermal systems due to the low thermal conductivity of

the leucocratic orthogenesis and biotite schist.

Research shows that the heat conductivity of crystalline rocks can be around 2.5-3 to 6
W*m-1*K-1 (Durmus & Goérhan, 2009; Cachova et al., 2016; Altay et al., 2001) while
other studies have mentioned that the presence of crystalline, igneous rocks usually
indicates heat exchangers (Tester et al., 2006). On the other hand, marble has substantial
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high heat capacity and thermal conductivity. Rock formation and boring lithology log can

be seen in Figure 14a and b.
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First, the most valuable data it provides is in-situ stress conditions, which means the

principal stress directions. Although principal stress directions are not the yield criteria

to start hydraulic fracture, they are the essential parameters for hydraulic fracture

propagation. In other words, hydraulic fractures tend to propagate along the path of least

resistance and create width in a direction that requires minor force. This implies that the

hydraulic fracture will propagate perpendicular to the minimum stress direction 3. Thus,

the principal stress orientation and magnitude information are crucial for a full-bore
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imager (Moska et al., 2021). Figure 15 shows the fracture propagation according to stress
conditions. In other words, it will propagate parallel to maximum stress (Brudy & Zoback,
1999). Analyzing the geometry of fractures will increase the success rate and efficiency
of the fractal matrix. Thus, as mentioned before, drilling data is more important than
surface observations due to the complex tectonic structure of the Aegean region, and the
drilling tool can provide this information by using FMI (Full-bore formation micro
imager). Drilling logs that can provide a high-resolution map of the resistivity of the
borehole wall help identify the exact direction, depth, type, and density of the natural
cracks. (Khoshbakht et al., 2009; Rajabi et al., 2010).

Extensional Strike-slip Compressional
Ov>0n>0n Ou>0v>0n Ouw=>0n>0v
Stress magnitude: high =9 medium —» low —»

Figure 15. Fracture propagation directions according to the stress conditions
(Zimmermann et al., 2010)

According to the FMI log, the North-South oriented cracks are dominant in between 2000
and 2100 meters. These cracks are also observed through the detachment fault at 2630 m.

However, the target zone’s crack formation is different from the upper layers of the
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drilling hole. The dominant crack direction between 3600 and 3900 meters is West-East

oriented with some N-S cracks (Figure 16). It implies that the two stress conditions are

pretty close regarding the magnitude of stress. Since crack angles cannot be obtained with

these data sets, it is difficult to determine which stress components they belong to. These

data have been assessed with the other research studies (i.e., scan line surveys, paleo stress

analyses) carried out in the field to correlate those results.
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Figure 16. The FMI results are based on fault and crack orientation output throughout the
depth

FMI log also gives sonic data besides stress and crack directions with its multi-tool. The

estimations are derived from log measurements of the compressional or P wave travel

time, calculated by running sonic geophysical logs in boreholes (Oyler et al., 2010). The

difference in arrival times of the sonic waves obtained by other detectors is then used to

calculate the travel time of the initial arrival of the compressional (or P) wave, which is

the fastest component of the sound (Oyler et al., 2010). From the perspective of the

literature, S wave calculations can be obtained from these results (Maleki et al., 2014).

Another borehole measurement was the caliper log that gives information about the

borehole diameter concerning the drilling depth. With this information, the volumetric

capacity of the borehole can be calculated that has to be cased (Parsons, 1943). Although
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the caliper provides this data, its most important contribution is the diameter changes
regarding the depth. Of course, it does not make sense in one-way measurements, but
multi-arm caliper drillings provide apparent information about the shape of the boring
well. In this research, a caliper log having 6-arm was used, and three different borehole
diameters were obtained. The drill width (i.e., bit size) of the caliper log was 8.5 inches
(21.59 cm). To analyze these three diameters, two have a significant change in diameter,

and the other is nearly the same as 21.59 cm when the washout expansions are ignored.

Nevertheless, between these two caliper diameters, not much difference was observed.
This situation can be interpreted as follows; there is not too much difference in magnitude
between the two stresses in the horizontal plane. Bit size and Caliper measurement results

can be seen in Figure 17.
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Figure 17. The results of the Caliper Log with depth

As shown in Figure 17, deep boring data provides valuable information for the
lithological and engineering geological parameters of the site. It aims to complete the
missing parameters and better understand the field conditions with the data obtained in-

situ, along with the experiments performed on the collected samples.

Considering the depth at which the deep boring operation is performed increases the
importance of drilling studies since it is not easy to obtain quantitative measurement
results at these reservoir depths. Hence, these in-situ testing results from the different

testing methods shall are expected to form a basis for assessing the natural fracture
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characteristics and fracture network parameters of these marble units in Bayindir
formation and shall be used to allow the hydro-mechanical modeling of this reservoir

unit.

3.2 Field Studies

An extensive literature review was conducted to assess the geology and seismotectonic
characteristics of the Menderes Graben. In addition to this, deep boring studies were
previously performed in the field. These studies formed the basis of the field studies
within the scope of geological and geophysical studies in the region. As a result of this
extensive field deep boring studies, the rock mass characteristic and in-situ stress
conditions of the marbles throughout the depth of the Baymndir formation have been
determined. Then, engineering geological field studies were conducted, and scan-line
surveys were performed in the study area to characterize the discontinuity characteristics

of the fracture network of the marble lithologies of the Bayindir formation.

Furthermore, rock mechanics laboratory experiments were performed on samples
collected from the marble outcrops within the study area to identify the geomechanical
parameters (i.e., fracture toughness, stiffness, and strength). The orientation and
magnitudes of the principal stress have been approximately determined by comparing
these data obtained from the field surface studies with the boring data obtained from the
deep drilling performed in the study area. As a result, in-situ stress conditions have been
evaluated in a controlled manner as a consequence of the results obtained from the surface

and the reservoir depths.

The engineering geological field studies were utilized to evaluate the engineering
geological units, structure and discontinuity characteristics, and their fracture network in
the marble lithologies of Bayindir formation that acts as the reservoir rock in the region.
Specifically, a scan-line survey was carried out to determine the rock mass characteristics

(i.e., discontinuity characteristics) of the marble units.

A discontinuity is a structurally discontinuous plane of weakness that runs through the

rock masses. The majority of the rock lithologies contain discontinuities a few hundred
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meters below the surface that highly affect the mechanical behavior of rock masses and
provide information about paleo-stress conditions. Several types of discontinuities

encountered were; faults, joints, fractures, and bedding planes briefly mentioned here.

3.2.1 Faults

Faults are visible discontinuities where shear displacement has occurred. Failure occurs
in the plane where the shear to normal stress ratio reaches the fracture zone. As a result,
the local stress field determines the location of the newly created fault. The relative
displacement of the rock mass on different sides of the fault plane can be used to identify
them. The magnitude of this displacement is frequently used to categorize faults. The
lengths of the faults can range from a few meters to kilometers. Like fault lengths, fault
thicknesses can also vary from meters to several kilometers. Figure 18 shows the fault
types and their principal stress orientations. A normal fault is a dip-slip fault in which the
hanging wall block has moved down relative to the footwall block (Figure 18). Normal
faults are produced by extensional stresses in which the maximum principal stress (rock

overburden) is vertical and normal faults cause extension at surface geometry.

strike strike-slip faulting

hanging wall block /hnnglng wall block
> Z / strike

/4//
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dip
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footwall block
© 2015 Encyclopadia Britannica, Inc

Figure 18. Fault Types (ThoughtCo, 2017)

A normal fault mechanism might occur when the lithostatic pressure exceeds rock
strength. In contrast, the behavior of reverse faulting is entirely opposite. Reverse faults
arise from compressive stresses where the maximum principal stress is horizontal and the
minimum is vertical. Also, reverse faults cause shortening in the direction of maximum

principal stress (Figure 19). Apart from these, the fault system that occurs when the
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maximum and minimum principal stresses are in a horizontal position and the fault line

moves horizontally is called a strike-slip fault (Figure 19).

Orientation of Ideal faults Stereoplots :
principal stresses

Figure 19. Fault stress orientations (Burg, J.P. 2013)

3.2.2 Bedding Plane

The surface separating each successive layer of a bedded rock from the previous one is
named a bedding plane. They represent interruptions in the deposition process of the rock
mass (Zhang, 2017). Bedding planes are usually persistent features, although sediments
rapidly disturbed by wind or water may contain crossed or incongruent layers (Zhang,
2017). They are used to determine the relative order and age of the deposited sediments
forming the beds. At the same time, the weathered or altered planes can indicate their
origin and depositional environment. Alteration on the surface can be interpreted as the
bedrock being formerly exposed to high temperature or chemical water. Also, the
orientation (i.e., dip direction and dip angle) of the plane can be used to estimate the in-
situ stress orientations in the field since bedding planes are directly affected by stress

directions.

3.2.3 Joints

Joints are brittle fractures in the rock, and they are the most common and important types
of discontinuities of the rock mass. Joints can form due to tectonic activities such as the
compressive stresses in front of a mountain belt, folding, faulting, or internal stress release
during uplift or cooling. They often form under high fluid pressure (i.e., low effective

stress), perpendicular to the minor principal stress. Most joints in many tectonic
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environments, particularly platforms, are vertical or steeply inclined and consist of sets
of extension or hybrid fractures, suggesting that the maximum-minimum stress during a
failure is usually tensile and that stress variations are typically minimal. Figure 20 shows
the tensile cracks formed by folding. Many joint platforms have different orientations
because of the far-field stresses induced by plate motion and basin subsidence, uplift, and

inversion. Thus, even only one joint set can yield different stress directions.

Furthermore, as mentioned before, joint sets are the best evidence for a region's paleo and
current stress state (i.e., Engelder & Geiser 1980, Engelder 1982a, b, Hancock & Kadhi
1978). The orientations of the principal stresses can be determined in the light of
knowledge that extensional fracture is initiated perpendicular to principal stress.
Therefore, joint analysis is crucial for field studies to determine principal stress

conditions.

Figure 20. Folding Cracks (Earle 2015)

The discontinuity analyses were performed according to the standards recommended in
ISRM (2014). According to ISRM (1978), ten parameters need to be defined to
characterize a discontinuity set (Figure 21). These rock mass characterization parameters

are listed and defined below;

1. Orientation: Directions of discontinuities in the rock mass. It is described by the
dip direction (azimuth) and dip angle of the line of steepest declination in the
discontinuity plane.

2. Spacing: Perpendicular distance between two contiguous discontinuities.
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3. Persistence: This is the trace length of the discontinuities observed in the study
area. The termination of the rock or discontinuity reduces the persistence.

4. Roughness: Natural surface roughness and waviness relative to the mean plane of
a discontinuity. Roughness and waviness increase the shear strength.

5. Wall strength: Equivalent compressive strength of adjacent rock walls of a
discontinuity.

6. Aperture: Size of a discontinuity. In other words, the distance between two
adjacent rock walls of a discontinuity.

7. Infilling: Materials that fill in discontinuity walls within years are called infilling.
It can be both organic and inorganic. If the filling has minerals such as quartz and
calcite, discontinuities can be observed as healed.

8. Seepage: Moisture and water content of the discontinuity.

9. Sets: Number of the joint sets within the system.

10. Block Size: Size of a block that is bounded by discontinuities.
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Figure 21. Discontinuity Parameters (Hudson, 1989).

In this context, a field scan-line survey was carried out to determine the discontinuity

characteristics of the rock mass and the associated joint system on the marbles of the

Bayindir formation. The dip directions and dip angles of the discontinuities were

determined by utilizing a compass and clinometer method (ISRM, 2014) in the field.
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These data were then compared with the principal stress results of other studies (i.e., deep
boring data and paleo stress analyses results). Discontinuity analyses in the field are based
on the characterization of discontinuities such as faults, joints, of rock masses. This
process determines the number of discontinuity sets, discontinuity orientations, spacing,
persistence, roughness, aperture, and infilling. In this research, the discontinuity
orientations measured by the scan-line survey studies were interpreted by using
stereographic projection with the Dips software (Rocscience, 2021). As a result, the
number of discontinuity sets and their orientations was determined by considering the

distribution and density measurements.

This information was accompanied by a scan-line survey in an area close to the deep
drilling locations. The research studies were carried out in two different marble quarries
in the Bayindir formation that were close to each other and located in the southern flank

of the Menderes Massif.

The field studies were started with the general observation of the area to decide if the
selected sites were suitable for a scan-line survey. In addition, the rock masses in the
selected sites were checked and compared with the rock mass characteristics that have
been identified in the deep drilling. After the region was determined as suitable, the first
quarry was examined (Figure 22), and a scan-line survey was conducted. Although the
bedding plane and some of the joint sets were clearly identifiable in this quarry, surfaces
that were thought to be fresh were also determined. Furthermore, it was observed that
small pieces of rock were broken and detached from the main rock mass in the quarry
region. These observations led to a conclusion that the surface of the quarry was disturbed
owing to man-made actions on it, such as excavation (Figure 22). Although these
conditions caused scan-line studies to be challenging to complete, the observations on the
outcrop provided information about the general characteristics of the rock mass and the

discontinuities.
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Figure 22. The general appearance of the rock mass in the first quarry

The condition of the second quarry was better than the first one. The rock mass in this
location was light gray colored marbles having a bedding plane and two joint sets. The
three discontinuity sets were visible (Figure 22). The outcrop surfaces were slightly
weathered and altered. The discontinuity spacing varied from 40 mm to 1.5 m and was
classified as wide spacing according to ISRM (2014). Discontinuities generally had
medium persistence. The discontinuity apertures that were observed to vary between 1
and 30 mm were classified as moderately wide according to ISRM (2014). Sheet-like
calcite infilling was observed along with the apertures. The roughness of the discontinuity
surfaces was identified as undulating smooth to undulating rough.

Figure 23. Panoramic view of the marble unit of Bayindir Formation in the first quarry

35



Figure 24. The general appearance of the marble unit of Baymdir formation in the second
quarry

Figure 25. The photos taken during the scan-line survey studies

The distributions of the major discontinuities and the discontinuity set orientations
identified as a result of the stereographic analyses of the pole plots conducted by the Dips
software (Rocscience, 2021) are given in Figure 26 and Table 2. The first two pole plots
represent the scan-line survey of both quarries separately, and the third one is the

combined version of all these data. According to these results obtained from the pole
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plots, it can be inferred that the E-W and N-S extensions may affect the discontinuity
characteristics of the marble rock units cropping out on the region and show similar
orientations depending on the extensional regime. These results confirm and support the

previously mentioned FMI results obtained from deep boring geophysical studies.

Table 2: Summary of the discontinuity sets of the marble lithologies and the orientation

of each set
Orientation (Dips Software)
Location Set - -
Dip Dip Angle
BP 79 355
Quarry 1 31 253
J2 61 79

Besides the discontinuity characteristics of the marble lithologies, the detailed results of
the discontinuity characteristics where the scan-line surveys were carried out during the
field studies are given in Appendix A. These processes include assessing the discontinuity
features and their orientation, spacing, aperture, persistence, wall roughness and infilling
material, etc., along the discontinuity planes measured in the field. Based on these survey
results carried out along the outcrops of the marble units in the study area, quantitative
information such as the orientation, spacing, aperture, and persistence of the cracks and
topological information such as intersection (X), divergence (), and termination (I) of
the crack nodes were combined to determine the geometrical, spatial and geomechanical
characteristics. Hence, the general characteristics and density information were obtained
by using the surface data of the crack network. These results have been used in the fracture
network analyses for the Bayindir formation marble lithologies to evaluate the in situ
stress conditions at the reservoir depths. The histograms representing the distribution and
the frequency of each parameter based on ISRM (2014) are also given in Figure 27. A

summary of the scan line survey and collected data is presented in Appendix A.
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Figure 26. Stereographic pole plots display the discontinuity orientations obtained by the

Dips software (Rocscience, 2021). a) First quarry discontinuity orientation, b)
Second quarry discontinuity orientation, c¢) Combined discontinuity
orientation.
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Figure 27. The histograms represent the distribution and the frequency of each different
discontinuity characteristic based on the scan-line surveys performed by
ISRM (2014)
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4. LABORATORY STUDIES OF ROCK MECHANICS TESTING

4.1 Laboratory Studies Preparation

Apart from the scan line survey, field studies were also carried out to obtain representative
block samples from locations where the marbles of Bayindir formations, considered as
geothermal reservoir rocks’ (Akgiin, 2021). Rock mechanics testing such as uniaxial
compressive strength, triaxial compression, static deformability, and point loading tests
were carried out on the block samples taken from the marble units of the Bayindir
Formation and the determination of the geomechanical characteristics of the rock masses
have been performed. In this context, the samples obtained from the field (Figure 28)
were used to perform strength and point load tests in the rock mechanics laboratory. Static
deformability, Uniaxial Compressive Strength (UCS), and Triaxial Compressive Strength
(TCS) laboratory tests were performed in the Rock Mechanics Laboratory according to
the standards recommended by the International Society for Rock Mechanics (ISRM,
2007). While the point loading test was carried out in the ODTU Geological Engineering
Department, Engineering Geology Laboratory, the other experiments were performed in
the ODTU Mining Engineering Department, Rock Mechanics Laboratory.

4.2 Uniaxial Compressive Strength (UCS) Test

The UCS was conducted to determine the failure loading conditions beforehand,
especially before the TCS tests. This test was performed to determine the strength
characteristics and rock mass classification of cylindrical intact rock samples and the
UCS, which is widely used in the design. For the test, samples are prepared with a length-
to-diameter (L/D) ratio of 2.5 to 3.0. The dimensions of the sample subjected to the test
are as follows, 119.93 mm length and 52.87 mm diameters. The UCS value decreases as
the sample length/diameter ratio increases.
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Figure 28. The block samples obtained from the field reconnaissance in Bayindir
formation
Before the experiment, the cylindrical intact rock sample is placed between hydraulic
press tables. In order to ensure that the load is homogeneously distributed through the
sample, steel discs having the same diameter as the sample are placed at the top and
bottom of the rock sample (Figure 29). The axial load that will cause the intact sample to
fail between 5 and 10 minutes loading rate is applied to the sample. This test is called the
uniaxial compression test since the sample is only applied from one axis, and the sample
is compressed in this axis direction throughout the test. A rapid or gradual decrease in

load is observed when the sample fails since the specimen cannot carry more load than
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its maximum capacity. The value at which the load decrease starts gives the maximum
strength load of the sample. The uniaxial compressive strength value is obtained by
dividing this maximum load (F) by the sample area (A). According to the UCS test result
obtained from the core sample of marble units, the compression strength of the intact
sample was estimated as 89.88 MPa. The core sample photos after the test are given in
Figure 31. By the aid of the UCS results, both the uniaxial compressive strength of the
rock mass was determined, and the estimated lateral pressures (Hoek’s cell pressure) to
be applied in the TCS tests were predetermined. Then, TCS testing was carried out by

taking these lateral pressure values into account.

Figure 29. The view of the intact core sample during the UCS test performed

4.3 Triaxial Compression Test

After the UCS test, the marble samples with block sizes taken from the project area were
drilled using appropriate cylindrical core dimensions for the TCS tests. Three core
samples (Figure 30) were used for the TCS test. As a result of the testing carried out,
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shear strength parameters of the intact rock samples were obtained depending on the
triaxial compressive strength of the marble units.

The TCS test applies a loading along the vertical axis while applying a constant cell
pressure to the cylindrical specimen. The sample is placed in a membrane before the
experiment and placed in Hoek’s cell. In order to obtain cell pressure (c3), 0il is pumped
into the cell so that no air remains inside the cell. In this way, the lateral pressure chamber
is prepared for the testing. In this test, cylindrical specimens with an aspect ratio of 2.0-
3.0 are used. Also, a Hoek’s cell and a latex membrane suitable for the specimen diameter
are used. The test sample is placed in Hoek's cell with equal space between the top and
bottom parts. The cylindrical metal piece on which the screw is placed on the cell floor
keeps the sample placed inside the cell. The place of the test sample in the cell is fixed by
tightening the screws. This part also ensures that the cell is kept at a certain height during

the experiment.

Figure 30. The view of the TCS test core samples having marble lithology

The spherical heads of the frame are placed on top of the sample, and the axial load cell
is placed on it from above. Lateral and axial loading is applied to the sample
simultaneously at the same loading rate until a determined fixed lateral pressure value is

reached. When the desired lateral pressure value is reached (o3), it stops, and axial loading
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continues until the sample fails. The axial loading rate is chosen such that the sample will
fail in 5-15 minutes. In this way, an equal load from both sides and increasing from above
is applied to the test specimen. As in the UCS test, the axial load value gives the maximum
capacity for this determined chamber pressure at the moment of failure. The axial stress

of o1 is obtained by dividing this value by the sample area.

Figure 31. The view of the TCS test core samples after the testing

Shear failure along the material occurs that develops inclined to the direction of the
maximum principal stress (o1) applied to the sample. Shear failure occurs when the shear
stress exceeds the material's shear strength. Mohr circles are used to find the stresses that
initiate shear failure. The vertical axis shows the shear stresses, while the horizontal axis
shows the principal stresses. The difference between the principal stresses is the diameter
of the Mohr circle. The normal stress and shear stress values that caused failure are
determined by using the angle of inclination of the failure plane on the Mohr circle (Figure
32).
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Figure 32. Mohr-Coulomb failure criterion

Multiple tests (with at least three samples) must be performed to find the failure envelope
under different cell pressures. As a result of these calculations, the findings of the three
samples tested for triaxial compression are given in Table 3. According to the tests
performed, Mohr's circles are given in the figure below (Figure 33). The tangent angle
drawn to these circles with the horizontal axis gives the internal friction angle, while the

point where it cuts the vertical axis gives the cohesion value.

Table 3. The TCS test results of the marble specimens

Length (mm) [ Diameter (mm) | 6; (MPa) | Failure Load (kg) | kg/cm2 |G, (Mpa) | Cohession (MPa) | Internal Friction Angle
121.58 52.56 2.5 19481 897.86 | 88.08
121.56 52.5 5 25947 1198.61| 117.58 8.82 57.08
121.44 52.31 7.5 31848 1481.91| 145.38

Shear Stress (MPa)

Mormal Stress (MPa)

Figure 33. Mohr Circles and Failure Envelope for the marble specimens
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Deformability tests were also carried out using cylindrical core specimens, apart from the
UCS and TCS testing studies. The view of the test setup is given in Figure 35. It has the
same setup as the UCS test mentioned above. Similarly, the loading duration has to be 5-
10 minutes until failure, and the specimen size is prepared with a length-to-diameter (L/D)
ratio of 2.5-3.0. A circumferential measurement system of a ring extensometer is placed
around the sample to measure the diametrical enlargement during loading. The Poisson's
ratio is calculated according to the increase in diametral strains in compression samples,
which varies based on the shortening ratio in length. In other words, the axial unit and
radial unit deformations are calculated with the aid of a ring extensometer in the testing

device.

Figure 34. The view of the test setup of deformability test. The red rectangular area shows
the ring extensometer

For the axial deformation (ea);

g, = A/l (4.1)
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Al: Indicates length variation of the sample in the axial direction (In compression tests,

the length change is in the negative direction and is defined as positive.)

lo: The original size of the sample before the experiment.

For the radial deformation (&q);

&4 = AD/D,

(4.2)

AD: Indicates a diametrical change in the sample. (pressure tests show an increase in

diameter, which is defined as negative.)

Do: The original size of the sample before the experiment.

To determine the axial stress, the applied load is divided by the initial area of the sample.

O':P/AO

o Axial stress
P: Load

Ao: Sample initial area

Stress-strain curve

Stress-strain curve

Volume strain curve

Lateral strain

Axial stress

e ™

———

// Accelerated-growth

ks
/ cracl

/
/ Stabikzed-growth
/n cracks

/
/
/ Elastic nigion
/
/

/ Crack closure
Axial strain

(1.3)

Figure 35. The deformability test graphs represent the stress vs. strain curve (ISRM 2007)
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Figure 36. Stress-Strain curves of the marble specimen

The obtained deformability results of the marble sample based on the calculations
performed in light of this information are given in Table 4.

Table 4. The strength deformability test results of the marble specimens

Avg UCS Young's Modulus Avg Young's Modulus Avg Poisson's Ratio
(MPa) (MPa) (MPa) (MPa)
90.35 55.23 57.16 0.14

4.4 Point Load Test

Finally, the point load tests have been carried out to determine the Isso) parameters and
uniaxial compressive strengths (UCS) results by using the block (or box) samples
obtained from the marble blocks taken from the field. Point load tests were performed
according to the International Society for Rock Mechanics (ISRM, 2016). The view of
the test setup is given in Figure 37. Within the scope of these experiments, block samples
of marbles obtained from the field survey locations were cut and trimmed (Figure 38).

Then, based on the dimensions of the samples, loading measurements of the point load
testing results at failure were recorded.
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Figure 38. A view of the point load box samples prepared from the marble blocks

This test is carried out to determine the point load strength index which is used to classify
rocks according to their strength. The point load strength index is used as the strength
parameter of the rock material for the indirect determination of other strength parameters
such as uniaxial compression, tensile strength, and the determination of fracture
toughness. It is also utilized as the strength parameter of the rock material in some rock
mass classification systems. In addition to block samples, cylindrical core and irregularly
shaped samples can also be used for this experiment. Within the scope of this study,
appropriate scale box samples were tested (Figure 39). For this testing procedure, block
samples with a W/D ratio of 0.3 and 1.0 were prepared according to ISRM standards. The
block sample has been placed between the conical loading heads perpendicular or parallel
to the block axis. The sample was loaded in 10-60 seconds, and the results were obtained

from the load at failure (P), which is the load indicator.
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Equivalent Core

0.3IW<D<W

Figure 39. Box sample standards for point load (ISRM 2007)

Figure 40. The view of the valid block obtained after performing the point load (ISRM
2007)

In this test, the uncorrected point load strength index is calculated.

Iy = P/D? (4.4)

P: Load value at the time of failure.
De: Equivalent core diameter.

D% Test sample area. D? for core samples and 4A/x for axial, blocks, and irregular

samples.

A: WD = minimum cross-sectional area of a plane through the platen contact points (See
Figure 4039 above)

In this approach, the adjusted point load strength index, Is (D), is defined as the value of
Is that would have been determined by a diametral test with D = 50 mm and given the
symbol Is (50). Since that dimension is related to rock quality designations (RQD) and

most NX core samples, 50 mm has been the recommended diameter. However, it is not
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always practical to obtain a 50 mm sample. Therefore, the Is value must be corrected for
a standard core diameter (D=50 mm). The equation to be used in size correction is:

ls(SO) =F/l; (4-5)

Where F is the size correction factor;
F = (D,/50)%4° (4.6)

The point loading tests performed are shown in Table 5 below.

Table 5. The point load UCS results of the marble specimens

Avg Failure Load (kgf) [Avg Failure Load (kgf) |Avg Axial I 5, (MPa) |Stdev Axial Is(50) (MPa)
708.143 269.91 4.31 15

Detailed calculations of the experiment are given in Appendix B.
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5. HYDRAULIC FRACTURING

5.1 Brief History of Fracturing Operations

Although hydraulic fracturing started to be used for enhanced geothermal systems in the
early 1970s, fracturing history dates back to the 1900s, and the first applications were
performed without any fluid. The first cracking attempts were made with explosives to
improve permeability in the petroleum industry. Gunpowder was used at first, and then
liquid nitroglycerin was used later (Testa, 2017). Both materials were hazardous and
unstable. The use of gunpowder-loaded explosives developed in 1866 and called torpedos
(Roberts 1866) was applied in wells could cause the cracks in the well to become larger
or the cracks in the well to collapse. Therefore, there were problems with both installation
and operation. Thus, this method was not accepted as practical, and acid fracturing
methods were used until 1947.

The first hydraulic fracturing experiment was conducted in 1947 in the Hugoton gas field
in Kansas (Testa, 2017). Although this experiment was insufficient to increase
production, it is accepted as the birth of hydraulic fracturing, and since that day, over 2.5
million fracture operations have been performed (Montgomery et al., 2010). In 1957
Hubbert proposed a theory for fracture direction determination based on an impermeable,
isotropic, and linear elastic medium. This theory states that hydraulic fracturing directions
are perpendicular to the minimum principal stresses, and even there are natural fractures,
the propagation regime will try to be in this direction (Figure 41). With this theory,
hydraulic fracturing ceased to be a spontaneous crack propagation and became a more
understandable phenomenon and led this method to enter the geothermal field.

Planar Fracture Complex Fracture Complex Fracture with Major Branches Fracture Networks

Figure 41. Hydraulic fracture propagation regime (Wang, 2019)
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5.2 Hydraulic Fracture Modelling Parameters
The factors to be considered when designing hydraulic fracturing are as follows;

Rock properties
Field conditions
Fluid Rheology
Leak-offs
Proppants

o B~ w0 D

5.2.1 Rock Properties

5.2.1.1 Young’s Modulus

Young's modulus will be the most important property for the rock in the reservoir where
hydraulic fracturing will be operated. It is expected that the value of Young's modulus
tends to increase as the formation becomes deeper and tighter (Boyun et al., 2017). The
equation of elastic modulus is given below, and this equation is valid when the linear

elasticity relationship holds.

E=-- (5.1)

However, Besides the elastic modulus known in cracking processes, there is also plane
strain modulus. This modulus depends on both the elastic modulus and the Poisson’s

ratio.

(5.2)

=l
|

11— 2

However, this value is expected to be close to the elastic modulus value since reservoir

rock’s Poisson ratio ranges between 0.15 and 0.25.
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5.2.1.2 Fracture Toughness

Fracture toughness is a phrase that refers to a measure of a material's resistance to fracture
expansion (Yew, 1997). This parameter is responsible for fracture initiation and needs to
be overcome to lengthen the fractured matrix (Forbes Inskip et al., 2018). This parameter

is denoted as Kic, called tensile (Mode I) fracture toughness (Figure 42).
Mode | (opening fracture) is caused by tensile stress that is normal to the crack plane.

Mode Il (shear fracture) is caused by shear stress acting perpendicular to the fracture and

parallel to the crack plane.

Mode 111 (tearing) is caused by shear stress again, but the shear direction is parallel to the
plane and fractures.

f

v

Mode I: Mode II: Mode I1I:
Opening In-plane shear Out-of-plane shear

Figure 42. Types of fracture modes (Rountree et al., 2002)

Fractures formed during hydraulic fracturing are generally considered Mode I. This
model is explained with a linear elastic fracture mechanism (LEFM). LEFM theory was
developed by Griffith (1921) and improved by Irwing in 1957. The theory accepts that
deformation at the fracture surface will be linearly elastic. Stress intensity can be shown

as.
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K, = a\/ﬁ 6

And for the failure condition;

KIC

N (5.4)

O =

Where yis represent geometric coefficient and H, represent the fracture dimensions.

Fracture starts when the stress intensity factor (K1) reaches the critical value (Kic). Kic is
an essential parameter since propagation initiation depends on it. Since K¢ is a material
property, it must be calculated experimentally (Boyun et al., 2017). Although fracture
toughness does not affect crack orientations, it could be used to determine the amount of

energy to initiate cracking since it is a failure criterion.
Mode | cracking toughness can be found by many test methods. Some of them are;

e Chevron Notched Short Rod
e Chevron Notch Round Bar in Bending (CB)

e Brazilian Disk in Diametral Compression

Despite ISRM 2014 suggesting these tests for standardization purposes, other rock
material characterization tests are still used for fracture toughness determination due to
difficulty in preparing the sample and finding the appropriate sample for these tests

(Bearmann, 1999). Point load experiments are discussed in the Point Load Section.

Several studies have examined the relationship between the point load test and fracture
toughness. The relation found as a result of the studies of Gunsallus and Kulhawy is given

below as:

K, = (0.099511(50)) + 1.11 (5.5)

However, the correlation coefficient of this study was not above the 0.7 R-value. Later,
Bearman (1998) came up with the new equation for fracture toughness, and its correction
factor was above 0.94 R. This equation was:
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K, = 0.2091y(s0) (5.63)

D P
K,. = 0.209 * (5)0-45 *— (5.7)
For diametrical cores:
29.84 x P
K = 3 (4)
D2
For axial tested samples:
26.56 x P
e = 3 (5.9)
(W * D)z

K. is Mode | fracture toughness (MN/m*?)

P is the force at failure (kN)

D is the distance between point load platens (mm)
W is the minimum width of the test piece (mm)

According to Berman’s equation, the average fracture toughness was estimated as 0.9

MPa*m2/2,

5.2.2 Principal Stresses

Zoback and Haimson (1981) stated that hydraulic fracture propagates perpendicular to
minimum principal stress. In addition, this theory that has been proven in laboratory
settings (Mao et al., 2017) is because fracture propagation will move forward with
minimum energy requirement against minimum principal stress. Because the least
amount of energy is necessary to rupture a rock, a hydraulic fracture propagates typically
perpendicular to the direction of the minor primary stress (Boyun et al., 2017). In addition,

laboratory tests support this theory.
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Figure 43. Fracture propagation directions according to stress directions (Mao et al.,
2017)

In geothermal reservoirs, the maximum principal stress is generally vertical due to the
overburden stress. In this case, the intermediate and minimum stresses are horizontal. It
is expected that the fractures will be in the vertical directions in these stress conditions.
However, vertical stress cannot always be in a state of maximum stress. The overburden
pressure might be less than the horizontal stress for shallow depths. Also, field tectonism
affects the stress condition of the region. Anderson (1951) shows stress direction
regarding fault type in the field. According to this study, in the case of normal faulting,
the major principle stress will be vertical, whereas it will be horizontal for reverse faults.

In strike-slip faults, both the maximum and minimum stresses are horizontal.

5.2.3 Fluid Rheology

The properties of the fracturing fluid, which is one of the main elements of hydraulic
fracturing, directly affect the fracture mechanism. The fracture fluid is responsible for
three major problems; the ability to start and continue fracture propagation, proppant
transporting capacity, and leak-off into the reservoir (Economides & Nolte., 2000). Fluid
rheology is heavily influenced by its content. Therefore, many laboratory experiments are
carried out on fracturing fluids to determine their viscosity under shear stresses. For the

Newtonian fluids, flow behavior will be:

T=uxy (5.105)

Where:
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7 is the shear stress,
u is the viscosity of the fluid,

yis the shear rate.

However, Newtonian fluids are not preferred much in fracturing processes (Roustaei et
al., 2016). Instead, non-Newtonian fluids are used. Non-Newtonian fluids can have
different viscosities according to their stress, which implies that the shear stress on the
fluid can become thinner or thicker (Figure 44). During fracture operation, fluid is
exposed to shear stresses due to pumping. After fracture starts pumping, the shear stress

decreases but the temperature increases (Boyun et al., 2017)

Pseudoplastic \ e o
—— With Yield Stress
e . \\\ \_ Pseudoplastic
//'/ - Plastic . —— = with Yield Stress
- N e —

E 7 — > i > \ s Plastic
= - : \
. ¥ i _ Newtonian 3 \
“w — 4 - -
o | ~_— ~~_~Pseudoplastic P Newtonian
= % - g™ T
b gl @ T~ Pseudoplastic
@ e b
£ = 5
» > - Dilatant

// A = Dilatant B a

/ S // -
/ £ i /
Vi i -~
Shear Rate (1/s) Shear Rate (1/s)

Figure 44. Flow behavior concerning shear conditions

As the figure shows, dilatant fluids become thicker when exposed to a shear load. This
behavior can be accepted (i.e., shale gas operations) due to wider fractures being effective
for more oil/gas production. However, dilatant behavior can be problematic in hot-dry
rock operations. Dilatant fluids can cause the cracks to grow too wide and the fracture
length shorter than desired since enhanced geothermal energy is about conductivity and
heating. These wide cracks can cause insufficient heat exchange surface and short
circuits. Also, smaller fracture lengths imply a shorter reservoir lifespan. Silica and
polyethylene glycol suspension can be an example of shear thickening fluids; however,
since pseudoplastic fluids show shear thinning behavior, their apparent viscosity gets
smaller with shear stress. Hence, this implies that the liquid becomes more viscous, and

its resistance to flow decreases and allows the fluid to flow more easily while fracturing
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under shear stresses. Also, low viscosity allows fluid to flow back without any damage to

the fractal matrix. Flow behavior of shear-thinning of fluid is illustrated in the study of

Prud’homme et al. (1989) (Figure 45). The power law is used when calculating non-

Newtonian fluids.

T=K=x*y"

Where K is the consistency index in kPa*s"

n is the flow behavior index (dimensionless)

(5.11)
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Figure 45. Apparent viscosity concerning time during the fracture operation (Prud’homme

etal., 1989)

5.2.4 Leak-off

During hydraulic fracturing, the fluid pressure inside the fracture rises to higher levels

than the minimum stress and pore pressure. Due to this pressure difference, the fluid goes

out of the reservoir, and some fluid loss occurs. This phenomenon is called leak-off.

Carter introduced the first primary leak-off equation in 1957. Leak-off has been analyzed

in 3 different sections (Figure 46).
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Figure 46. Leak-off regions
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A drilling mud intended features include minimizing fluid loss from the wellbore into the

surrounding permeable rock (Sheerwood & Meeten, 1997). Particles that cannot pass

through the pores during hydraulic fracturing accumulate outside the formation. First,

relatively small particles fill the pre-existing reservoir cracks, and then large particles

accumulate and form a low permeable layer on the reservoir.

Porous Media

Filter Cake Porous Media

Filter Cake Porous Media

Filter Cake Porous Media

Figure 47. Filter cake formation (Sacramento et al., 2015)

Through filter cake, mass balance and Darcy's law govern the fluid leak-off process.

Despite filter cake being considered a low permeable layer, there will be some fluid loss
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until the filter cake formation is occurred. The name of the initial fluid loss is spurt loss.

The volume of the leak-off through filter cake is:

Lc = — (512)
a
c
a= 5.136

(1 - (;bc) *p ( )
L. is the filter cake thickness,
VL is the volume of the fluid loss,
C is mass concentration,
@ is the filter cake porosity,
p is the density of the fluid.
a is Biot’s poroelastic constant.
For the leak-off velocity calculation, according to Darcy’s Law,

k. adp,
U, =——7— 5.14
t /uf VL ( )

u;, is leak-off velocity,
Kc is the filter cake permeability,

My is filter cake viscosity, and

Ap, is a pressure difference.

This differential equation above is only applicable after the initial surge loss when a filter
cake develops. With this condition, the volume of fluid loss will be equal to the volume

of spurt (initial) loss.

Vi =2xCp( [t —ts) + Ve (5.15)
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k. ad
G, = [k 2”6 (5.16)
Hy

Cw Is the leak-off coefficient of the filter cake.
tsp is the time of the spurt loss
V¢p is the spurt loss time.

The value of the filter cake leak-off and initial loss parameters are calculated with

laboratory experiments.

5.2.4.2 Infiltrated zone

Darcy’s laws are still valid for this situation too. The only assumption that has to be made

is filter cake and reservoir, and fracturing fluid is incompressible.

u, = %% (5.17)
ks is the permeability of the zone,
Ap,, is a pressure difference,
@ is reservoir porosity.
Integrating this equation yields:
V, =2 Cnt (5.18)

Cvis the leak-off coefficient of the filtrate zone.

|k d4p,
Cw = /uf > (5.19)

63



5.2.4.3 Reservoir Leak-off

Even though the uninvaded reservoir lacks fracturing fluid, pressure is necessary to push
the reservoir fluid away from the fracture face (Economides & Nolte., 2000).
Assumptions; compressive flow, slow movement, and infinite reservoir area. For the
calculations of the leak-off coefficient of the reservoir region, Collins (1961) had used

the equation below;

(5.20)

k x ¢, ¢
C, = /n—*tﬂ * Ap, (5.21)

C. leak-off coefficient of the reservoir,
K is the permeability of the reservoir,

ct is the compressibility of the reservoir,
u is the viscosity, and

Ap, is a pressure difference.

5.2.4.3 Combined Leak-off

In genuine cases, all of these leak-off mechanisms develop simultaneously. It implies that
the velocity of the leak-offs must be the same. Also, the summation of the pressure drops
of leak-offs equals the total pressure change. Williams et al. (1979) found that combined
leak-off coefficient with ignoring spurt time is very short compared to other leakage
times. The total leak-off coefficient formula become;

B 2% C.C,C,
C,Cp ++JCEC2 +4C2 * (C2 + C2)

CL (5.22)

C. is the total leak-off coefficient.
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Carter (1957) is widely credited for developing the fluid leak-off techniques addressed in
this section.

5.2.5 Proppants

A proppant is a solid substance, usually sand or man-made ceramic materials. It is used
to maintain the openness of an induced hydraulic fracture during or after fracturing
(Figure 48).

Figure 48. Proppant types (OPF Enterprises, LLC)

As the figure shows, proppants can be natural sand, resin-coated sand, or ceramic.
Considering the depths at which the fracture is developed, the overburden stress will be
very high, and fractures tend to close due to this stress. The primary purpose of proppants
is to keep these cracks open (Figure 49). Proppant has to be strong enough to carry
compression stress, and at the same time, it must not disturb the fluid flow by increasing
its viscosity or decreasing reservoir conductivity. The features to consider when

examining proppants are; compressive strength, grain size, roundness.

Proppant compressive strength is the most critical proppant parameter since the other
parameters are valid when the fractures standstill. Thus, proppant has to overcome the

overburden stress applied to it.
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Figure 49. Proppants at the fractured media

Natural sand is the roughest, weakest, but cheapest option. Natural sands should be used
at shallow fracturing operations that do not require compressive strength. When its low
strength and angular structure are combined with high overburden pressure, it can create
an impermeable structure as it is likely to be crushed under this stress. Resin-coated
proppants tend to be more durable since their compressive strength is higher than natural
sands, and their shape is rounder. This roundness ensures good conductivity by preventing
the interlocking of the particles. Ceramic proppants (i.e., artificial) are the best option for
engineering parameters since they have the highest compressive strength, possess
uniform and round particles, and are lightweight. These parameters make the hydraulic
fracture processes easier. However, these pleasant engineering parameters come with a
downside. The downside is the cost of the ceramic proppants. According to Parker (2018),
the cost of ceramic proppant can be up to 14 times the price of sand and 2-3 times the

price of resin-coated sand. Figures 50 and 51 give the cost and properties of the proppants.

‘ Increasing Cost $/Ib ]

Highest Production, EUR, RO

A

Highest Conductivity

A

Engineered, Manufactured Product

High strength (minimizes crush) Tier 1 - High Conductivity
Uniform size and shape Ceramic
(maximizes frac porosity and permeability)

Thermal resistant (durable, minimizes degradation)

Medium strength SRR Tier 2 - Medium Conductivity

Irregular size and shape % | $0.195-0.245/Ib Resin Coated Sand
¢ & CE& g

for i i Tier 3 - Low Conductivity

Sand
Naturally Occurring Product

Figure 50. Proppant costs concerning their types (Parker, 2018)
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Modern Proppant Choices
List not complete. Some names are registered trademarks, some historical
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Figure 51. Proppant properties

5.3. Hydraulic Fracture Modelling

In 2D hydraulic fracture modeling, there are three types of model approaches. These are
radial, PKN, and KGD models. Sneddon and Elliot (1946) developed the radial modeling
approach that assumes penny-shaped fracture properties (width and length of the
fracture). Perkins-Kern-Nordgren developed another hydraulic fracture modeling
solution in 1972 (Nguyen et al., 2020). Another 2D pseudo modeling is the Khristianovich
and Zheltov (1955) model. The KGD and PKN models forecast fracture width and extent
by assuming a fixed fracture height (Boyun et al., 2017). They made some assumptions
to solve hydraulic fracture propagation problems. These assumptions are that the reservoir
exposed to fracturing is homogeneous and isotropic, fracture propagation has linear
elastic stress-strain relations, fluid flow is laminar, and the gravity effect is ignored.
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5.3.1 Radial Modelling

In 1946, Sneddon and Elliot established a solution for the pressurized cracks. The shape
of the fracture propagation is circular (Penny-shaped). The equation for the penny-shaped

fracture is:

o 8PnR7(;— ) [1- (%)2 (5.23)

w is the width of the fracture,
R is the radius of the total fracture area.
For the volume of the fracture;

_ 3
, 16t V)R

3E DPnet (5.24)

Where pret IS the net pressure,
v is the Poisson's ratio,

E is Young’s Modulus.

5.3.2 PKN Model

Perkins and Kern developed this model in 1961 without considering fluid loss. Their

assumption was fixed fracture height and elliptical fracture shape.

The fracture width formula was developed by combining a planar strain elasticity

equation with a viscous fluid flow equation. The fracture width formulation is:

0.25
1= v uq(xs — x
w =3¢ )‘;"l( r =) (5.25)

Xt is the fracture half-length.

Whax IS the maximum fracture width.
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Pret IS the net pressure,
ht is the fixed fracture height,
qi is the flow rate.

To create the desired amount of crack width, the pressure formula will be:

I 3(uqixp)° 23 [E/(1 = v®)]o7>
max th

(5.26)

In 1972 Nordgren modified the Perkins and Kern model, now known as the PKN model,
to include fluid loss and storage, and came up with a new set of solutions. The equation
indicates that when the elastic modulus is high for the reservoir, the pressure to initiate

fracture will be higher, and the fracture width will be smaller.

5.3.4 KGD Model

Published by Khristianovich and Zheltov (1955), the model assumes that the fracture
shape is rectangular with constant height. The model takes into account the fracture tips
for the fracture mechanics. In order to achieve a solution, the problem has been simplified
assumptions have been made about constant flow rate and pressure in the fractured
matrix. Later, Geertsma and de Klerk (1969) solved that approach and developed a
boundary condition. If this condition is met, the normal stress at the tip will be finite and
equal to the rock’s tensile strength. Furthermore, the tensile strength can be considered
minimal (Boyun et al., 2017). According to the KGD model, the relationships between
fracture width and reservoir parameters can be presented by the equation below:

0.25
Lo [84A = vPuail? (5.27)
w ET[hf

Figure 52 shows the geometrical properties of the fractures according to different 2D

pseudo models. Figures 53 and 54 represent the views of the 2D model approaches.
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Figure 53. Isometric view of the fracture geometry concerning the modeling approach
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Figure 54. Cross-section of the fracture geometry for modeling approach
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5.4 Hydraulic Fracture Modelling by using Mfast Software

MFast is a two-dimensional hydraulic fracturing software developed by Baker Hughes
company, allowing building 2D fractures analytically. The software allows the
comparison between three different 2D pseudo models. The simulator highlights the
relevance of numerous factors while also providing a quick first-order approximation to
fracture design, net pressure, fracture efficiency, and treatment design. The software

provides first-order estimation based on the fracture geometry.

Input parameters for Mfast Software;

1. Young’s Modulus
2. Fracture Toughness

3. Poisson’s Ratio

4. Total Payzone Height

5. Total Fracture Height

6. Ellipsoidal Aspect Ratio
7. Injection Rate

8. Flow Behavior Index

9. Consistency Index

10. Total Leak-off Coefficient
11. Spurt Loss Coefficient
12. Total Volume Injected

13. Max Proppant Concentration

Before modeling hydraulic fracture for an enhanced geothermal system, the material
properties (E, K., v) should be reconsidered. While there is no problem in using them in
projects made to extract shale gas, geothermal projects should consider the temperature
since rock temperatures in enhanced geothermal system reservoirs are 100-300 °C (Zhang
et al., 2020) state that the uniaxial compressive strength of the rock material will decrease
slightly between 20 °C and 200 °C. Between 300 and 500 degrees, this decline
accelerates. Due to thermal effects, material parameters will be reduced. The reduction
amount is determined in the light of Zhang et al. (2020). According to this study strength
of the rock decreased 10%, 20%, and 30% at 200 °C, 300 °C and 500 °C, respectively.

Therefore, previously found values have been updated as follows. Young’s modulus
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reduced to 50 GPa from 55 GPa, and fracture toughness reduced to 0.81 from 0.91
MPa.m®%,

5.4.1 Sensitivity Analyses

As mentioned before, Mfast software is used for preliminary analysis to understand
fracture geometry, and it demands 13 different parameters that cannot be obtained without
extensional research. Therefore, sensitivity analyzes were performed to find the most
appropriate situation. As a result of the evaluations developed, it was decided that the

KGD model was more suitable because vertical cracks would be more dominant.

5.4.1.1 Young’s Modulus

Even though Young’s modulus is a rock material parameter and was determined with the
laboratory testing studies of the marble samples mentioned before, sensitivity analyses
were also performed based on this parameter to understand it better. Young's modulus
analyses examined modulus results between 40 and 60 GPa. Table 6 and Figure 55 show

the relationships between Young’s modulus and fracture length-width.

Table 6. The tabulated results between Mod and fracture dimensions

E (Mpa) 42000 44000 46000 48000 50000 52000 54000 56000 58000 60000
Length (m) 701.05| 707.88] 714.46| 720.81| 726.94| 732.88| 738.64| 744.22| 749.64| 754.91
Width (cm) 1.1887| 1.1772 1.1664| 1.1561 1.1464) 11371 11282 1.1197| 1.1116| 1.1039
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Figure 55. The relationships between Young’s Modulus and fracture dimensions

5.4.1.2 Poisson’s Ratio
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Similar to Young’s modulus, sensitivity analyses were performed, although Poisson’s

ratio was determined from the rock mechanics laboratory tests to analyze its effects on

the fractal geometry. Table 7 and Figure 56 show the relationships between the fractal

geometry and Poisson’s ratio.

Table 7. The tabulated results between Poisson’s Ratio and fracture dimensions

Poissons ratio

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

Length (m)

725.47

726.15

726.94

727.87

728.93

730.12

731.45

732.93

734.55

736.33

738.26

Width (cm)

1.1487

1.1476

1.1464

1.1449

1.1432

1.1414

1.1393

1.137

1.1345

1.1317

1.1288
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Poissons Ratio vs. Length (m) - Width (cm)
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Figure 56. The relationships between Poisson’s Ratio and fracture dimensions

Although the analyses showed a linear relationship between Young's modulus and
cracking geometry, it was observed that there was an exponential relationship between
Poisson’s ratio and geometry. However, the Poisson’s ratio increased three times, the
fracture length was less than 2.5%, and the fracture width was almost the same. According
to these results, Poisson's ratio does not affect the fracture geometry. In cases where
Poisson's ratio cannot be determined, there is no harm in estimating it. Most rocks have

a Poisson ratio in the range of 0.15 to 0.35 (Boyun et al., 2017).

5.4.1.3 Fracture Toughness

Fracture toughness is a material attribute that characterizes the ability of the material to
withstand fracture when subjected to a crack. In light of this definition, it has been
observed that fracture toughness is more of a failure criterion and does not significantly
affect the crack geometry. In addition to the crack geometry, a net pressure analysis was

also performed. Tables and graphs of these analyses are given here.
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Table 8. The results between fracture toughness and fracture dimensions along with the

net pressure

Fracture Toughness (Mpa*my ?) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Length (m) 761.16 760.28 759.4 758.52 757.65 756.77 755.88 755 754.12
Width (cm) 1.0948 1.0961 1.0974 1.0986 1.0999 1.1012 1.1025 1.1037 1.105
Net Pressure kPa 356.94 357.77 358.59 359.42 360.26 361.1 361.94 362.79 363.64

Fracture Toughness vs. Length (m) - Width (cm)
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Figure 57. Effects of the fracture toughness on fracture geometry and required pressures

5.4.1.4 Flow Behavior Index

As discussed before, the flow behavior index determines the fluid behavior under shear

stresses. Flow rate is the parameter responsible for the shear stresses during cracking. If



the flow rate is slow enough, it may not show the expected properties even if the fluid is
pseudoplastic since it will not be exposed to high shear stresses. The pseudoplastic fluids

flow behavior index <1 shows shear thinning behavior.

Table 9. Flow behavior index and its relation to the injection rate

Injection Rate m*/min 10

Flow behavior index 0.4 0.5 0.6
Lenght (m) 447.22| 461.13| 477.18
Width (cm) 1.8634 1.8071 1.7464
Injection Rate m*/min 5

Flow behavior index 0.4 0.5 0.6
Lenght (m) 484.15| 493.94| 505.29
Width (cm) 1.7212 1.6871 1.6492
Injection Rate m*/min 1

Flow behaviorindex 0.4 0.5 0.6
Lenght (m) 581.91| 579.25| 576.99
Width (cm) 1.4321 1.4386 1.4443
Total injected Volume m? 2500

As the table shows, as the pumping speed increases, the shear load on the liquid increases,
so pseudoplastic fluids can show shear-thinning and open longer cracks while, in return,
this decreasing the fracture width.

5.4.1.5 Consistency Index

The non-Newtonian properties of the flow are described using power-law rheology, in
which the fluid consistency coefficient and flow behavior index are dependent on the
nanoparticle volume percentage (Niu et al., 2012). Table 10 shows the relationships

between the consistency index and fracture dimensions.
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Table 10. The results of the consistency Index vs. fracture dimensions relation

K value 0.004788| 0.009576| 0.014364( 0.019152| 0.02394| 0.028728| 0.033516| 0.038304| 0.043092 0.04788
Lenght (m) 726.94 634.12] 585.31 552.94| 529.05 510.28| 494.93 482 470.87| 461.13
Width (cm) 1.1464 1.3142 1.4237 1.5071 1.5752 1.6331 1.6837 1.7289 1.7698 1.8071
Consistency index vs. Length (m) - Width (cm)
750 1.9
700 18
650 L7
= 16 g
£ 550 e Width (cm) 5
3 14 £
500 13
450 1.2
400 1.1

0.00 0.01

0.01 0.02 0.02
Consistency Index

0.03 0.03

0.04 0.04 0.05

Figure 58. The relationships between consistency index and dimensions of the fracture

5.4.1.6 Pumping Time

The formation of fractures that are larger than necessary in hydraulic fracturing processes

leads to irreversible problems. Cracks opened larger than necessary will be insufficient

in heat transfer, and this can cause the inability to produce energy. Therefore, fractures

should be opened in a controlled manner and by observing. Therefore, an analysis of the

pumping rate was developed, and the results are given in Table 11 and Figure 59.

Table 11. The pumping time analysis results

Pumping Time 3125| 3571.4| 4166.7 5000 6250 8333.3 12500 25000
Length (m) 592.17| 600.03| 609.24| 620.31| 634.12| 652.38] 678.98| 726.94
Width (cm) 1.4073 1.3888 1.3678 1.3434 1.3142 1.2774 1.2273 1.1464
Net Pressure 491.45| 478.65| 464.29| 447.87| 428.57| 404.92| 373.81] 236.11
Injected Volum 2500
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Pumping Time (min) vs. Length (m) - Width (cm)

750

730

710

(@)
~J
o

Lenth (m)
(o)}
ul
[}

(o))
w
o

610

590

570

0 5000 10000

15000

Pumping Time (min)

20000

Lenth (m)

25000

1.45

1.4

1.35

=
w

Width (cm)

1.25

1.2

1.15

1.1
30000

Figure 59. The relationships between pumping time and dimensions of the fracture

5.4.1.7 Proppant Type

Proppants are the most critical material for the continuity of the project. The use of sand

as a proppant may cause problems in deep drilling due to overburden pressure. This

situation has been explained in previous sections, and it has been stated that ceramic

proppants are more suitable for enhanced geothermal systems. The percentage of fracture

volume created that will remain supported after closure must also be analyzed. The

proppant analyses are given in Table 12 and Figure 60.

Table 12. The results of proppant type and percent propped

Proppant Type

Jordan Sand

IPP Interprop

Hickory Sand |Carbo-Lite

Bauxite Sint

AcFrac Proppant

Percent Propped

106.15

97.979

106.15

99.186

75.806

110.68

Max Proppant Concentration 100 kg/m?®

17

Despite sand proppants showing the maximum value of the percent propped for the

reasons explained above, it is recommended to prefer ceramic proppants.
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Figure 60. Proppant type and Percent Propped

5.5 Final Hydraulic Fracturing Model

The parameters were determined according to the results obtained from the literature
studies, in-situ deep boring testing data, field reconnaissance studies, rock mechanics
laboratory experiments, and sensitivity analysis. In the light of these results, the final

modeling studies were developed. The modeling parameters are given in Table 13 below.

Table 13. Input parameters for the hydraulic fracturing operations

Proppant Type: Carbo-Lite
Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m"Ys
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m
Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1
Injection Rate (2-wings) 0.1 m3/min
Flow Behavior Index - n' 0.5
Consistency Index - K' 0.00479 kPa-s"n'
Total Leak-off Coefficient 0 cm/min”Ys
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?
Max Proppant Concentration 17 100 kg/m?
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Based on the input parameters, the two-dimensional hydraulic fracturing model

considering all data representing the reservoir in the marble unit of Bayirdir formation

has been computed using MFast software, providing a quick first-order approximation to

fracture design, net pressure, fracture efficiency, and treatment design. The output of the

MFast modeling is given in Table 14.

Table 14. MFast software output based on the modeling parameters

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

Output Solution

GDK
726.94
150
1.4596
1.4596
1.1464
326.11
1
25000
2500
4.25E+06
99.186

cm
cm

cm

kPa
fraction

min

Hence, the results based on the reservoir formation are presented considering fracture

length vs. time and injected volume, fracture width vs. time and injected volume, pressure

vs. time, and injected Volume from Figures 61 to 66, respectively.
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Fracture Length vs Time
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Figure 61. Fracture Length vs. Time Graph
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Fracture Width vs Time
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Fracture Width vs Fluid Volume
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Figure 66. Pressure vs. Injected Volume
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6. CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

This thesis has revealed that the energy need in our developing world increases day by
day. It has been stated that there is a need for renewable energy sources to meet this

increasing demand.

Enhanced geothermal systems are one of the technologies that are increasing in popularity
among these renewable energy sources. Previous studies have proved the potential of this
new geothermal energy. In addition, it was observed in the same studies that very
comprehensive and multi-disciplinary research studies should be done for this technology
to be successful due to complex designing parameters. It has been observed that
irreversible problems were encountered in previous projects that were not studied in this
way. For this aim, the potential enhanced geothermal reservoir on the southern flank of
the Menderes Graben was investigated comprehensively and multi-disciplinary approach.
The assessments have been carried out in three stages, the first of which was the literature
research for the region. According to the literature study, it has been determined that the
metamorphic rocks required for advanced geothermal systems are located in the studied
region due to high tectonism. In addition, considering that tectonism is a factor that
directly affects the underground temperature, it has been estimated that this region
contains both suitable reservoir rock types and sufficient heat that are essential for an
enhanced geothermal system. After the literature study, deep drilling data in the southern
region were examined. According to the boring data, the metamorphic rocks (i.e., marble
successions for this reservoir) required for advanced geothermal systems were observed
between a depth of 3600-3750 meters. In addition, the temperature of the rock at these
depths was measured at approximately 180 degrees. In the light of this literature and deep
boring data, it was decided that this region is a suitable potential field for the enhanced

geothermal system.

During the field studies, discontinuity and paleo-stress analyses were performed at the
southern flank of the Menderes Massif. These analyses are essential for fracture direction
prediction since hydraulic fracturing essentially acts according to its stress state. The dip
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and dip directions were determined according to the discontinuity analysis based on scan-
line survey studies. These results showed that two different pole plot orientations
presenting the fault crack propagation mechanisms were observed along the East-West
and North-South direction, consistent with the FMI deep borehole log data. In addition,
paleo-stress studies confirm these two different extensional regimes in the region. Both
East-West and North-South expansions were clearly observed in the field. As a result of
field these investigations, it was inferred that the maximum principal stress was in the
vertical direction, and the other two stresses were in the horizontal direction while their
magnitude is close to each other. Apart from these field studies, the block samples were
obtained from the marble units for rock mechanics laboratory testing to determine the
mechanical properties of the representative rock samples. Static deformability, UCS,
TCS, and Point load tests have been performed, and the required geomechanical

parameters for hydraulic fracturing modeling were determined.

In the light of this information gathered, two-dimensional hydraulic fracturing analyzes
were made with the Mfast software. Sensitivity analyses were done for undetermined
parameters (i.e., proppant, pumping time). Stress aspects that directly affect the direction
of hydraulic fracturing were determined based on these studies. All of the paleo-stress,
scan-line survey and deep boring in-situ testing studies prove that maximum principal
stress is at the vertical direction for the selected region. Also, intermediate and minimum
stress magnitudes are very close. In this case, it has been identified that the artificially
created cracks will be in the vertical direction. Thus, it is expected that the length of the
crack in the vertical direction will be longer. According to 2D modeling and sensitivity
results, one of the most critical parameters is the pumping time. It highly affects fracture
length and width. Since fractures should open slowly due to short-circuit concerns, the
fracture opening time was kept long in this study. Thus, fracture widths were kept around
1 cm. While doing this, a sufficient reservoir area has been reached at 726 m instead of
529 m. Although ceramic proppants are more expensive than others, they are preferred
over sand proppants due to sustainability issues. Despite their high cost, ceramic
proppants have been preferred considering the reservoir depth and the demand for
conductivity in developed geothermal systems. Thus, it was considered that the life of the

system's facility would be longer.
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As a result of these characterization and modeling studies, it has been seen that the
Aegean region is suitable for enhanced geothermal systems due to its tectonics and
geological structure. Tectonism-wise, it is observed that the Aegean region has a
relatively thin crust with an active faulting system. Fault systems were generally normal
faulting, and extensional movement was observed in the Aegean region. These extensions
were determined by paleo-stress and discontinuity studies and both N-S and E-W
extensions observed at the field. Considering the depths and normal faulting mechanisms,
it has been determined that the fracture directions will be vertical. Geological-wise, four
different nappes were determined, and they contain primarily metamorphic rocks (marble,
schist, gnays lithologies). It has been observed that the temperature value at the depths of
these formations was 180-200 degrees Celsius which is sufficient for enhanced
geothermal systems. All these data proved that the Aegean region is suitable for

developed geothermal systems.

In addition to reservoir characterization, 2D pseudo modeling and sensitivity analyses

were performed, and obtained results are stated below:

1. Although the Young’s Modulus was determined as 50 GPa, sensitivity analysis
was carried out to determine its effect on geometry. As a result of this analysis,
the modulus of elasticity directly affects the fracture geometry. As Young’s
Modulus increases, fracture length will increase along with required net pressure
while width decreases.

2. Poisson’s ratio analysis shows that its effect is minimal on fractal matrix
geometry.

3. Fracture toughness also has minimal effects on fracture geometry. However, since
fracture toughness is a yield criterion, it is essential to determine its value.

4. For the fluid rheology-wise, it is observed that fluid parameters significantly affect
the fracture geometry. Flow behavior index analyses were performed between 0.1
and 1. It is observed that shear thinning and thickening behavior is vital for
fracture width and length. Since the fluidity of shear thickening fluids decreases
with the shear effect. Thickened fluids affect the extension direction negatively
while increasing the width of the fractures and can lead to short-circuiting; it has
been observed that such fluids should be avoided due to decreasing reservoir

volume.
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As a result of all these characterizations and models, the study area was identified to be
suitable for developed geothermal systems.

In the final modeling made in the light of the parameters obtained from the sensitivity
analyses, laboratory studies, and field surveys, it was calculated that a reservoir with a
length of 726 meters and a thickness of 1 cm dominated by vertical fractures would be
formed.

6.2 Recommendations

Studies have shown that hydraulic fracturing can enhance conventional geothermal
systems and help generate energy from hot dry rocks. While conventional geothermal
systems require fluid, temperature, and permeability, advanced geothermal systems only
require high temperature and a connected fractal matrix. However, extensive research is
required for this procedure to determine reservoir characteristics and predict the
propagation direction of the fractures. Requirements for reservoir characterization and

crack direction determination for hydraulic fracturing are given below.

1. Deep drilling and imaging logs are essential for the geological assessment of the
reservoir.

2. These imaging tools should determine Paleo-stresses and fracture directions since
hydraulic fracture propagates perpendicular to minimum principal stress.

3. The rocks in the designated reservoir should have high heat conduction and heat
capacity.

4. Microseismic devices should be used for fracture direction determination during
the hydraulic fracturing process.

5. Production wells should be drilled according to microseismic measurements and
flow backtests. It has been seen in previous studies that there may be problems in
the connections of pre-drilled production wells.

6. Hydraulic fracturing is an irreversible operation. Therefore, the cracking process
should be carried out in a controlled manner. Cracks that are larger than necessary
affect the heat exchange negatively.

7. Inaddition, the probability of short circuit increases in high-speed cracking. Thus,
fracturing operations must be done slow and steadily.

8. On the other hand, minor fractures can cause connectivity problems.

9. Sensitivity analyses should be made in the laboratory to use the cracking fluid.
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10. Proppant selection should be performed carefully. Although the fracturing process
is successful, the life of the production depends on the proppant type and its

geometry.

Although this study can meet most of the above clauses, it might have shortcomings.
Future studies need to be done for more precise modeling. First, fracturing fluids are
materials whose properties can be determined in the laboratory environment. Determining
the character of the fracture fluid will give more precise results for the crack geometry.
Also, since leakage coefficients of the reservoir will directly affect the efficiency of the
cracking operation, flow-back tests are required to obtain these coefficients. In addition
to the studies carried out, mini fracture treatments need to calibrate the fracture model
input data and redesign the treatment if necessary. With these studies, it will be possible

to switch from 2D pseudo models to 3D models.
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Scan-Line Survey results from the field studies

APPENDIX A

Location | Dip| Dip Direction| Color | Spacing (mm)] Persistence (m) | Filling | Aperture (mm) Roughness Degradation Degree
84 330 Light Grey 40 2 - 1 undulating smooth| slightly degraded
84 332 Light Grey 70 2.5 - 5 undulating smooth | slightly degraded
85 337 Light Grey 120 3 - 4 undulating smooth | slightly degraded
83 335 Light Grey 300 5 - 1 undulating rough | slightly degraded
85 331 Light Grey 250 4 - 2 undulating rough | slightly degraded
82 333 Light Grey 160 6 - 3 undulating rough | slightly degraded
84 318 Light Grey 60 2 - 3 undulating rough | slightly degraded
25 235 Light Grey 100 1 - 8 undulating smooth | slightly degraded
28 240 Light Grey 230 5 - 10 undulating rough | slightly degraded
44 244 Light Grey 340 2 - 1 undulating rough | slightly degraded
42 244 Light Grey 400 4 - 5 undulating smooth | slightly degraded
45 254 Light Grey 170 3 - 3 undulating smooth| slightly degraded
35 235 Light Grey 200 2 - 4 undulating smooth | slightly degraded
50 65 Light Grey 100 8 calcite 10 undulating smooth | slightly degraded
52 65 Light Grey 250 10 calcite 4 undulating smooth | slightly degraded
55 64 Light Grey 1000 9 calcite 5 undulating rough | slightly degraded
53 66 Light Grey 830 7 calcite 8 undulating rough | slightly degraded
50 61 Light Grey 920 8 calcite 10 undulating smooth | slightly degraded
35 250 Light Grey 750 7.5 calcite 25 undulating smooth | slightly degraded
South flank 32 248 Light Grey 460 9 calcite 12 undulating smooth| slightly degraded
of 35 250 Light Grey 300 10 calcite 30 undulating rough | slightly degraded
Menderes | 75 13 Light Grey 240 8 calcite 9 undulating smooth | slightly degraded
Massif | 77 18 Light Grey 120 7 calcite 7 undulating rough | slightly degraded
79 13 Light Grey 260 10 calcite 5 undulating rough | slightly degraded
75 15 Light Grey 330 8 calcite 3 undulating rough | slightly degraded
77 7 Light Grey 850 10 calcite 2 undulating smooth | slightly degraded
80 7 Light Grey 800 9 calcite 2 undulating smooth | slightly degraded
79 6 Light Grey 900 8 calcite 1 undulating rough | slightly degraded
76 8 Light Grey 1000 10 calcite 8 undulating smooth | slightly degraded
77 5 Light Grey 740 8 calcite 10 undulating smooth | slightly degraded
78 7 Light Grey 860 7.5 calcite 12 undulating smooth | slightly degraded
65 85 Light Grey 1100 7 calcite 20 undulating rough | slightly degraded
63 87 Light Grey 900 7.5 calcite 16 undulating rough | slightly degraded
66 85 Light Grey 930 8 calcite 6 undulating rough | slightly degraded
67 82 Light Grey 850 10 calcite 8 undulating smooth | slightly degraded
65 84 Light Grey 830 9 calcite 3 undulating smooth | slightly degraded
65 85 Light Grey 800 8 calcite 1 undulating smooth | slightly degraded
25 272 Light Grey 700 8 calcite 1 undulating rough | slightly degraded
25 271 Light Grey 750 10 calcite 4 undulating smooth | slightly degraded
28 272 Light Grey 1500 9 calcite 9 undulating smooth | slightly degraded
30 273 Light Grey 820 8 calcite 10 undulating rough | slightly degraded
26 270 Light Grey 710 7 calcite 4 undulating rough | slightly degraded
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APPENDIX B

Point Load Testing Results;
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APPENDIX C

Sensitivity Analysis of the Young’s Modulus

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

Input Data
Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off
Proppant Type: Carbo-Lite
42000 MPa Young's Modulus
0.81 MPa-m"% Fracture Toughness
0.14 fraction Poisson's Ratio
0.03048 m Total Pay Zone Height
150 m Total Fracture Height
1 Ellipsoidal Aspect Ratio
0.1 m*min Injection Rate (2-wings)
0.5 Flow Behavior Index - n'
0.004788 kPa's"n' Consistency Index - K'
0 cm/min*Ys Total Leak-off Coefficient
0 cm Spurt Loss Coefficient
2500 m? Total Volume Injected
17 100 kg/m? Max Proppant Concentration
Output Solution
GDK Parameters
701.05 m Length
150 m Height (wellbore)
15135 cm Max. Well Width
15135 cm Average Well Width
1.1887 cm Average Fracture Width
294.54 kPa Net Pressure
1 fraction Efficiency
25000 min Pumping Time
2500 m? Volume
4.25E+06 kg Proppant Mass
99.186 % Percent Propped

44000
0.81

0.14
0.03048
150

1

0.1

0.5
0.004788
0

0
2500

17

GDK
707.88
150
1.4989
1.4989
1.1772
302.64
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*
Vs
fraction

m

m

m3/min

kPa-s™n'

cm/min?

100
kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%
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Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 46000 MPa
Fracture Toughness 0.81 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa-s"n'

Total Leak-off Coefficient 0 cm/min™s
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 714.46

Height (wellbore) 150

Max. Well Width 1.4851 cm
Average Well Width 1.4851 cm
Average Fracture Width 1.1664 cm

Net Pressure 310.6 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

48000
0.81
0.14

0.03048
150

1

0.1

0.5
0.004788
0

0

2500

17

GDK
720.81
150
1.472
1.472
1.1561
318.42
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min\Ya
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.004788
0

0

2500

17

GDK
726.94
150
1.4596
1.4596
1.1464
326.11
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"/s
fraction

m

m

m3/min

kPa-s"n'
cm/min’Y4
cm

m3

100 kg/m?®

cm
cm

cm

kPa
fraction
min

m

kg

%
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Input Data

Input VVolume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

52000
0.81
0.14

0.03048
150

1

0.1

0.5
0.00479
0

0

2500

17

GDK
732.88
150
1.4478
1.4478
1.1371
333.68
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min\Y2
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 54000 MPa
Fracture Toughness 0.81 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa-s"n'

Total Leak-off Coefficient 0 cm/min™
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 738.64

Height (wellbore) 150

Max. Well Width 1.4365 cm
Average Well Width 1.4365 cm
Average Fracture Width 1.1282 cm

Net Pressure 341.14 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

56000
0.81
0.14

0.03048
150

1

0.1

0.5
0.004788
0

0

2500

17

GDK
744.22
150
1.4257
1.4257
1.1197
348.48
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min\Ya
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 58000 MPa
Fracture Toughness 0.81 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa's"n'

Total Leak-off Coefficient 0 cm/min*
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 749.64

Height (wellbore) 150

Max. Well Width 1.4154 cm
Average Well Width 1.4154 cm
Average Fracture Width 1.1116 cm

Net Pressure 355.73 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %

Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

60000
0.81
0.14

0.03048
150

1

0.1

0.5
0.004788
0

0

2500

17

GDK
754.91
150
1.4055
1.4055
1.1039
362.87
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min\Y2
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%
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APPENDIX D

Sensitivity Analysis of the Poisson’s Ratio

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

50000 MPa Young's Modulus
0.81 MPa-m™% Fracture Toughness
0.1 fraction Poisson's Ratio
0.03048 m Total Pay Zone Height
150 m Total Fracture Height
1 Ellipsoidal Aspect Ratio
0.1 m*min Injection Rate (2-wings)
0.5 Flow Behavior Index - n'
0.00479 kPa-s"n' Consistency Index - K'
0 cm/min™ Total Leak-off Coefficient
0 cm Spurt Loss Coefficient
2500 m? Total Volume Injected
17 100 kg/m? Max Proppant Concentration

Output Solution

GDK Parameters
72547 m Length
150 m Height (wellbore)
1.4625 cm Max. Well Width
1.4625 cm Average Well Width
1.1487 cm Average Fracture Width
324.26 kPa Net Pressure
1 fraction Efficiency
25000 min Pumping Time
2500 m? Volume
4.25E+06 kg Proppant Mass
99.186 % Percent Propped

50000
0.81
0.12

0.03048
150

1

0.1

05
0.00479
0

0

2500

17

GDK
726.15
150
1.4612
1.4612
1.1476
325.1
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Ys
fraction

m

m

m3/min

kPa-s”n'
cm/min”Y,
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%
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Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m"%
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.00479 kPa-s™n'

Total Leak-off Coefficient 0 cm/min™
Spurt Loss Coefficient 0 cm
Total VVolume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 726.94

Height (wellbore) 150

Max. Well Width 1.4596 cm
Average Well Width 1.4596 cm
Average Fracture Width 1.1464 cm

Net Pressure 326.11 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.16

0.03048
150

1

0.1

05
0.00479
0

0

2500

17

GDK
727.87
150
1.4577
1.4577
1.1449
327.28
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Y2
fraction

m

m

m3/min

kPa-s”n'
cm/min”Y,
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m"%
Poisson's Ratio 0.18 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 05

Consistency Index - K' 0.00479 kPa-s™n'

Total Leak-off Coefficient 0 cm/min™
Spurt Loss Coefficient 0 cm
Total VVolume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 728.93

Height (wellbore) 150

Max. Well Width 1.4556 cm
Average Well Width 1.4556 cm
Average Fracture Width 1.1432 cm

Net Pressure 328.63 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %

107

Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81

0.2
0.03048
150

1

0.1

05
0.00479
0

0

2500

17

GDK
730.12
150
1.4532
1.4532
1.1414
330.15
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Y2
fraction

m

m

m3/min

kPa-s”n'
cm/min”Y,
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m"
Poisson's Ratio 0.22 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.00479 kPa-s"n'

Total Leak-off Coefficient 0 cm/min™Y
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 731.45

Height (wellbore) 150

Max. Well Width 1.4506 cm
Average Well Width 1.4506 cm
Average Fracture Width 1.1393 cm

Net Pressure 331.85 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.24

0.03048
150

1

0.1

0.5
0.00479
0

0

2500

17

GDK
732.93
150
1.4477
1.4477
1.137
333.74
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min’Y4
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m")
Poisson's Ratio 0.26 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.00479 kPa-s"n'

Total Leak-off Coefficient 0 cm/min™Y
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 73455

Height (wellbore) 150

Max. Well Width 1.4445 cm
Average Well Width 1.4445 cm
Average Fracture Width 1.1345 cm

Net Pressure 335.83 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.28

0.03048
150

1

0.1

0.5
0.00479
0

0

2500

17

GDK
736.33
150
1.441
1.441
1.1317
338.13
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Ys
fraction

m

m

m3/min

kPa-s™n'
cm/min’Y4
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Sensitivity Analysis of the Fracture Toughness

APPENDIX E

Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

Proppant Type: Carbo-Lite

Output Solution

60000
0.1

0.14
0.03048
150

1

0.1

05
0.004788
0

0

2500

17

GDK
761.16
150
1.394
1.394
1.0948
356.94
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min’Ys
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%

110

Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

60000
0.2

0.14
0.03048
150

1

0.1

0.5
0.004788
0

0

2500

17

GDK
760.28
150
1.3956
1.3956
1.0961
357.77
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"/s
fraction

m

m

m3/min

kPa-s™n'
cm/min’Y4
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 60000 MPa
Fracture Toughness 0.3 MPa-m"
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5
Consistency Index - K' 0.004788 kPa-'s"n'
Total Leak-off Coefficient 0 cm/min™s
Spurt Loss Coefficient 0 cm

Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 759.4

Height (wellbore) 150

Max. Well Width 1.3972 cm
Average Well Width 1.3972 cm
Average Fracture Width 1.0974 cm

Net Pressure 358.59 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 60000 MPa
Fracture Toughness 0.4 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa-s”n'

Total Leak-off Coefficient 0 cm/min™Ys
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?
Max Proppant Concentration 17 100 kg/m?

Output Solution

Parameters GDK

Length 758.52
Height (wellbore) 150

Max. Well Width 1.3988 cm
Average Well Width 1.3988 cm
Average Fracture Width 1.0986 cm
Net Pressure 359.42 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 60000 MPa
Fracture Toughness 0.5 MPa-m")
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa's"n'

Total Leak-off Coefficient 0 cm/min™Y
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 757.65

Height (wellbore) 150

Max. Well Width 1.4004 cm
Average Well Width 1.4004 cm
Average Fracture Width 1.0999 cm

Net Pressure 360.26 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

60000
0.6
0.14
0.03048
150

1

0.1

0.5
0.00479
0

0

2500

17

GDK
756.77
150
1.4021
1.4021
1.1012
361.1
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Y2
fraction

m

m

m3/min

kPa-s™n'
cm/min\Ya
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 60000 MPa
Fracture Toughness 0.7 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5
Consistency Index - K' 0.004788 kPa-'s"n'
Total Leak-off Coefficient 0 cm/min™s
Spurt Loss Coefficient 0 cm

Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 755.88

Height (wellbore) 150

Max. Well Width 1.4037 cm
Average Well Width 1.4037 cm
Average Fracture Width 1.1025 cm

Net Pressure 361.94 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 60000 MPa
Fracture Toughness 0.8 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa-s”n'

Total Leak-off Coefficient 0 cm/min™Ys
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?
Max Proppant Concentration 17 100 kg/m?

Output Solution

Parameters GDK

Length 755
Height (wellbore) 150

Max. Well Width 1.4053 cm
Average Well Width 1.4053 cm
Average Fracture Width 1.1037 cm
Net Pressure 362.79 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 60000 MPa
Fracture Toughness 0.9 MPa-m")
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa's"n'

Total Leak-off Coefficient 0 cm/min™Y
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 754.12

Height (wellbore) 150

Max. Well Width 1.407 cm
Average Well Width 1.407 cm
Average Fracture Width 1.105 cm

Net Pressure 363.64 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %

114

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 60000 MPa
Fracture Toughness 0.1 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.004788 kPa-s”n'

Total Leak-off Coefficient 0 cm/min™Ys
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 761.16

Height (wellbore) 150

Max. Well Width 1.394 cm
Average Well Width 1.394 cm
Average Fracture Width 1.0948 cm

Net Pressure 356.94 kPa
Efficiency 1 fraction
Pumping Time 25000 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %




APPENDIX F

Sensitivity Analysis of the Flow Behavior Index

Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type:

Carbo-Lite

Young's Modulus 50000
Fracture Toughness 0.81
Poisson's Ratio 0.14
Total Pay Zone Height 0.03048
Total Fracture Height 150
Ellipsoidal Aspect

Ratio 1
Injection Rate (2-

wings) 5
Flow Behavior Index -

n' 0.6
Consistency Index - K'  0.004788
Total Leak-off

Coefficient 0
Spurt Loss Coefficient 0
Total Volume Injected 2500
Max Proppant
Concentration 17
Output Solution

Parameters GDK
Length 484.15
Height (wellbore) 150
Max. Well Width 2.1915
Average Well Width 2.1915
Average Fracture

Width 1.7212
Net Pressure 735.2
Efficiency 1
Pumping Time 500
Volume 2500
Proppant Mass 4.25E+06
Percent Propped 99.186

Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off

Tip Effects: Off
Proppant
Carbo-Lite

Type:

Young's Modulus 50000

Fracture Toughness 0.81
Poisson's Ratio 0.14
Total Pay Zone Height 0.03048
Total Fracture Height 150
Ellipsoidal Aspect

Ratio 1
Injection Rate (2-

wings) 5
Flow Behavior Index -

n' 0.5
Consistency Index - K'  0.004788
Total Leak-off

Coefficient 0
Spurt Loss Coefficient 0
Total Volume Injected 2500
Max Proppant
Concentration 17
Output Solution

Parameters GDK
Length 493.94
Height (wellbore) 150
Max. Well Width 2.1481
Average Well Width 2.1481
Average Fracture

Width 1.6871
Net Pressure 706.35
Efficiency 1
Pumping Time 500
Volume 2500
Proppant Mass 4.25E+06
Percent Propped 99.186

Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off

Tip Effects: Off
Proppant
Carbo-Lite

Type:

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height

Ellipsoidal Aspect
Ratio

Injection Rate (2-
wings)

Flow Behavior Index -
'

Consistency Index - K'
Total Leak-off
Coefficient

Spurt Loss Coefficient

Total Volume Injected
Max Proppant
Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture
Width

Net Pressure
Efficiency
Pumping Time
Volume
Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

5

0.4
0.004788

0
0
2500

17

GDK
505.29
150
2.0999
2.0999

1.6492
674.98

1

500

2500
4.25E+06
99.186

MPa
MPa-m*s
fraction

m

m

m3/min

kPa-s"n'

cm/min\Y2
cm

m3

100 kg/m?

m
m
cm

cm

cm
kPa
fraction
min

m?

kg

%

115




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected
Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

10

0.6
0.004788
0

0

2500

17

GDK
447.22
150
2.3725
2.3725
1.8634
861.65
1
250
2500
4.25E+06
99.186

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected
Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

10

0.5
0.004788
0

0

2500

17

GDK
461.13
150
2.3009
2.3009
1.8071
810.43
1
250
2500
4.25E+06
99.186

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected
Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

10

0.4
0.004788
0

0

2500

17

GDK
477.18
150
2.2235
2.2235
1.7464
756.83
1
250
2500
4.25E+06
99.186

MPa
MPa-m"V
fraction

m

m

m3/min

kPa-s"n'
cm/min\Y2
cm

m3

100 kg/m?

m
m

cm

cm

cm

kPa
fraction
min

m3

kg

%
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Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected
Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

1

0.6
0.004788
0

0

2500

17

GDK
581.91
150
1.8234
1.8234
1.4321
508.93
1
2500
2500
4.25E+06
99.186

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected
Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

1

0.5
0.004788
0

0

2500

17

GDK
579.25
150
1.8317
1.8317
1.4386
513.61
1
2500
2500
4.25E+06
99.186

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected
Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

1

0.4
0.004788
0

0

2500

17

GDK
576.99
150
1.8389
1.8389
1.4443
517.65
1
2500
2500
4.25E+06
99.186

MPa
MPa-m"V
fraction

m

m

m3/min

kPa-s"n'
cm/min\Y2
cm

m3

100 kg/m?

m
m

cm

cm

cm

kPa
fraction
min

m3

kg

%
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APPENDIX G

Sensitivity Analysis of the Consistency Index

Input Data
Input Data

Input Volume Input Volume

Turbulence: Off Turbulence: Off

Wall Roughness: Off Wall Roughness: Off

Tip Effects: Off Tip Effects: Off

Proppant Type: Carbo-Lite Proppant Type: Carbo-Lite
Young's Modulus 50000 MPa Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m™% Fracture Toughness 0.81 MPa-m"%
Poisson's Ratio 0.14 fraction Poisson's Ratio 0.14 fraction
Total Pay Zone Height 0.03048 m Total Pay Zone Height 0.03048 m
Total Fracture Height 150 m Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1 Ellipsoidal Aspect Ratio 1
Injection Rate (2-wings) 0.1 m*min Injection Rate (2-wings) 0.1 m*min
Flow Behavior Index - n' 0.5 Flow Behavior Index - n' 05
Consistency Index - K' 0.00479 kPa-s™n' Consistency Index - K' 0.00958 kPa-s™n'
Total Leak-off Coefficient 0 cm/min™ Total Leak-off Coefficient 0 cm/min™/
Spurt Loss Coefficient 0 cm Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m? Total Volume Injected 2500 m?
Max Proppant Concentration 17 100 kg/m? Max Proppant Concentration 17 100 kg/m?

Output Solution Output Solution

Parameters GDK Parameters GDK
Length 726.94 m Length 634.12
Height (wellbore) 150 m Height (wellbore) 150
Max. Well Width 1.4596 cm Max. Well Width 1.6732 cm
Average Well Width 1.4596 cm Average Well Width 1.6732 cm
Average Fracture Width 1.1464 cm Average Fracture Width 1.3142 cm
Net Pressure 326.11 kPa Net Pressure 428.57 kPa
Efficiency 1 fraction Efficiency 1 fraction
Pumping Time 25000 min Pumping Time 25000 min
Volume 2500 m? Volume 2500 m?
Proppant Mass 4.25E+06 kg Proppant Mass 4.25E+06 kg
Percent Propped 99.186 % Percent Propped 99.186 %
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Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.01436
0

0

2500

17

GDK
585.31
150
1.8128
1.8128
1.4237
503.03
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"/s
fraction

m

m

m3/min

kPa-s"n'
cm/min’Y4
cm

m3

100 kg/m?®

cm
cm

cm

kPa
fraction
min

m

kg

%
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Input Data

Input VVolume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.01915
0

0

2500

17

GDK
552.94
150
1.9189
1.9189
1.5071
563.65
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min\Ya
cm

m3

100 kg/m?

m
m

cm

cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.02394
0

0

2500

17

GDK
529.05
150
2.0056
2.0056
1.5752
615.71
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"/s
fraction

m

m

m3/min

kPa-s"n'
cm/min’Y4
cm

m3

100 kg/m?®

cm
cm

cm

kPa
fraction
min

m

kg

%

120

Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.02873
0

0

2500

17

GDK
510.28
150
2.0793
2.0793
1.6331
661.83
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Ys
fraction

m

m

m3/min

kPa-s"n'
cm/min’Ys
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.03352
0

0

2500

17

GDK
494.93
150
2.1438
2.1438
1.6837
703.53
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"/s
fraction

m

m

m3/min

kPa-s"n'
cm/min’Y4
cm

m3

100 kg/m?®

cm
cm

cm

kPa
fraction
min

m

kg

%
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Input Data

Input VVolume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.0383

2500
17

GDK
482
150
2.2013
2.2013
1.7289
741.78
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"Vs
fraction

m

m

m3/min

kPa-s"n'
cm/min\Ya
cm

m3

100 kg/m?

m
cm

cm

cm

kPa
fraction
min

m?

kg

%




Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.04309
0

0

2500

17

GDK
470.87
150
2.2533
2.2533
1.7698
777.25
1
25000
2500
4.25E+06
99.186

MPa
MPa-m"/s
fraction

m

m

m3/min

kPa-s"n'
cm/min’Y4
cm

m3

100 kg/m?®

cm
cm

cm

kPa
fraction
min

m

kg

%
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Input Data

Input Volume
Turbulence: Off
Wall Roughness: Off
Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient

Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

0.03048
150

1

0.1

0.5
0.04788
0

0

2500

17

GDK
461.13
150
2.3009
2.3009
1.8071
810.43
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Ys
fraction

m

m

m3/min

kPa-s"n'
cm/min’Ys
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%




APPENDIX H

Sensitivity Analysis of the Pumping time

Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

50000 MPa Young's Modulus
0.81 MPa-m"% Fracture Toughness
0.14 fraction Poisson's Ratio
1m Total Pay Zone Height
150 m Total Fracture Height
1 Ellipsoidal Aspect Ratio
0.8 m*/min Injection Rate (2-wings)
0.5 Flow Behavior Index - n'
0.00479 kPa-s"n' Consistency Index - K'
0 cm/min™s Total Leak-off Coefficient
0 cm Spurt Loss Coefficient
2500 m? Total Volume Injected
17 100 kg/m? Max Proppant Concentration

Output Solution

GDK Parameters
592.17 m Length
150 m Height (wellbore)
1.7918 cm Max. Well Width
1.7918 cm Average Well Width
1.4073 cm Average Fracture Width
491.45 kPa Net Pressure
1 fraction Efficiency
3125 min Pumping Time
2500 m? Volume
4.25E+06 kg Proppant Mass
99.186 % Percent Propped

50000
0.81
0.14

150

1

0.7

0.5
0.00479
0

0

2500

17

GDK
600.03
150
1.7683
1.7683
1.3888
478.65
1
3571.4
2500
4.25E+06
99.186

MPa
MPa-m"/s
fraction

m

m

m3/min

kPa-s™n'
cm/min’Y4
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

m?

kg

%
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Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m"
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 1 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.6 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.00479 kPa-s"n'

Total Leak-off Coefficient 0 cm/min™Y
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 609.24

Height (wellbore) 150

Max. Well Width 1.7416 cm
Average Well Width 1.7416 cm
Average Fracture Width 1.3678 cm

Net Pressure 464.29 kPa
Efficiency 1 fraction
Pumping Time 4166.7 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

150

1

05

0.5
0.00479
0

0

2500

17

GDK
620.31
150
1.7105
1.7105
1.3434
447.87
1
5000
2500
4.25E+06
99.186

MPa
MPa-m*Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min’Y4
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

o

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m"/
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 1m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.4 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.00479 kPa-sn'

Total Leak-off Coefficient 0 cm/min™s
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 634.12

Height (wellbore) 150

Max. Well Width 1.6732 cm
Average Well Width 1.6732 cm
Average Fracture Width 1.3142 cm

Net Pressure 42857 kPa
Efficiency 1 fraction
Pumping Time 6250 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

150

1

0.3

0.5
0.00479
0

0

2500

17

GDK
652.38
150
1.6264
1.6264
1.2774
404.92
1
8333.3
2500
4.25E+06
99.186

MPa
MPa-m*Ys
fraction

m

m

m3/min

kPa-s™n'
cm/min’Y4
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

o

kg

%




Input Data

Input Volume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus 50000 MPa
Fracture Toughness 0.81 MPa-m"
Poisson's Ratio 0.14 fraction
Total Pay Zone Height 1 m

Total Fracture Height 150 m
Ellipsoidal Aspect Ratio 1

Injection Rate (2-wings) 0.2 m*min
Flow Behavior Index - n' 0.5

Consistency Index - K' 0.00479 kPa-s"n'

Total Leak-off Coefficient 0 cm/min™Y
Spurt Loss Coefficient 0 cm
Total Volume Injected 2500 m?

Max Proppant Concentration 17 100 kg/m?
Output Solution

Parameters GDK

Length 678.98

Height (wellbore) 150

Max. Well Width 1.5627 cm
Average Well Width 1.5627 cm
Average Fracture Width 1.2273 cm

Net Pressure 373.81 kPa
Efficiency 1 fraction
Pumping Time 12500 min
Volume 2500 m?
Proppant Mass 4.25E+06 kg
Percent Propped 99.186 %
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Input Data

Input VVolume

Turbulence: Off

Wall Roughness: Off

Tip Effects: Off

Proppant Type: Carbo-Lite

Young's Modulus
Fracture Toughness
Poisson's Ratio

Total Pay Zone Height
Total Fracture Height
Ellipsoidal Aspect Ratio
Injection Rate (2-wings)
Flow Behavior Index - n'
Consistency Index - K'
Total Leak-off Coefficient
Spurt Loss Coefficient
Total Volume Injected

Max Proppant Concentration

Output Solution

Parameters

Length

Height (wellbore)
Max. Well Width
Average Well Width
Average Fracture Width
Net Pressure
Efficiency

Pumping Time
Volume

Proppant Mass
Percent Propped

50000
0.81
0.14

150

1

0.1

0.5
0.00479
0

0

2500

17

GDK
726.94
150
1.4596
1.4596
1.1464
326.11
1
25000
2500
4.25E+06
99.186

MPa
MPa-m*Vs
fraction

m

m

m3/min

kPa-s™n'
cm/min’Y4
cm

m3

100 kg/m?

cm
cm

cm

kPa
fraction
min

o

kg

%






