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1 Introduction

In recent years, hydrocarbon extraction is relying progres-
sively more on hydraulic fracturing stimulation of shale res-
ervoirs to increase their permeability and, therefore, their
productivity. Engineered geothermal systems (EGS) have
also been using hydraulic fracturing to create and mobilize
fractures in the hot rock through which water is circulated
to subsequently recover its heat at the surface. Hydraulic
fracturing consists of the injection of fluid into rock at an
adequate pressure to create new fractures as well as to open,
or mobilize, existing ones. These newly formed and mobi-
lized fractures can serve as highly permeable pathways to
enhance the reservoir productivity (Frash 2007). Taking
advantage of the hydraulic fracturing technology, shale oil
and gas production have grown considerably in the past
decade (McClure 2012) and EGS have been increasingly
used in pilot developments (Tester 2006). While hydraulic
fracturing has been extensively used in field applications,
the fracturing processes involved in this method are still not
well understood. One of the variables that needs to be bet-
ter studied is the breakdown pressure (Py ..idown)> Particu-
larly its variation with depth, i.e., with overburden stresses.
In fact, it is important to observe trends that may help one
understand the effect of the in situ vertical stresses on the
breakdown pressure to better predict and design hydraulic
fracturing operations.

In this study, several shale oil and/or gas and EGS hydrau-
lic fracturing projects are analyzed. Specifically, the influ-
ence of the effective vertical stress (¢]) on the breakdown
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pressures is investigated and compared to theoretical models.
This technical note initially discusses existing models used
to predict the fracture initiation pressures and the minimum
pressures to “hold open and extend fractures” in Sect. 2; in
Sect. 3, various shale oil and/or gas and EGS projects are
reviewed. The breakdown pressures measured in the differ-
ent projects are then analyzed and related to their respective
in situ vertical effective stress 0"/ to evaluate possible trends,
in Sect. 4. Finally, a discussion of the findings of the study
is presented in Sect. 5, including a comparison between the
field and theoretical values. In the context of this paper, the
term breakdown pressure (Pyeaxdown) indicates the maximum
fluid pressure reached at the bottom of the wellbore, as will
be further explained in Sect. 2.1.

2 Background
2.1 Relevant Terminology

The variation of wellbore pressure with time for a general
hydraulic fracturing test is shown schematically in Fig. 1
(Feng and Gray 2017). Fracture initiation pressure (FIP)
occurs when a deviation in linearity is observed in pres-
sure—time plot, which indicates a possible fracture initia-
tion. The pressure continues to increase as the fracture stably
propagates until it reaches the formation breakdown pres-
sure (FBP). At this point, the pressure drops to the fracture
propagation pressure (FPP) as there is an unstable fracture
propagation characterized by a rapid increase in fracture vol-
ume. The breakdown pressure is typically reported in field
operations, since it is the maximum pressure reached during
a hydraulic fracturing procedure.
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Fig. 1 Pressure—time response
of field hydraulic fracturing test
(after Feng and Gray 2017)
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2.2 Theoretical Models for Hydraulic Fracture
Initiation

Fracture initiation and re-opening pressures are crucial
in the process of estimating the equipment requirements
for hydraulic fracturing operations. It is known that rock
fractures, in general, and hydraulic fractures, in particular,
may occur along planes normal to the least principal stress
direction (Scott et al. 1953), and that the minimum injec-
tion pressure to propagate them should be larger than the
least principal stress (Hubbert and Willis 1957).

Based on this fundamental knowledge, Fig. 2a, b shows
the expected orientation of hydraulic fractures relative
to the orientation of the well. Figure 2a shows a case in
which the least principal stress (o, in this example) is per-
pendicular to the axis of the well. In this case, hydrau-
lic fractures propagate in a plane parallel to the axis of
the well. Figure 2b shows the expected orientation of the
hydraulic fractures when the least principal stress (o, in
this example) is parallel to the axis of the well. In this
case, hydraulic fractures propagate in a plane perpendicu-
lar to the well axis. It should be noted that, even though
a vertical well is shown in Fig. 2a, b, the same reasoning
applies for a horizontal (or lateral) well. These geometric
observations are particularly relevant to the discussion
presented in Sect. 5.

To estimate the fluid pressures necessary to propa-
gate hydraulic fractures in the field, theoretical expres-
sions have been derived. The relations derived by Hub-
bert and Willis (1957) and Haimson and Fairhurst (1967)
are among the most accepted and used in practice. The
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expression proposed by Hubbert and Willis (1957) esti-
mates the minimum fluid pressure (Pyy) necessary to
“hold open and extend a fracture” and can be initially writ-
ten as Eq. 1. This minimum fluid pressure corresponds to
FPP in Fig. 1.
Pyw = 045 + Piniga (1)
In which Ul,\/lin is the least principal effective stress and
P, i1 18 the original pore pressure of the formation. Hub-
bert and Willis (1957) used this initial concept to derive an
expression for a specific case of incipient normal faulting, in
which the least principal effective stress is horizontal with
a magnitude of, approximately, a third of the effective verti-
cal stress:

, i (SV - Pinitial) 2)
3 3

In which Sy, is the total vertical stress. Therefore, based
on these reasoning and conditions, the minimum pressure
to “hold open and extend a fracture” can be obtained from
(1) and (2):

(Sv +2P initial)

3
3 3

Py =

However, in the case considered, the least principal effec-
tive stress is horizontal and approximately the same as the
effective vertical stress, then:

Opin = O = 04 = (Sy = Pigicial) 4)
Which would result in:
Paw = Sy 5)
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Fig.2 Cross section of hydraulic fracture (a) parallel and (b) perpendicular to axis of wellbore

This clearly shows that, theoretically, the pressure neces-
sary to hold and propagate a hydraulic fracture is signifi-
cantly dependent on the in situ principal stresses, as intui-
tively expected.

Haimson and Fairhurst (1967), on the other hand, applied
the criterion proposed by Hubbert and Willis (1957) to esti-
mate the fracture initiation pressure, which corresponds to
FIP in Fig. 1. This criterion assumed that a “crack would
occur at a point of the boundary of the wellbore” where
the tangential stress (cgg in Fig. 3a) overcomes the tensile
strength of the rock (o,), therefore, propagating parallel to
the axis of the well as indicated in Fig. 3a. Since the stresses

in the wall of a circular opening simultaneously subjected to
far-field stresses and to an internal pressure are analytically
known, the tangential stresses Gy, can be calculated as:

000 = (Su + Sh = Pinigiar) — 2(Su — Sp) cos (20) (6)

In which Sy; and S}, are the maximum and minimum in situ
principal stresses, respectively, which are typically but not
necessarily horizontal. For §=0° (see Fig. 3b), one obtains
the maximum tangential stress as:

99 = (38, — S = Piniial) @)
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Fig. 3 a Stresses around a circular opening subjected to b biaxial loading conditions

This analytical solution led to the expression used in the
ASTM D4645 (2004) as a standard method of estimating
in situ rock stresses through the hydraulic fracturing of the
rock. This method, proposed by Haimson and Fairhurst (1967),
states that the fracture initiation pressure (identified as Py in
this technical note, which corresponds to FIP in Fig. 1) needs
to overcome the maximum tangential stress in the borehole
and the tensile strength of the rock:

Pyp = 0+ 0y (8)
which, from Eqgs. (7) and (8), can be further written as:

Py = o+ 38, — Sy — Pinitia 9)
which is valid if one considers no fluid penetration. If leak-

age and, therefore, fluid penetration take place, then poro-
elasticity should be taken into account with parameter A:

@ Springer

(3Sh = Su— Pinitial)
A

Py = 0, + (10)
where Py is the fracture initiation pressure at the bottom of
the wellbore and o, is the tensile strength of the rock to be
hydraulically fractured; as mentioned earlier, S}, and Sy are
typically considered horizontal, but it is not uncommon that
the vertical stress is smaller than both horizontal stresses,
becoming, in this case, the minimum principal stress. P, a1
is the original formation pore pressure and A =2 — « ((11—_2:))’
in which v is the Poisson’s ratio of the rock and a is the Biot
poro-elastic parameter of rock (Haimson and Fairhurst 1967;
Haimson and Zhao 1991).

While theoretical estimates of the expected breakdown
pressures are typically carried out for hydraulic fractur-
ing operations, there are limited studies (1) evaluating the
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variation of the field breakdown pressures for different
types of rock and depths, i.e., vertical stresses, and (2)
comparing the field breakdown pressures with theoretical
values. These aspects are addressed in this technical note.

3 Methodology
3.1 Data Collection and Assumptions

To evaluate the effect of the effective vertical stresses on the
formation breakdown pressures, literature sources discuss-
ing several hydraulic stimulation projects in shale and EGS
reservoirs were reviewed. It should be noted that gathering
the relevant information of the analyzed projects is complex
because the same project may include a number of stimula-
tion wells. Therefore, in order to simplify the reading of the
results, the location of the project and the well identifica-
tion (if more than one well is considered) are documented
in Tables 1 and 2. When not available in the literature used,
the effective vertical stresses were estimated based on the
following assumptions:

e An average unit weight of 23 kN/m? (148 pcf) for the
rock and soil above the stimulated rock layer.

e Hydrostatic pore pressure and ground water level located
at the surface.

Moreover, in some of the analyzed projects, only the well-
head pressures were available. To obtain the bottom-hole
pressures based on the well-head pressures, the variation
of the injected fluid pressure p with depth z was initially
calculated as follows:

W) _ (2 (@) (@
@)= @)@, o

where <j—i’> is the total pressure gradient and

(d—”) s <d—‘”> and(d—"> are the hydrostatic, frictional and
dz /g dz /R dz J A

acceleration gradients, respectively. However, for the flow
rate, well diameter and friction between fluid and well wall
of a typical hydraulic fracturing project, the frictional and
acceleration gradients are much smaller than the hydrostatic
gradient. While the authors believe that it is important to
note that these gradients exist, it is not in the scope of this
technical note to calculate the three distinct gradients. There-
fore, it is assumed that

o\ _ () =
(#)-(%), =

which translates into

Phottom—hole = Pwell—head + P8z (1 3)

where p is the density of fracturing fluid (assumed 1000 kg/
m3), g is the acceleration of gravity (assumed 10 m/s?), and
z is the depth of interest (m).

Since some of the data that will be analyzed and dis-
cussed in Sects. 4 and 5 are based on the assumptions pre-
sented in this subsection, the overall data are, therefore,
semi-empirical. However, one must emphasize that the
assumptions related to the unit weight and pressure gradients
explained earlier are realistic and theoretically supported,
which therefore result in reliable estimates of effective verti-
cal stresses and formation breakdown pressures.

3.2 Projects Analyzed

The analyzed hydraulic fracturing well stimulations included
shale oil and/or gas, as well as EGS projects, as illustrated
in Figs. 4 and 5, respectively. The locations of the wells
analyzed in this technical note are represented by the black
circles in Figs. 4 and 5. The highlighted areas in Fig. 4 are
the analyzed shale oil and gas plays according to the U.S.
Energy Information Administration (2011).

The rock formations used in the shale oil/gas and EGS
projects will now be briefly described:

e Shale oil and/or gas

— Barnett Shale:

The Barnett Shale formation consists of sedimen-
tary rocks that can be encountered in the Fort Worth
Basin in north-central Texas. Currently, the produc-
tion is limited to the northern basin where the Bar-
nett Shale is relatively thick (>92 m) (Montgomery
et al. 2005). Lithologically the formation consists of
black siliceous shale, limestone, and minor dolomite
(Konstantinos 2005). Most fractures appeared to
have developed in opening-mode (Gale et al. 2007)
and are highly clustered. Also, the in situ stress Sty
trends northeast—southwest in the Fort Worth Basin.
The well considered in this study is located north of
Fort Worth, Texas, was stimulated in 2000, and has
a depth of 2169 m (Siebrits et al. 2000).

— Woodford Shale

The Woodford Shale formation is located in north-
west Oklahoma. The depth of the Woodford Shale
varies between 1830 and 3660 m with a thickness
between 15 and 90 m. The analyzed well was stimu-
lated in 2013 and has a depth of 2215 m (French
et al. 2014). Badra (2011) pointed out that there are
abundant natural fractures perpendicular to the bed-
ding planes.

— Haynesville Shale

This sedimentary depositional area characterized

by different mudrock lithologies has a depth of more
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Fig.4 Locations of the analyzed shale oil and/or gas hydraulic stimulations in the United States

— Bakken Shale
This formation spreads throughout the subsurface

than 3050 m and is located in northwestern Louisi-
ana, southwestern Arkansas and eastern Texas. Its

thickness varies between 60 and 90 m. Nunn (2012)
noted that the visual inspection of the cores from
the formation revealed numerous fractures, many of
which had been resealed by cement indicating that
they occurred by natural processes. In the context of
this technical note, a 3732 m-deep well stimulated
in 2010 and located in northwestern Louisiana was
analyzed (Fonseca and Farinas 2013).

@ Springer

of the Williston Basin, underlying parts of Montana,
North Dakota, Saskatchewan and Manitoba (Wang
and Zeng 2011). Lithologies vary from argillaceous
dolostones and siltstones to clean, quartz-rich aren-
ites and oolitic limestones (Cramer 1986, Breit et al.
1992). Kuhlman et al. (1992) concluded that the
direction of maximum horizontal stress was N67.6'E
and the natural fracture direction was predominately
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Fig.5 Locations of the analyzed EGS projects

N35°E. In this technical note, a well with a depth of
3034 m located in North Dakota was analyzed. The
stimulation of the well took place between 2005 and
2006 (Phillips et al. 2007).
Marcellus Shale

The Marcellus shale formation spreads throughout a
large area (more than 233,000 km?) in the northeastern
of the United States. Preliminary estimates reveal that
this formation could be the world’s largest natural gas
field with over 14 trillion cubic meters of gas (Engelder
et al. 2009). The formation is predominantly composed
of gray-black to black thinly laminated non-calcareous
fissile pyritic organic-rich shale (Matthew et al. 2009),
underpressurized to the southwest and normal to
potentially overpressurized to the northeast (Zagorski
et al. 2012). For this analysis, three wells located in
northwest and central Pennsylvania were considered.
These stimulations took place in 2009, 2007 and 2010
in Tioga, Potter and Greene counties, respectively.
Antrim Shale

The Antrim shale is part of a large Devonian black
shale system which extends across most of the east-
ern cratonic region of North America with depths
varying between 152 and 700 m. An important fea-

ture of the Antrim Shale formation is the presence
of two primary fracture sets: one striking northwest—
southeast and the other northeast—southwest (Ryder
1990), with fracture spacing ranging between 0.2 and
2.0 m (Richards et al. 1994). A well located in the
Montmorency county of Michigan with a depth of
364 m and stimulated in 1993 (Hopkins et al. 1998)
is used for this analysis.

¢ Engineered Geothermal Systems

— Cooper Basin

The Cooper Basin is the largest onshore petroleum
province in Australia and has both conventional and
unconventional reservoirs (Hill and Gravestock
1995). This EGS project is located in the northeast
of South Australia near Moomba and is character-
ized by a granite basement overlain by approximately
3600 m of sedimentary cover. Also, this granitic
basement is saturated with brine, which is region-
ally pressurized at ~ 34.4 MPa above the hydrostatic
pressure. In the project area, the maximum horizon-
tal rock stress is orientated east—west due to tectonic
compression of the Australian plate with the in situ
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stress magnitudes estimated as Sy/S, /oy = 1.3/1.2/1.0
(Shen 2008). The selected well has an approximate
depth of 4135 m and a static rock temperature at the
bottom of the wellbore of 250 °C. The stimulation
of the well took place in 2003 (Wyborn et al. 2005).
Basel

This geothermal project was located in the city of
Basel, Switzerland. The crystalline basement (pri-
mary basement rock types include granitoid rocks
(>99%), aplite and lamprophyre) of the formation
is covered by sedimentary rocks with a combined
thickness of 2507 m (Ziegler et al. 2015). The domi-
nant natural fracture set strikes NW—SE to NNW-
SSE, with steep dips exceeding 60", In this study, the
stimulation of Basel 1, a near-vertical well, is consid-
ered. The analyses of the borehole breakouts indicate
that the least principal in situ stress Sy, is oriented
along an azimuth of 54+ 14 and that Sy > oy > S,
(Valley and Evans 2007). The estimated reservoir
temperature at a final depth of 4400 m was 190 °C.
The stimulation treatment of the Basel 1 took place
in 2006 (Hiring et al. 2008).
Fjillbacka

Fjéllbacka is a Swedish heat pump project, in
which hydraulic fracturing was used to stimulate
the rock. It is located in the central part of the Bohus
granite massif, south of the village Fjillbacka, on
the west coast of Sweden (Jupe et al. 1992). The
majority of the bedrock in this region belongs to
crystalline Precambrian with a low natural perme-
ability and low heat flow density with temperature
gradients in the range of 10—18 °C/km. Given the
low temperature gradients, heat pumps were used
to elevate the fluid temperatures to levels suitable
to local heating purposes (Doherty et al. 1994). The
approximate depth of the well is 445 m and its stimu-
lation took place in 1986 (Wallroth et al. 1999). The
fracture pattern, dominated by two almost orthogo-
nal vertical/subvertical sets (striking NW and NE,
respectively) and one horizontal/subhorizontal set,
creates an almost cubic pattern of blocks (Eliasson
et al. 1988). The minimum principal stress appears
to be vertical down to a depth of about 450-500 m,
thereby favoring the opening of horizontal fractures
during fluid injections. The largest horizontal prin-
cipal stress strikes approximately NW-SE, as com-
monly observed in western Sweden (Wallroth, 1990).
Ogachi

The Ogachi site is located in the volcanic crater
of northern Japan. The geology of the site comprises
a cover of Tertiary lapilli tuff to a depth of 300 m
from the surface and a basement rock of Cretaceous
granodiorite. The average spacing of the natural frac-
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tures in the granodiorite is about 8 cm, as observed
from geological investigations (Kitano et al. 2000).
The magnitudes of the in situ stresses at the reservoir
are estimated as Sy =30~40, S, ~22 and ¢, ~25 MPa
(Shin et al. 2000). The depth of the well is 1000 m
with an approximate temperature of 230 “C at its bot-
tom. The stimulation of the well took place in 1992
(Kaieda et al. 2010).
GeneSys

The GeneSys (Generated geothermal energy Sys-
tems) project is located in Hanover, Germany. The
local stratigraphy consists of tight sedimentary rocks
formed by alternating layers of fine-grained sand-
stones, siltstones and claystones. The minimum prin-
cipal stress (oy,) is about 90% of the overburden (Jung
et al. 2005). A temperature of 169 °C was encoun-
tered at the final depth of 3901 m of the analyzed
well. Its stimulation took place in 2011 (Tischner
et al. 2013).
KTB

The Kontinentale Tiefbohrung (KTB) geothermal
project is located in Southeastern Germany near the
western margin of the Bohemian Massif (Wagner
et al. 1997). The Bohemian Massif is composed
of medium- to high-grade metamorphic basement
rocks with granitic intrusions (O’Brien et al. 1997).
Most faults follow the foliation and dip 50-80° either
to SW or to NE and strike approximately NW-SE
(Hirschmann et al. 2006; Wagner et al. 1997).
Brudy et al. (1997) showed that the profile of the
stress magnitudes below 1 km depth suggests that
Sy > o, > S, which indicates a strike-slip regime.
Additionally, the orientation of the Sy; is found to
vary between N150°E and N170°E along the depth
of the investigated interval from 3.2 to 8.6 km depth.
A temperature of 270 ‘C was reached at the final
depth of 9100 m of the analyzed well, which was
stimulated in 2000 (Jost et al. 1998).
Fenton Hill

The Fenton Hill EGS site is located in the Jemez
Mountains of north-central New Mexico, about
32 km west of Los Alamos. The rock formation at
Fenton Hill is a homogeneous biotite granodior-
ite body with very low permeability. Even though
natural fractures are present, they are characteris-
tically sealed with secondary minerals (Laughlin
et al. 1983). Zoback et al. (1985) concluded that
the minimum stress is horizontal (S,) and oriented
N104°E, and the maximum in situ stress is verti-
cal, with S/S,/6,=0.7/0.6/1. The temperature at the
final depth of 3500 m was 235 °C. The stimulation of
the analyzed well took place between 1986 and 1995
(Brown 2009).
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— Soultz (GPK4)

The site is located in Soultz-sous-Foréts, France,
where the stimulations of GPK1, GPK2, GPK3
and GPK4 geothermal wells were conducted. The
high temperatures found in this area occur due to
the groundwater circulation in fractures distrib-
uted in the Cenozoic and Mesozoic sedimentary
cover, which are connected to fractures within the
Paleozoic granitic basement (Charléty et al. 2007).
Valley and Evans (2007) concluded that the ori-
entation of the maximum horizontal stress (Sy) is
N169°E + 14° whereas the relative magnitudes
of the principal in situ stresses are estimated as
Sy/Sy/o,=1.05/0.58/1. This analysis focused on the
stimulation of GPK4, which took place in 2005. The
temperature was approximately 200 °C at a depth of
4700 m (Vidal et al. 2015).

4 Results
4.1 Field Observations

Tables 1 and 2 show the stimulation data of ten and eight
shale oil and/or gas and EGS projects, respectively. The col-
lected and investigated data include (1) the depths to the
bottom of the well, (2) the effective vertical stresses ¢/, (3)
the bottom-hole breakdown pressures (Pyeaxdown) and (4) the

ratio between the breakdown pressures and the effective ver-

Phreakdown
!
‘

tical stresses <

40.0 60.0 80.0 100.0 120.0
Effective Vertical Stress, ¢,' (MPa)

140.0

From the analyzed projects, it can be noted that the shal-
lowest shale oil and/or gas project is the stimulation of the
Antrim shale formation with a depth of 364 m and a break-
down pressure of 22 MPa. The deepest project is the stimula-
tion of the Haynesville shale formation with a depth of
3738 m and a breakdown pressure of 90 MPa. These stimu-
of 4.40 for the

Antrim shale and 1.28 for the Haynesville shale formation.
Similarly, the shallowest EGS project analyzed is the Fjall-
backa well in Sweden (used for a heat pump rather than
EGS) with a depth of 445 m and a breakdown pressure of
20 MPa, while the deepest EGS project is the stimulation of
the Kontinentale Tiefbohrung (KTB) geothermal project in
Germany with a depth of 9100 m and a bottom-hole break-
down pressure of 144 MPa. A <M) ratio of 3.33 is

’

. . Preatcdonn
lations correspond to a ratio of <m>
O,

v

’

obtained for the Fjéllbacka well whereas for the KTB project
this ratio is 1.22. It seems evident that Py, 4own 1NCrEases

. P, . .
and the ratio of ( M) decreases as the effective vertical
O

v

stress increases, for both shale oil and/or gas and EGS
stimulations.

The results shown in Tables 1 and 2 are plotted in Figs. 6
and 7, which depict the variation of the effective vertical
stresses With Py ..xqown and With the ratio of < @ ) for the

v

analyzed projects.

From this analysis, it is clear that there is a strong relation
between the effective vertical stresses and the bottom-hole
breakdown pressures, regardless of the type of stimulation,
e.g., shale oil and/or gas or EGS. As the effective vertical
stresses increase, the breakdown pressures also increase, as

intuitively expected. Furthermore, as the vertical effective

Phreakdown
!
,

stress increases, the ratio < ) seems to approach 1.0,
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which indicates that the breakdown pressure is systemati-
cally larger than or equal to the vertical effective stress. It
should be noted that this is concluded based on the data
analyzed in the current study. These data are very protected
by operators and are, frequently, not made public. While
more data would ideally need to be analyzed to confirm this
observation (i.e., that the breakdown pressure is systemati-
cally larger than or equal to the vertical effective stress),
possible reasons for it will be discussed in Sect. 5.
Furthermore, for deep formations (cé >50MPa), the bot-
tom-hole breakdown pressures are only slightly higher than
the effective vertical stresses (l.O < @ < 1.5 ), while

v

for shallower formations (0'; < 50MPa) the bottom-hole
breakdown pressures are significantly higher than the effec-

. . Py,
tive vertical stress <1.5 < % <50)

v

4.2 Comparison Between Field Observations
and Theoretical Models

It is important to investigate how the field data fit into the theo-
retical models derived by Hubbert and Willis (1957) and
Haimson and Fairhurst (1967) discussed in Sect. 2. Six shale
oil and/or gas and EGS stimulation projects were selected
(Table 3) where the minimum and maximum horizontal
stresses, as well as tensile strength of the reservoir rock, were
published in the literature. Equation 1 was used when applying
the methodology proposed by Hubbert and Willis (1957) to
estimate the minimum pressure to “hold open and extend a
fracture” (Pyy), since it considers a general state of stress as
opposed to Eq. 3. Equation 10 was used to estimate the fracture
initiation pressures (Pyg) for the relationship developed by
Haimson and Fairhurst (1967). This equation requires the
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40 60 80 100 120 140
Effective Vertical Stress, ¢,' (MPa)

calculation of parameter A, which depends on the Poisson’s
ratio and the Biot poro-elastic parameter of rock («). Based on
the literature values, the Poisson’s ratio was assumed to vary
between 0.2 and 0.35 for the oil and gas projects (Agapito and
Hardy 1982) (sedimentary rocks, usually shale) and between
0.23 and 0.28 for the EGS projects (Detournay and Cheng
1993; Xin 2014) (crystalline rocks, usually granitic); the Biot’s
poro-elastic parameter was assumed to vary between 0.75 and
0.80 for the oil and gas projects (Gray 2017) and between 0.3
and 0.35 for the EGS projects (Berryman 2005; Detournay and
Cheng 1993). Moreover, two “fluid infiltration” conditions
were considered: “no fluid infiltration”, which may be realistic
if the injection rate is very high, for example, resultingin A=1,
and “fluid infiltration”, which results in A=f(v, «) > 1. Based
on the parameters and conditions considered, a range of pos-
sible Py values were obtained. Figures 8 and 9 illustrate the
£ield and theoretical fracturing pressures and the ratio of
—breakdom/HWHE versus the effective vertical stress in various shale

oil ana/or gas and EGS projects, respectively. Examples of
calculation of Py, using Hubbert and Willis (1957) and Py
using Haimson and Fairhurst (1967) are given based on the
in situ stresses shown in Table 3.

e Example of calculation for Hubbert and Willis (1957)
model for the Marcellus shale well analyzed:

Equation 1:

!’
Puw = 0oyin + Pinitial

Orgin = Sh — Piniias = 41 — 23 = 18MPa
Piniia = 23MPa
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Fig.8 Comparison between

Py eakdown 10 shale oil and/or

gas and EGS projects, Py for
Hubbert and Willis (1957) and
Py for Haimson and Fairhurst
(1967). The error bars represent
the range of values obtained
using the Haimson and Fair-
hurst (1967) approach

Fig.9 Comparison between the
ratio of Py, gown /0, in shale
oil and/or gas and EGS projects,
Py for Hubbert and Willis
(1957) and Py for Haimson
and Fairhurst (1967). Note: The
error bars represent the range
of values obtained using the
Haimson and Fairhurst (1967)
approach

Puw = 18 +23 = 41MPa

Pyreakdown (MP2)
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e Example of calculation for Haimson and Fairhurst (1967)
for the Marcellus shale well analyzed:

No fluid infiltration:
Equation 9:

Pyp = 0, + 38}, — Sy — Pigitia

Pyp=7.6+3-41 — 48 — 23 = 59MPa

Fluid infiltration:
Equation 10:

(3Sh - SH - Pinilial)

Pyp=o0,+
HF = Oy A

(1-2v)
a

A=2—a———
1-v
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, witha =0.75andv = 0.35, A = 1.654

Effective Vertical Stress, ¢,” (MPa)

(3-41-48-23)

= 39MP
1.654 YMPa

Py =176+

Therefore, for this theoretical model:
39MPa < Pyp < 59MPa.

The same procedure described above is used to calculate
the Py for Hubbert and Willis (1957) and Py for Haimson
and Fairhurst (1967), as shown in Fig. 8 for the Marcel-
lus and Bakken shales, and for the Cooper Basin, Fenton
Hill, Basel and Soultz EGS developments. The error bars in
Haimson and Fairhurst (1967) account for the two scenarios
of: “no fluid infiltration” and “fluid infiltration”, in which the
triangle represents the midpoint of the range obtained. For
the Marcellus shale example, Py ranges between 39 and
59 MPa and the midpoint is 49 MPa.

In general, the theoretical models yield Py r and Porw e

0—/
. P ' . v
ratios comparable to Py .. 4own a0 % obtained for shale

oil and/or gas and EGS stimulation projects. Therefore, both
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models appear to estimate Py, 4own F€asonably well for the
analyzed hydraulic fracturing projects, with the exception of
the Basel and Soultz projects, in which the Hubbert and
Willis (1957) model showed better agreement with the field
values. These differences will be discussed in Sect. 5.2.

5 Discussion

A theoretical interpretation of the variation of the field
breakdown pressures with depth illustrated in Figs. 6 and
7 will initially be given using the approaches by Haimson
and Fairhurst (1967) and Hubbert and Willis (1957). Subse-
quently, the differences between the field observations and
the two theoretical methods, illustrated in Figs. 8 and 9, will
be physically interpreted.

5.1 Variation of the Breakdown Pressure (P, .. down)
in the Field

Interpretation of results based on Hubbert and Willis (1957).

For shallow depths z—and consequently low vertical
effective stresses—the field results show that the pressure
necessary to propagate hydraulic fractures tends to a small
value (Fig. 6), even though this pressure is always larger than
the vertical effective stresses, as shown by the increase of
@ for low vertical effective stresses in Fig. 7. Based on

Hul‘)bert and Willis (1957), one can use Eq. 1 to calculate
the limit of Py, when the depth z tends to 0, as shown in
Eq. 14, which indicates that Py, theoretically tends, indeed,
to a small value. However, it should be noted that, since this
approach considers that the fracture already exists, the ten-
sile strength of the rock is not considered in the calculation.
This is the reason why Py, tends to 0 and not to the tensile
strength of the rock, as intuitively one may have expected.

ii_r)% Py = ll_%l (o0 @) + Praiial] =0 (14)

As also seen in Fig. 6, as the vertical effective stress
increases—or as the depth z increases—Ppy, tends to infinity,
since the trend line shown in the Fig. 6 continues to increase
as the effective vertical stresses increase. Hubbert and Wil-
lis’s approach also captures this trend, as shown in Eq. 15.

lim Py = hm [av(z) + Pmmal(z)] (15)

700

The variation of the field Py ., 4own NOrmalized by the

vertical effective stress o7, is also shown in Fig. 7. One of the

main observations from the field data is that PB“C;‘fd"W" appears
Vv

to tend to 1.0 for large depths, i.e., larger vertical effective
stresses. Using Hubbert and Willis for two distinct but typi-

.. .. P
cal in situ stress conditions, one can note that 2% = 1.8 for
(o2
\4

Oy = Oy (Eq. 16) and that “VW ~ 09foro), = - (Eq. 17).

These values were obtained using an estimate for the rock
and water densities of 23kN/m? and 10kN/m?>, respectively
More intuitively, these results show that when UI/VI = ov,
one needs to apply 1.8 times the effective vertical stress to
hold open and propagate a fracture; this value decreases to
ahalfif oy, is also a half of the vertical effective stress This
may explain why it is not common to obtaln ¥ (or, as

expressed for the field data in this study, b‘e"‘k‘mw“) in the field
that is very different from 1.0 at greater depths

700 UV 7—00 U{,(Z)
1 [GV(Z) ] : l YRock * < ]
= lim N = lim
7= GV(Z) 7500 (yRock _ yWater) .z
23 1.8
23 -10
(16)
im 2BV i 0.5 - 0/(@) + Pipiar(2)
700 U{/ 700 O-</(Z)
i [w)] . l 0.5 Vo - 2 ]
= -lm — | = }lm
7= O'V(Z) 7500 (yRock _ meer) .z
0523
T 23-10
17

Interpretation of results based on Haimson and Fairhurst
(1967).

For shallow depths, Haimson and Fairhurst’s approach
suggests that Py tends to the tensile strength of the rock, as
shown in Eq. 18. The data in Fig. 6 confirm this theoretical
observation, since the minimum Py 4own Values are approx-
imately 20 MPa for shallow hydraulic fracturing projects,
larger than the vertical effective stresses at shallower depths,
as explained in the next paragraph.

lim Py = 1im [0, + 35,0) = Su(0) = Prigu@] =00 (18)

. R . Pireakdon
Another important observation in Fig. 7 is that %
v

tends to high values for shallower depths. Equation 19 shows
that this result is expected if one interprets this observation
using Haimson and Fairhurst.

P
hmi—h [

z—0 GV z—0

L ] = (19)
oy (2)
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As vertical effective stresses increase (in other words, as
z increases), Eq. 20 shows that Py tends to infinity. This
corresponds to the trend shown in Fig. 6.

lim Pyp = hm [Gt +38,(2) — Su(@) — Pmmal(Z)] = (20)

7—00

The data shown in Fig. 7 suggest that "’E;k,d"w“ tends to 1.0
\%

for large depths. Two distinct in situ stress conditions were

tested to conclude if there is a theoretical basis supporting

this observation. For the condition oy = Sy = S,,, one

obtains PL,F ~ 2.7 (Eq. 21) and for Sy =150y and
Oy

~ 0.6 < 1.0 (Eq. 22), which

V
are not close to 1.0. This suggests that either (1) real pro-

. . Pirea
jects may, in some cases, lead to 2w < 1.0 for deep
0,
v

rocks; the limited number of deep projects investigated in
this study (e.g., only four projects with oy, > SOMPa) may
have introduced a bias in the observation that b‘““"“" tends

S, =0.75 - oy, one obtains 2

to 1.0 for large depths, or (2) for deeper rocks, the Very high
in situ stresses lead to a breakdown dictated by the mobili-
zation and extension of existing fractures (in other words,
following the mechanism behind the Hubbert and Willis
approach, which resulted i in fue = 1E closer to one), rather than
through the initiation of new \fractures, the mechanism in
which Haimson and Fairhurst’s approach is based on

[at +30y(2) —oy(2) — P initial(z)]
0y (2)

. HF .
lim — = lim
z—00 O-V z—00

i [ o, 2oy(z) — P initial(z)]
= lim | ——+ 7
7—00 UV(Z) O'V(Z)

2- YRock — YWater -28

=0+ 1)

YRock — YWater

0,+3-0.750y(2) — 1.5 - oy(2) —
700 O-V 700 o'(](z)
[ Oy 0.750y(2) — Pinitial(Z)]
= lim ;
0y(2) oy (2)
0.75 - -
+ YRock

P
lim =& = lim

Piitial (1)]

=

YWater =06

YRock — YWater

(22)
5.2 Comparison with Theoretical Models
Based on the interpretation of the results, there appears to be
three major reasons for the theoretical predictions to deviate

from the measured breakdown pressures:

1. Mechanism of fracturing.

@ Springer

The approach proposed by Willis and Hubbert was
derived to calculate the minimum pressure to “hold open
and extend a fracture”. Therefore, if the actual mecha-
nism involved in one of the hydraulic fracturing projects
investigated was the initial failure of the material and
consequent initiation and propagation of the fracture, then
the Willis and Hubbert approach may not yield the best
estimate for the breakdown pressures, while Haimson
and Fairhurst may be the most appropriate. The fact that
Fig. 8 shows a good agreement between the shale pro-
jects (involve the initiation and subsequent propagation
of new fractures) and Haimson and Fairhurst supports
this assessment.

On the other hand, if the mechanism involved in the pro-
ject was the mobilization and extension of an existing frac-
ture then, by the earlier definition, Willis and Hubbert would
be the most appropriate approach. The fact that the deeper
projects in Fig. 8 show a good agreement with Willis and
Hubbert also supports this interpretation.

It should also be noted that Haimson and Fairhurst is for-
mulated based on the assumption that 6, (refer to Fig. 3a)
overcomes the tensile strength of the material. Geometri-
cally, for this assumption to hold, a fracture parallel to the
axis of the well (Fig. 3a) would have to occur. This frac-
ture would develop when the minimum principal in situ
stress is perpendicular to the axis of the well. From the
cases analyzed in Table 3, this condition only applies to
the Soultz, Fenton Hill, Basel projects, i.e., the minimum
principal stress is S, and the well is vertical. Based on the
same physical reasoning, the other three projects (i.e., Bak-
ken shale, Marcellus shale, Cooper Basin)—two of which
are shale stimulations with horizontal wells—should have
fractures developing perpendicularly to the axis of the well
which is, in fact, common in oil/gas shale, i.e., the minimum
principal stress is oy for the vertical well of Cooper Basin,
and S, for the shale projects, in which a horizontal well is
typically drilled parallel to S,. For this fracture geometry,
however, one would theoretically require that o, rather
than oy, (refer to Fig. 3a), reaches the tensile strength of
the material, since the fracture surfaces open in the zz direc-
tion as the fracture propagates in the rr direction (note that
Haimson and Fairhurst is derived based on the assumption
that o,, reaches the tensile strength of the material). While
thoroughly investigating how the assumed failure mecha-
nisms affect the theoretical Pyp and Pyy, would be a mean-
ingful research exercise, this is, however, not in the scope
of this technical note.

2. Pyreakdown 1S, by definition, larger than Py, and Py
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As discussed in Sect. 2, the fracture initiation pressure,
Py (FIP in Fig. 1), and the pressure necessary to “hold open
and extend a fracture” (Pyy, or FPP in Fig. 1) are different
from the formation breakdown pressure, Py, xqown (FBP in
Fig. 1). In fact, Fig. 1 shows that the formation breakdown
pressure is typically higher than these theoretical pressures
(Pyreakdown > Praw and Pyp) which is, in general, supported
by the data shown in Fig. 8.

3. Estimation of in situ stresses is based on assumptions.

It is complex to accurately measure the vertical and hori-
zontal stresses in the field. In practice, empirical and theory-
based estimates are often used to calculate the in situ stresses
in hydraulic fracturing projects. Furthermore, in this study,
the vertical stresses were estimated based on an average unit
weight of the rock, which was the same for all the projects
analyzed. The values are still reliable, since the unit weights
of the analyzed rock formations do not vary significantly;
however, it is recognized that this may be a source of errors
and consequent deviations between the field observations
and the theoretical models.

6 Summary and Conclusions

The breakdown pressures of several shale oil and/or gas and
EGS hydraulic fracturing stimulations were related to the
corresponding effective vertical stresses at the stimulated
depths. Regardless of the type of the project, i.e., shale oil
and/or gas or EGS, it was clear that Py, 4o, tends to a very
small value for shallower formations and to infinity as the
depth increases. It was also observed that the ratio between
the breakdown pressures and effective vertical stresses,
P"“’“d"w", is strongly affected by the effective vertical stresses

o'

at the bottom of the analyzed wells. For shallow stimula-
tions, i.e., low effective stresses, the ratio @ is usually

larger than 2.0, while for deeper stimulatiovns, i.e., high
effective stresses, this ratio appears to approach 1.0.

These observations were evaluated and interpreted based
on theoretical models. Both Hubbert and Willis (1957) and
Haimson and Fairhurst (1967) models capture reasonably
well the overall field observations, with Hubbert and Willis
(1957), Pyw., accurately capturing the Py ., 4own Measured
in deeper projects, and Haimson and Fairhurst (1967), Pyp
,accurately predicting the Py .,4own 10 Shale projects. This
was explained by the compatibility between the physical fail-
ure modes underlying the theoretical formulations of the two
models and the likely fracturing mechanisms that occurred
in the investigated field stimulations.

The results obtained in this study are important to bet-
ter understand the phenomena involved in the hydraulic

fracturing of rocks and, consequently, to more efficiently
design hydraulic fracturing operations.
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