





Page 1

M4ShaleGas

TABLE OF CONTENTS

Page

1 INTRODUGCTION. .. .utttttiiiiiiiiiitiiiie e eeeeteee ettt te e e e e e e e e e e e s s s s amme e e e e e e e e s s s s s ssasnasabbnnes s s s nnnnnne 3
1.1  Context Of MASNAIEGAS ... .uuuuiiiiei e eeeeeereee e e e e e e 3.

1.2  Study objectives for this report...........ccoovviiiiiiiieee e B

1.3 AIMS OF thiS TEPOIL ...t e 4

1.4 MASNAIEGAS......cuuiiiiiiiiiiiiiii ettt 4

1.5 SUBSUIMACE.......oiiiiiiiiiee st e et teeee s e e e e e e e e e e e e eeeeeeaeessmmmeeeeeeeesnnnnes 5

1.6 The subsurface impact of hydraulic fraCturing.............cccceeviiiieccviiniiiiceeee 6.

1.7 Structure of the rePQALL.........ooiii e e e e e e e e e e enan 6

2  HYDRAULIC FRACTURING. .. .cctttiiiiiiiiieee ettt nnne e 8.
2.1 DePth OF INTEIESL.. ..ottt et e e e e e e e e e e e e s s e as 8

2.2 StALE Of SHESS ..uiiiiiiiiiiiiiie e 8

2.3 Direction Of drilliNg........cooeeeiiiiiiii e 9

2.4 Stages of shale gas eXtraCtion.............uuuiiiiiiiieeeiiie e 10

2.5 Description of the hydraulic fracturing proCess...........ccccvvvvvvivimeeeeeeeeeeeeeeeiinnns 10

2.6 Fracturing flUIAS ..o e e e e 13

2.7 Knowledge gaps and recommendations................uuiiiiceereeeeeeiiiiiineeeeeeeeeeeeeans 15

3 SHALE VARIABILITY oottt eeeet ettt e e e e e e e e e e e ammr e e e e e e aaaaeaaa e e e e e e e e mnneeas 16
3.1 Carsington Dam Reconstruction C4 borehole,.UK.............ccccoiiiieeer 16

3.2  RO0OO0SECOEL BOrEhOoIE, UK ....ouiiiiiiiiiii et e e eme e e e e eaaa e 18

3.3  Mam Tor and Edale outcrops, UK .......cccooeeiiiieiiiiiieeeiiicee e eeeeeeeeeeeeeveeee e 21

3.4 Variations in physiCal Properties.............uuuueiiiiiiieeriiiiiiiiiiiieeeeeee e 23

3.5 Knowledge gaps and recommendations................uuiiiiceceeeeeeriiiiiiieeeeeeeeeeeeans 24

4 FRACTURE INITIATION L.ttt seeetettee e e e e e e e aae e e e s emmraeeaaaaaaaaaaaaaeaeesnnnnns 25
R = T Ty (ol T 0] 07T | £ PSPPSR 25
g O R =1 =3 (o o 1= = T 26

4.1.2 Inelastic DENAVION.........ccooii e 26

4.2  Stress concentration around a borehale.................ooeiiieeeiiiiiiiiiii e 29

4.3 TenSIle fraCtUrNg........oii i eeee e ee e e e e e e e aneee e 30

4.4  BasSIC Fracture MECNHANICS. .....uuuuiiieiiie e e ceeeiee e e e e e e e eenee e e e e e e e e e e eeeeeennnes 31
4.4.1 Dependenvariables of hydraulic fracturing............cccoceeiiiiiiiieereciienen, 33

O = Tod 11 ] (= .21 T [ 33

4.5 Physical properties of shale............cooiiiiiiiicce e 35
4.5.1 MINEIAOGY.....ciiieeeeeei i eeee et r e e e e e e e e eene e 35

4.5.2 ElQSHC PrOPEITIES .. ..t e e e e e 35

4.5.3 SHENGEN.....eiiiiiiiiiiei e 36

4.6 The role of MINEIralogy.......cciiii i rerer e 38

4.7 Knowledge gaps and recommendationS.........cccooveeeeeeeeeeeieieieiee e e e e eeeeeeeeeeeieeens 39

5 FRACTURE PROPAGATION.....cuutttttiiiiiiiiiitiitiaearereeeereeeeeeeaaaaeaseessmamreesseaaaaasaaaasssnnnnd 40
5.1 Theoretical ONSIAEIatiONS. ........cciiiiiiiiitiiiierrr bbb e e eeer e e aeeeeeas 40

5.2 Observations of natural hydraulic fracturing..........cccccceeviiiiieeccciiiiieneeeeeeen 42

5.3 Observations of hydraulic fracturing during shale gas exploitation................. 43
5.3.1 Fracture Neight.... ... e eeeeeeeees 43

5.3.2 1N SIUSIIESS . .ciiiiiiiiiee e e e et e e e e e e 44

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017



M ring, Monitoring, Mitigating, N
Managing the Env w:},\l‘ nta %%

Page 2

5.3.3 Arrest and containment of fracture propagation................ccceeveeeevvnnnnns a4

5.3.4 Hydraulic fracture characterzation.............ccccoeeeiiiiieecee e 46

5.3.5 PhySiCal PrOPEItIES.......cevviiiiiiiiiiie e s et e e e e e e e eeenr e e e e e e e e aaeeees 46

5.4 Concluding remarks on fracture propagatiQnl..................eeeeeeeerurmmemeeeemeeeeeeeees.? 46

5.5 Knowledge gaps and recommendations................uuuiiicccreeeeerrinniinnn e e e eeeeeaes 46

6 INDUCED VERSUS NATURL FRACTURES.........o o, 48
6.1  NATUIAl frACHUIB......uuiiiiiiiiiiiiiiiiie e rees s A8

6.2 Interaction of natural and induced fractures...............cccccciemr e 50

G B Y/ [ od (0] = Tox (0 =SSOSO PTPPRRR 51

6.4 Conclusions on induced vs natural fraCtures..............eevveeiiieeeiiiiiiiiieiiiieeeeeeennn 52

6.5 Knowledgegaps and recommendatiQns...............uuuuuuiicccreeeeeeriiiiine e e e e eeans 52

7 ENGINEERING CONSIDERTIONS ... oottt eeeee e 54
7.1 Hydrofractured zone eXteNSION.............ooveviiiiiiimee e e 54

7.2 Hydraulic fracture flUuid............oooiiii e 55

7.3 PreSSUMZAION FALE.......uuuiiiiiiiiiiiiii e eeeeeie ettt rmmee e e e b e eeeeans 56

7.4  Hydraulic fracture deSign........coooiiiiiiiiiiieeee e e e 56

7.5 The role of proppants and additiVeS............ccooviiiiiiice e 58

7.6  GeologiCal CONSIAEIALIONS........uuuiiiiiiiiiieiii et et e e e e e e e e e e e e rmmr e e e e e e e e e e e 59

7.7 Knowledge gaps and recommendations................uuuuiicccreeeeeerniniiins e e e e eeeans 59
CONCLUSIONS: KNOWLEDGE GAPS ...ttt vmma e 61
ACKNOWLEDGEMENTS. ...ttt eee ettt e e e e s seeee e e e eeaaaaeaaeeaeeeenane 64

10 REFERENCES ... .. et eee e e e e e e e rmee s e e e e e e e e ann s 65

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017



Page 3

Mea 5, M ng, Mitigatin N
Maraging the ronmental

| NTRODUCTI ON

Context of M4ShaleGas

Shale gas source rocks are viydaistributed around the worlahd manycountrieshave
now started to investigate their shale gatential.Someargue thatlsale gas has
already proved to be a game changer in the U.S. energy market (EIA. 2015
European Commission's Energy Roadmap 2050 identifies gas as a engogy source
for the transformation of the energy systena system witthower CQ emissionghat
combines gas witincreasing contributions eénewable energgnd increasing energy
efficiency. It maybe argued that in Europe, natural gas replacing coal and oil will
contribute to emissions reductionthe short and medium team

There are, however, several concerns related to shale gas exploration and production,
manyof them beingassociated witthe process dfiydraulic fracturing. There is also a
debate on the genhouse gas emissions of shale gas @@ methane) and its energy
return on investmerdompared to other energy sourd@sestionsare raisedbout the
specific environmental footprint of shale gas in Europe as a valsolell asn

individual Member Sates. Shalgas basins are unevenly distributed among the
European Member States and are ndtictsd within national borders, which makes
close cooperation between the involved Member States ess€héed is relatively

little knowledge on the footpat in regions with a variety of geologicahdgeopolitical
settings a are present in Europ@oncernsand risksareclusteredn the following four
areas: subsurface, surface, atmosphere and societye Asiropean contineigt

densely populatedt, is most certainly of vital importande understand public
perceptions of shale gas and for European publics to be fully engaged in the debate
about its potential development.

Accordingly, Europe has a strong need forc@mprehensiveknowledge base on
potental environmental, societal and economic consequeotelale gagxploration

and exploitation Knowledgeneeds to be sciendmsed needs to bedeveloped by
research institutes with a strong track record in shale gas stadeeseeds toover the
different attitudes and approaches to shale gas exploration and exploitation in Europe.
The M4ShaleGas pject is seeking to providesuch a scientific knowledge base,
integrating thescientific outcomeof 18 research instituteacross Europelt addresses

the ssues raised in the Hraan 2020 call LCE 16 2014 onUnderstanding, preventing

and mitigating the potential environmental risks and impacts of shale gas exploration
and exploitation.

L EIA (2015).Annual Energy Outlook 2015 with projections to 2040S. Energy Information
Administration (vww.eia.goy.
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Study objectives forthis report

This report has been produced as a sibtbe-art review of our current knowledge of
hydraulic fracturing as part ahe European Commission M4ShaleGas project. The
general objective of the M4ShaleGas program is to provigmific recommendations

for minimizing the environmental footprint of shale gas exploration and exploitation in
Europe. The objective of this report is to summarizeé ourrent statef-the-art
understanding of the hydraulic fracturing operations of eshgds exploration and
productioncompanies.

Aims of this report

This report has been written from the open pegrewed literature and from
government commissioned research reports as a statement of our current knowledge.
However, considerable informatiohas been acquired from industry conference
proceedingsThe rate of publication on topics related to the extraction of shale gas is
high at present and every care has been taken to include as many of the key publications
as possible. This report has beerntten to make statements on our knowledge of the
following questions:

A How do hydrofractures form?

A How far do hydrofractures extend during stimulation?

A What dictates where hydrofractures propagate?

A How do hydrofractures interact with the existingcture network?
A Can the size and distribution of hydrofractupescontrolle@

No other aspect of hydifvacturing is considered.

M4ShaleGas

Knowledge of the environmental footprint from shale gas exploration and exploitation
mainly come from US an€anadian experiences. Shale gas development in Europe
may benefit from lessons learned in the US. However, population densities, geological
settings, and regulations some areas dEuropean Union Member States are markedly
different from those in the Udd Canada.

Within the M4ShaleGas project four key gaps in our knowledge related to the potential
environmental risks and impacts of shale gas exploration and exploitation will be
addressed, as identified from consultations with different stakeholdersp(iblic,
regulators, governments and industry). These key gaps are:

(1) the need for a researtiased understanding of differences between Europe,
US and Canada resulting from differences in their geological and
geopolitical settings;

(2) the need for quanttive risk assessment and mitigation of risks and impacts
that are specific for Europe;

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017
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(3) lack of knowledge on the applicability of US and Canadian best practices to
Europe; and

(4) insufficient researcthased knowledge on public perceptions of risks and
Impactsin Europe.

The structure of the M4ShaleGas program is based on the main areas of potential
impact:

Subsurface Impact of subsurface activities: Hydraulic fracturing, induced
seismicity and well integrity;

Surface Impact of surface activitie®ater, soil and well site activities;

Atmosphere and climate Impact on air quality and global climate;

Society, Public Perceptions of the Environmental Impacts; and

Integration, stakeholder engagement and dissemination

The specifimbjectives of eachrea of potential impaatill focus on:

A Measuring the environmental impact of shale gas exploration and exploitation in
Europe

A Monitoring the environmental impact of shale gas exploration and exploitation in
Europe

A Mitigating the environmentampact of shale gas exploration and exploitation in
Europe

A Managing the environmental impact of shale gas exploration and exploitation in
Europe

Measurements, monitoring, mitigation and management relates to environmental risks
and impacts as well gmiblic perceptions on risks and impacts.

Subsurface

This areaof potential impacts targeted at the impact of subsurface activities; including
hydraulic fracturing, induced seismicity and well integrity. Within shbsurface area
there ardive areas of research:

1 the subsurface impact of hydraulic fracturing;

2 risks of reactivating natural faults and inducing damaging seismicity;
3 seismic monitoring of hydraulic fracturing and gas production;

4 risks of leakage along wbbres; and

5 drilling hazards and well integrity.

A sixth taskwill integrate the findings frorareas of research-3.

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017
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The subsurface impact of hydraulic fracturing

The main objectives of thitopic are to quantify thempact and scale of hydraulic
fracturing in the subsurface, and provide recommendations to minimise the subsurface
impact of hydraulic fracturing. Thellowing main topicswill be addressed

A Propagation mechanisms of hydraulic fractureserxof stimulated reservoir
volume, subsurface influence of operations.

A Analysis and mitigation measures for leakage risks along fractures,
potentially allowing contamination of shallow groundwater.

A Knowledge transfer from ongoing hydraulic fracturingd gas migration
experiments, and upscaling from {ab field-scale.

A Numerical simulations of hydraulic fracturing tmalysethe variation and
uncertainty in fracture propagation and extent of the stimulated reservoir
volume.

Understanding the poteat extent of fractures arising from wellbore stimulation allows

an estimate of the likely extent of subsurface influence of shale gas extraction (the
fractureddisturbedzoneor stimulated reservoir voluméo be made. Fracture networks

will be investigaéd by a staged approach, involving a combination of scientific review
with limited laboratory experimentation and upfront predictive modelling. Insight will
be gained into the potential for fractures to propagate between shale targets and
neighbouringrock formations adjacent to the wellbore. Numerical simulations of
hydraulic fracturing will be performed to make upfront analysis of variation and
uncertainty in fracture propagation and extent of the stimulated reservoir volume. This
will inform discussionsand otheresearch areasithin the M4ShaleGas project that are
concerned with the potential for mamade pathways to be created between shales and
surface andsubsurface receptors, such as shallow aquifers used for drinking water

supply.

Structure of the report

This report represents a literature review of the current-sfatee-art knowledge on
hydraulic fracturing during shale gas operations. It is made up of eight chapters:

A Chapter 1: Introduction: This chapter outlines the M4ShaleGas project tred
aims and objectives of the current study;

A Chapter 2: Hydraulic fracturing: This chapter outlines how hydraulic fracturing is
conducted by the industry. These are important considerations when performing
laboratory experiments or numerical analydithe process of hydrofracturing;

A Chapter 3: Shale variability: This chapter briefly outlines the considerable
variability seen in shale units in terms of sedimentology, organic content, gas
content, and strength properties;

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017
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A Chapter 4: Fracture initi ation: This chapter introduces the mechanisms responsible
for the formation and initiation of hydraulic fractures following perforavbmhe
well casing

A Chapter 5: Fracture propagation: This chapter outlines how far hydraulic fractures
will extend inthe subsurface and the appearance of the hydrofractures;

A Chapter 6: Induced vs natural fractures: This chapter examines the ingay of
the preexisting fracture network found in natural shale units and the induced
hydrofractures created duritgdraulic fracturing

A Chapter 7: Engineering considerations:This chapter discusses the engineering
considerations introduced in Chapter 2 and how these can dictate the extent of the
fracture zone and/or the yield from a shale gas play;

A Chapter 8: Knowledge gaps:This chapter summarises all the knowledge gaps
identified within the previous chapters and makes recommendations on how we
may increase our understanding of the shale gas system.

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017
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HYDRAULI C FRACTURI NG

This chapter describes the relevant etagf the hydraulic fracturing process. Several
overviews of hydraulic fracturing are available in the literature; incluéiRdy 2009;

Arthur et al, 2008; Broomfield & Donovan, 2012; CSUG, 2010; King, 2012; Mair

al., 2012; Reinickeet al, 2010; USEPA, 2010;etc. Hydraulic fracturing is the process

by which a liquid under pressure causes a geological formation to crack open. The
process is also known as OHFOG, 6frackingo
fracturi ngo idartotbé abke touredersiand the meamanical controls on
hydraulic fracturing it is important to have a detailed knowledge on the injection
process itself. This allows us to pinpoint areas of the process which are less well
understood andvhereresearchshauld be focused An increase in research into these
areas will ultimately result in the process becoming more refined and lead to either
higher productivity or a more cost effective processl reduce the likelihood of
environmental contamination

Depth of interest

The first consideration in assessing the hydraulic fracturing process is the depth range
that it is likely to occur. Andrews (2013) state that productive shale gas tends to occur at
depths greater than@DO metes. This figure comes from Charpigsr & Cook (2011)

who state that whilst gas is found at shallower depths, the lower pressure experienced
results in low flow rates. Th&eologicalSociety of Londorstatesthat most shale gas
plays occur in the depth range of 2,000 to 5,000 metres (Seol.2013) and that
depths should be typicgllless than 3,500 metres (Ge®&@oc, 2011). Fisher &
Warpinski (2012) report hydraulic fracturing data for the United States. This shows that
existing operations have occurred between 4,500 ft and 14,000Nfoadford shale,

4,500 ft to 9,000 ft in Marcellus, and 3,000 ft to 13,000 ft in Eagle Ford. This gives a
total depth range of 1,000 to 4,300 metres. The Energy Information Administration
(US) reports a maximum depth of hydraulic fracturing of 5,000 m@tf8<£IA, 2013).
Therefore, it is expected that shale gas exploitation in Europe will be limited to the
1,000 to 5,000 metre depth range.

State of stress

Knowing the depth range that hydraulic fracturing is bound allows an estimate to be
made of the expéed stresses experienced by shale at depth. The magnitude and
direction of the principal stresses are important in hydraulic fracturing because they
control the amount of pressure required to create and propagate a crack, the direction of
the crack, and #ihcrack shape. The stress a rock experiences is dictated by the weight of
the overlying rock, with additional stresses created by tectonic movements. Generally,
in sedimentary sequencesadal vertical principal stress gradient of 23 MPa/km can be
assumedZoback, 2010). This suggests thatal vertical stress4y) is likely to range
between23 and 115 MPa in European shale gagerationsAs well as a vertical stress
component, shale at depth will be subject to horizontal stresses. Zoback (2010) reports

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017
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that the minimum horizontal stressy component cannot be less than 86 Most
sedimentary sequences that include shale occur in extensional basins where the
maximum horizontal stressy) is the intermediate stress component @G> Sy > Sy).
Therdore the three principal stress components are likely to be defin28 assy >

115 MPa;13.8< sy > 115 MPa13.8< sy > 115 MPa.

Predicting pore pressure range with depth is more complex. Generally, a hydrostatic
pore pressureuf can be defined by thgeight of a water column equal to depth, giving

a pore pressure gradient of 10 MPa/km. Therefore pore pressure is likely to range
between @ and 50 MPa in European shale gas operations. However irsliaairare

bound by low permeability barriers, such shale cap rock or faults with high clay
content, deformation can result in a raised pore pressure, referred to as overpressure.
Overpressure can alée observed in shale gas un@harpentier & Cook (2011) report

thatit is a desirable attribute in deragasreservoirs

The introduction of porfluid under pressure has a profound effect on the physical
properties of porous solids (Hubbert & Rubey, 1961; Terzaghi, 1943). In a saturated
porous system, the fluid supports some proportion of the applied ¢oaating fluid
pressurey), which acts in the opposite direction to load lowering overall stress exerted
throughmineral grains. The addition ofi lowers available stress by an amount that is
proportional to the pore pressufiéhe law of effective stis thus dictates thatrength

is determined not by confining pressure alone, but by the difference between confining
and porepressures. In simple drained testsremains constant and the observed
effective stress is similar to the applied load. Conversely, if the-fhodesystem is
closed,u rises in proportion to the applied load as pore space is reduced, significantly
lowering the overall effective stress. Hiuhe mechanical response of rocks to applied
load is significantly affected by the ability of fluids to drain. Many rocks have been
shown to follow the law of effective stress, including shale (Haatlal, 1963; Kwon

et al, 2001). Kwonet al. (2001)s howed t hat the effective
equal to 0.99 + 0.06 for Wilcox shale. This value is indistinguishable from unity and
demonstrates that the law of effective stress is obeyed in this particulafeshsdéon

The poroelastic effect {f@r Biot, 1941) is added to the law of effective stress to account
for the partial transfer of posgressure to the granular framework. Therefore at the
target depth range for shale gas the effective stress is likely to range battaed 65

MPa, assummg no ovepressure.

Direction of drilling

Hydraulic fracturingrequires the drilling of a bohele to the target deptiAdvances in
drilling techniques have meant that it is now possible to drill both vertically and
horizontally (created by deviating vertical well until horizontal). The advantage to
horizontal drilling is that there is karger surface area in contact with the target
formation, meaning there ithe potential for a greater reservoir drained volume
achieved andhcreased flow of hydiarbons into the well. Hydraulic fractures tend to
propagate perpendicularly to the direction of least principal stress, following the
direction of maximum principal stress (ARI009). As a result, horizontal wells are

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017
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drilled in the direction of the mimum principal stress. Experience in the Marcellus
Shale in Pennsylvania shows that horizontal wells may extend up to® 3y@afes
laterally from the well pad (Arthuet al, 2008).Therefore the total length of the well
could bein the region oflepth + 3000 m, therefore up to 6,000etres in length.

Stages of shale gas extraction
Shale gas extraction consists of three stdges et al, 2012)

1 Exploration. A small number of vertical wells (perhaps only two or three) are
drilled and fractured to determine if shale gas is present and can be extracted. This
exploration stage may include an appraisal phase where more wells (perhaps 10 to
15) are drilled andhydraulically fractured tocharacterizahe shale; examine how
fractures will tend to propagate; and establish if the shale could produc gas
commercially viable rateg-urther wells may be drilled (perhaps reaching a total of
30) to ascertain the loAgm economic viability of the shale.

1 Production. The production stage involves the commercial production of shale gas.
Shales with commercial reserves of gas will typichbye a gross thicknessegiter
than50 metreghick and will persist laterally ovdrundreds of squatdlometres In
North America, shalesoften have shallow dipsn relatively structurally simple
basins when compared to many in Europertical drilling would tend to pass
straight through them and access only a small volume of the staieontal wells
are likely to be drilled and fracture@he drill bit can be deviated to run horizontally
or at any anglén order to maintain the wellbore within the target horizon

1 Abandonment. Like any other well, a shale gas well is abandoned dneaches
the end of its producing life when extraction is no longer economic. Sections of the
well aremilled out andilled with cement to prevent gas flowing into wateraring
zones or up to the surface. A cap is welded into @adee surfacand hen buried.

Description of the hydraulic fracturing process
There are several stages to the drilling process as outlined below.

Initially a drill string is used to drill a shallow borehole through the surface layers and
casing is inserted into the borehole and cemented in place. This stops the inflow of
groundwater and also prevents the borehole from collapsing. The well is tihesh tdr

a greater depth below the base of the local groundwater and further casing is cemented
into pl ace. I n some cases at this stage a
inspect the integrity of the casing and cement. After this the well wiliirdled to its

target depth and the entire well will be cased and cemdmedme cases the very end

2King (2012) report typical horizontal lengths ranging from 2,000 ft to 6,0(8Dfii 1830 m), with
extremes of 12,000 ft or more (3,660 m).
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of the well may be leftuncastd t his is called an 6éopen
minimise formation damage when the hydraulic fracturing processnbedis stated
above, exploration wells will tend to be drilled vertically, whereas production wells are
most likely to be deviated to horizontal. Once drilling is complete, the drill string is
extracted.

Geophysical logs may be run before or after thalfoasing is inserted. Wireline logs

are very usefufor gaining dateof target areas which will be the most suitable for the
hydraulic fracturing process. There are many techniques which can be employed
downhole, such as gamma ray logs, ultrasonic legspérature and density logs. Often

a combination of these techniques will be used to gain as much information about the
formations as possible. These techniques can output properties such as porosity,
lithology, acoustic impedance (used to understand tiiuetsre of the formation) and
permeability. Once this data has been interpreted and the areas identified which the
reservoir engineers believe will be the most productive then the hydraulic fracturing
process may begirthis is used to increase the logermeability around the well to
enhance hydrocarbon flow back to the surface.

Once the well has been drilled, lined, and geophysically logged, the shale formation can
be stimulated. The process of hydraulic fracturing is complex and can be split into
seveal key stages, although it must be noted that these stages may be different at each
specific site. The process described herethigt of multi-stage fracturing;large
horizontal wells are split into isolated segments to fracture separately.

(1) Perforation: The cementation and lining of the well means that the inside of the
well is isolated from the host geology; this is highly desirable above the shale
play where potable water aquifers may be present. This stage of the hydraulic
fracturing process allows naection of the well to the shale play at the desired
depth. Shaped charges (explosives) are pushed down the cased well to the
desired well depth. Detonation of these charges perforates the well at given
orientations and also results in fingdee fractures or weak points forming in the
shale surrounding the wdllh at can be up to 10 (2.5
24060 (60 cm | .rPteperfotateck linerschaven heen used in some
cases; however inplace perforation provides more accuracy foratirg
perforations at the desired location.

(2) Isolation: Initially, perforation occurs at theectionfurthest awayrom the well
head This section is then isolated from the rest of the well using a packer.

(3)  Stimulation: High pressure fluid is then injecténto the packered off section of
the well. This high pressure fluid has the purpose of increasing the pore pressure
in the local area of the perforated borehole, which eventually overcomes the

% This is a US practice; regulations within individual EU member states may not allow open hole
completion.
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h



Page 12

Mea 5, M ng, Mitigatin N
Maraging the ronmental

tensional strength of the formation, resulting in a netwdrkaxtures forming.
Fracturing fluid normally consists of water with a range of additives to facilitate
the fracturing process (s&ection2.6). A proppant isorced into the fractures

by the pressured water and holds the fractures open once the water pressure is
released. Sand proppardreoften usedwith this stage repeated several times
using different size mesh of sand particles to prop open fracturesferedt

sizes synthetic polymer beads, or ceramic proppants may also be. used
Stimulation may occur over the tirseale of tens of minutes to a few hours,
depending on the designed fracture size and volume of the proppant to be placed.

(4)  Flushing: Furtherinjection takes place to flush out excess proppant and any
other objects which may obstruct flow.

(5)  Multi -stage perforation: The packer is then deflated and pulled further back
towards the well head to begin the perforation and injection stage again.

(6) Flow back: Once all the packered sections of the well have been stimulated the
packers are removed and the fracturing fluid is allowed to flow back towards the
surface, leaving the proppants behind to keep the hydraulic fractures open. Gas
will now be free tolbw back towards the surface.

In recent years effort has been made to increase fracture populations through various
advanced hydraulic fracturing techniques. These include the Zipper and Texas Two
Step methoddn the Zipper technique two horizontal wedie stimulated simulateously

to maximize stress perturbations near the tips of each fracture (Bafiee2012). This
technique has been adapted into the Modified Zipper technique where fractures are
initiated in a staggered pattern, creating a moreptex fracture pattern (Rafiest al,

2012). In the Texas Twsbtep method (Solimaet al, 2010) repeat stimulation is
performed inanalternate sequee In conventional stimulation, as described above, the
well can be considered as stimulations sitesnlmered 1 to 10. Conventionally
stimulation occurs in order of 1, 2, 3, etc. With Texas Ttep the stimulation
sequenceis 1, 3, 2, 4, 6, 5, etc. Aimangan fracturingsequencealtersthe stressn the

area betweerfractures and activates stressrelieved fractures, which can create a
complexnetwork of fracturesconnectedo the main hydraulic fractures(Rafieeet al,

2012) This method has been shown to create a more complex fracture network (Roussel
& Sharma, 2011)

The completefracturing process may be repeated when the flow of hydrocarbons begins
to decreasejecessitatinghe well to be restimulated. Rdracturing is typically carried

out when the production rates have declined beyond the expected reservoir depletion
rate (ICF, 2009)In examples from the Barnett shale, wells werstimaulated when
production declined by between 5@5 % of the original production rate (ICF, 2009).
However, experience in the states has shown thatimailation is likely to be
infrequent; either ore every 51 10 years, if at all (NYSED, 2011). Economics will
drive the decision on fstimulation.
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The process of hydraulic fracturing will be tailored for each differgadlogical
formation. The properties of the formation and thesitu pressure conditions will

govern much of the process, such as the fluid injection pressure and the number of
stages needed. Shale formations can be heterogeneous and anisotropic so the physical
properties of the shale will need to be defined accuratelyrdier for the hydraulic
fracturing process to eppropriately managezthdascost effective as possible.

Fracturing fluids

Fracturing fluid normally consists of water with a range of additives to facilitate the
fracturingprocessand increase fluid flovin the borehole and formatioln some shale

gas plays in the US such as those with waggrsitive components (for ample,
swelling clay) and undesaturated reservoirs, gelled fracturing techniques are used (US
EPA, 2010b).

Within the injection fluid is often several chemicals in low concentrations; these are
often not disclosed in the U.S. however dartain European statetjey must be
disclosedto authorities These chemicals are often a mix of dilute acid, a friction
reducer, biotles and an oxygen scavenger aimed to modify fluid mechanics to increase
performance of the fracturing fluid or for purposes such as the prevention of corrosion
to the well pipesand retardation of bacterial growthhe NYSDEC(201]) state that
fracture flids typically consist of about 98 per cent water and proppant (usually sand,
but other granular materials can be used) and 2 per cent additiisesigureis the
largest estimate of additive proportjan the UK about 0.2 % additive has been used
(seebelow). Error! Reference source not found.summaries the types of chemicals
that may beised within the fracturing fluid.

Water used during stimulation often derives from surface or groundwateces,
supplemented by recycled water from previous hydraulic fracturing cycles. Significant
quantities of water may be used, depending on well characteristics. Vertical shale gas
wells typically use approximately 2,000 °nof water; horizontal wells regre
approximately the same amount of water per stage of stimulation (US DOE, 2009). In
the European context, Cuadrilla Resources Limited estimate usage of 12Q8% m
horizontal well in the UK (ECCC, 2011), in the Netherlands at Boxtel it has beed state
1,000 ni/h per 1i 2 hour stage was used, resulting in 9,009,000 ni of water used
(Brodericket al, 2011). For the hydraulic fracturing carried out by Halliburton at the
Lubocino1 well in Poland, 1,600 frof fluid was used.

Cuadrilla in the UK hee stated that < 0.05 % of the fracturing fluid is made up of
chemical additives (Stamford & Azapagic, 2014), meaning thaf 6frohemicals are
used per well based on an estimate of 12,080frfracture fluid usedCuardrilla
disclosed the chemical adgis used as: 1).dRacrylamide friction reducers (0.05
sugended in a hydrocarbon carrier; Bydrochloric acid (0.125%)and 3).biocide
(0.005%), used when the water provided from the local supplier used in the hydraulic
fracturing needs to be fueth purified(DECC, 2014).
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Tablel 7 Fracture fluid additives (From NYSDEC, 201Broomfield & Donovan,

2012.

Additive type Description of purpose Examples of chemicals

Proppant 6Propsd open fr act ur e| Sand (sintered bauxite;
flow more freely to the well bore. zirconium oxide; ceramic

beads)

Acid Removesement and drilling mud from casing | Hydrochloric acid (8
perforations prior to fracturing fluid injection an{ 28%) Muriatic acid
provides accessible path to formation.

Breaker Reduces the viscosity of the fluid in order to Peroxydisulfates

release proppant into fracturasd enhance the
recovery of the fracturing fluid.

Bactericide / biocide /
antibacterial agent

Inhibits growth of organisms that could producq
gases (particularly hydrogen sulfide) that could
contaminate methane gas. Also prevents the

growth of bacteria, which can reduce the ability]
of the fluid to carry proppant into the fractures.

Gluteraldehyde
2,2-Dibromo-3-
nitrilopropionamide

Buffer / pH adjusting
agent

Adjusts and controls the pH of the fluid in ordef
to maximise the effectiveness of other additive
such as crosslinkers.

Sodium or potassium
carbonate
Acetic acid

Clay stabiliser/ control
/ KCI

Prevents swelling and migration of formation
clays which coud block pore spaces thereby
reducing permeability.

Salts (e.g. tetramethyl
ammonium chloride)
Potassium chloride (KCI)

Corrosion inhibitor
(including oxygen
scavengers)

Reduces rust formation on steel tubing, well
casings, tools, and tanks (used onlyracfuring
fluids that contain acid).

Methanol
Ammonium bisulfate for
oxygen scavengers

Crosslinker

Increases fluid viscosity using phosphate ester,
combined with metals. The metals are referred
as crosslinking agents. The increased fracturin
fluid viscosity allows the fluid to carry more
proppant into the fractures.

Potassium hydroxide
Borate salts

Friction reducer

Allows fracture fluids to be injected at optimum
rates and pressures by minimising friction.

Sodium acrylate
acrylamide copolymer
Polyacrylamide (PAM)
Petroleum distillates

Gelling agent Increases fracturing fluid viscosity, allowing thg Guar gum
fluid to carry more proppant into the fractures. | Petroleum distillates
Iron control Prevents the precipitation of metal oxides whic| Citric acid

could plug off the formation.

Scale inhibitor

Prevents the precipitation of carbonates and
sulfates (calcium carbonate, calcium sulfate,
barium sulfate), which could plug off the
formation.

Ammonium chloride
Ethylene glycol

Solvent Additive that is soluble in oil, water and aeid Various aromatic
based treatment fluids which is used to control| hydrocarbons
wettability of contact surfaces or to prevent or
break emulsions.

Surfactant Reduces fracturing fluid surface tension thereb| Methanol Isopropanol

aiding fluid recovery.

Ethoxylated alcohol
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For conventionahydraulicfracturing, the fracture pressure gradient is typically 27
kPa/m. For instance, for a typical 2,400 reebnventional well, this would correspond
to approximately 50 MPa and pressures would generally be below 65 MPa.

It should be noted that assuming a 5 inch diameter well with a 6 km length, the volume
of the well alone is approximately 75 cubic metres (or approximately 50 cubic metres
for a 4 inch diameter well).

Knowledge gaps and recommendations

This chapter has described the hydraulic fracturing process. It is recommended that all
work within the M4ShaleGagroject should make reference to the processes employed
during hydraulic fracturing. Allmodelling and laboratoryexperiments should be
conducted in a manner that is representative of the process employed in the field by the
shale gas industry.
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SHALE IVARI LI TY

In this chapter we discuss the variability that is inherent in shale formations. Shale is a
fine-grained sedimentary rock that constitutes approximately half the geological column
(Spears, 1980) and is the most abundant geological rockptgsent in sedimentary
basins worldwide (Meissner, 1986). Few geological rock types encompass such
variability and as a result shale successions will have considerable differences in
sedimentology, organic content, gamtent, and strength properties vinthndividual

facies. Thus, shale haseen used as a group name for all fynained sediments
(Spears, 1980). The Dictionary of Geological Terms published by the American
Geological Institute (Bates & Jackson, 1984) defines shale as:

i A {fgrained detital sedimentary rock, formed by the compaction of
clay, silt, or mud. It has a finely laminated structure, which gives it a
fissility along which the rock splits readily, especially on weathered
surfaces. Shale is well indurated, but not as hard as @sydr slate. It may
be red, brown, black, or gray.o

Even this simplistic definition hints at considerable variation based on visual
appearance. In this chapter we will highlight that this variation occurs not only over the
geographical extent of a basimd between basins, but also on small distances within

the geological succession.

It is outside of the scope of this report to review all of the European potential shale gas
basins and to compare these with North American equivalents. Instead, wehhitjtaig
variability seen within two boreholes and two field outcrops from the United Kingdom,
highlighting variability that will be significant for hydraulic fracturing.

Carsington Dam Reconstruction C4 borehole, UK

The CarsingtorDam Reconstruction £borehole, in Derbyshire (UK), was studied
extensively by Konitzer (Konitzer, 2014; Konitzetr al, 2014) and is part of egoing
research at the British Geological Survey. This shallow borehole (55.25 m deep) was
drilled as part of engineering works at r€lagton Dam. The boreholetersects
lithofacies of organigich lower Namurian (Serpukhovian) mudstones from the
Widmerpool Gulf, one okeveral confined early Carboniferous basins in the Pennine
Provinceof theUK. A cored section of 40 etresof Arnsbegian sedimentwas studied

in detail.
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Depth Lithology
Lithology Accessories and qualifiers

- Clay-dominated Mudstone * Hydrocarbon staining

EE sity Mudstone I Carbonate bearing

- Siltstane & Plant material

Intercalated Siltstone and Sandstone sa  Siderite

Predominantly Sandstone »  Pyrite

ES] Limestone @ Bivalves

[l Coalified layers 7 Burrows

Figurel 1 Sedimentary log of the Carsingtdbam Reconstruction € borehole,
Derbyshire (UK)
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Figurel shows the sedimentary log of the Carsington Dam Reconstruction C4 borehole.
There is considerable variation in lithology over smadttical distances. In a broad
sense, the borehole has ctigminated mudstone, silty mudstone, siltstone, intercalated
siltstone & sandstone, sandstone, limestone and coalified layers. Konitzer (Konitzer,
2014; Konitzeret al, 2014) details 7 facies in the seqoenl)thin-beddedcarbonate
bearing clay-rich mudstones 2) calcareousmudstones 3) lenticular clay-dominated
mudstones4) thin-beddedsilt-bearingclay-rich mudstones5) thick-beddedgradedsilt -
bearingmudstones6) sandbearingsilt-rich mudstonesand 7) plantdebris andsand
bearingmudstonesFacies 4 was suflivided into; a)enticularthin-beddedsilt-bearing
mudstones b) homogeneoughin-beddedsilt-bearing mudstones and c) organicrich
thin-beddedsilt-bearingmudstones

Within the individually identified facies, considerable variation in total organic carbon
(TOC) was observed. For facies 1 to 7 the TOC %vd$ 6.6, 0.3 1.97 4.5 0.97 4.1,

0.97 4.1,0.47 2.8 and7.17 9.7 % respectively. This shows that faciexc@dareous
mudstone) has a very low TOC, whilst facies 7arfpdebris and sandbearing
mudstone) has the highest TOC.

The main observation from the Carsing©4 Borehole that is relevant to the current
study is the considerable variability seen vertically within a 40 metre sequence of shale.
This sequence includes siltstone, mudstone, sandstone, limestone, and coal. The
variation is seen on the centime#smed subcentimetrescale. It should also be noted that
Konitzeret al. (2014) report considerable variation in lithology thicknesses between the
Carsington Dam Reconstruction boreholes C3 and C4, which were separated by less
than 50 metres. This shows that not aidgs shale vary vertically with depth, but does

so laterally.

An important consideration is that seismic resolution is often estimated1i®ib20 m
in ideal conditionsTherefore in twice seismic resolution (i.e. 40m), 7 clear facies and
multiple laye's of geological variation can occur.

Roosecotel Borehole, UK

The Roosecotd Borehole has been studied for variations in physical, mineralogical,
and chemical properties at the British Geological Survey. The 800.88 metre deep (TD)
borehole islocated approximately Bm to the soutleast of Barrown-Furness,
Cumbria (UK). It wasdrilled in 197071 as an Institute of Geological Sciences
stratigraphic borehole. The borehole proved the succession from the Quaternary and
bottomed in Lower Carbonifeus limestones, and importantly is a defined stratotype
section for the Bowland Shale Formation (De#ral, 2011).The borehole was drilled

in the Lancaster Fells Basin, a small basin located in the northern part of the main
Craven Basin that is definduy the Lake District Block to the north, and the Bowland
High (separating it from the Bowland Basin) to the sotitie borehole was fully cored
through the Bowland Shale succession, although much of the core was disposed of
following palyntological analys, leaving short core samples typically26 cm long
spacedat metre intervals throughout.
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Table21 Sedimentary log of the Roosecdtdorehole, Cumbria (UK)

Thickn | Depth
ess(m)| (m)

Description

Siltstone to coarsely silty mudstone, dark grey, micaceous, and
sandstone pale grey, fin® mediumgrained; interlaminated and
interbedded in five major upward fining cycles based at depths
199.00, 278.68, 326.71, 382.34 and 491.68 metres respectively
Sandstone beds usually predominate in the lower parts of eacH
and often show graded bedding and sharp bases with direction] 333.55 | 491.68
organic sole structures. A few mudflake conglomerates and
chaotically laminated slumped beds are also present. Madtsfod
are restricted to rare fish scales and bivalves in the finest litholq
but finely comminuted plant debris is generally abundant. Tracq
gaseous oil from 465 m to 487 m

C
S . - . .
£ Mudst_one, dark grey, silty, with a few siltstone laminae and 29.80 | 521.48
2 ferruginous bands
@ | Mudstone, dark grey, slightly calcareous; goniatite/bivalve faun
2z . ) 7.59 529.07
representing the Cravenoceras malhamense Marine Band
Mudstone, dark grey, silty, with ferruginous bands 23.93 | 553.00
Muo!stone, dark greilty, slightly calcareous; indeterminate 202 555 02
marine faunas
Mudstone, dark grey, Silty with fish debris 28.98 | 584.00
Mudstone, dark grey, slightly calcareous; marine fauna represg
o ) 3.66 578.66
the Eumorphoceras pseudobilingue Marine Band
Mudstone, dark grey, sporadically calcareous, poorly fossilifero 14.84 | 608.30
Mudstone, dark grey, calcareous; goniatite/bivalve fauna 580 608.30
representing the Cravenoceras leion Marine Band ' '
Mudstone, dark grey, very silty, micaceous 5.01 613.31
Limestone, dark grey, very finely granular, bituminous, interbed
with dark grey mudstone; dispersed fine crinoidal debris; 2 mm
green mudstone band at 615.59, apparently eroded limestone 6.38 619.69
bedding surface at 616.20; 17 cm bed of conglomernaiitstone af
< | base
(]
_g Limestone, coarsely granular, pyritic matrix 0.37 620.06
>

Limestone, dark grey, well bedded, finely granular, with dark gr
or black mudstone partings every-30 cm; bands and nodules of
black chert common; thin bandsgreey pyritous mudstone at
692.30, 695.24, 704.05 and 704.91 m respectively; very poorly] 97.94 | 718.00
fossililferous except for a 2.27 m bioclastic sequence at 682.94
with a few indeterminate brachiopod shells and Zaphrentoid co
of probable Page
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The preliminary sedimentary loderor! Reference source not found) produced at
the time of drillingdescribes the detail for the Carboniferous (Namurian and upper part
of Visean) part of the successidrhe sedimentary log shows that a range of geological
lithologies were observed within the shale formation; including siltstone, sandstone,
mudstone, lilstone, and nodules of chert.

TOC (%)

Mineral (%) Rock-Eval

0 10 20 30 40 50 60 70 80 90 y 4
472,00
47740
480.00
494.00
504,00
513.00

E 52800
E 537.00
[=§ -
& 550.00
581.00
587,10
600.00
600.00
614.00
661,10
- quartz . kaolinite . chilorita . calcite siderite
. ‘mica’ . feldspar D pyrite dolomite
a).
. TOC (%)
Clay mineral (%) Rock-Eval
0 10 20 30 40 50 60 70 80 90 4
472,00
477 .40
490,00 |
434,00 .
504.00
513.00
E 52800
%53?.00
8 550.00
581.00 I
587.10
600.00
600.00 '
661.10
b ‘ B vesmecite [ keotnie [ iite [ cniorite ‘
).

Figure2 i Results of XRD and TOC (Rodkval) analysis on samples taken from
Roosecotel; @) Whole rock analysid) <2 um fractions

Figure2 shows the results of-ray diffraction XRD; Caveet al, 2013 Kempet al, in

prep and total organic carbon (TOC) as determined by HoM pyrolysis(Houghet

al., 2014)from 14 samplegaken along the Rooseceteborehole. As can be seen,
considerable variability in mineralogy is seen for the bolkk along the sequence
studied from 472 661 metres depth. Quartz content, for instance, varies significantly
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between 2.6 and 70.8 %, whi&erite is very low or below detection limits in all but

one sample where it accounted for 72.9 %. Considerable variation is also observed in
the clay content, with illite/smectite ranging from 286 %. Variability is observed in

TOC in the organic rictshale units, which ranged between 1.76 and 3.72 %, with a
mean of 2.6 %. Certain intervals had very low TOC readings.

The Roosecoté borehole shows that within a 190 metre sequence of shale a range of
lithologies are observed includingiltstone, sandshe, mudstone, limestone, and
nodules of chert. This is reflected in the mineralogy measured using XRD on the bulk
rock, and also on the clay content obserevd on fractions of less than two microns.
Variation is also seen in the TOC, showing that certaiie$awill not be propspective.

Mam Tor and Edale outcrops, UK

In this section we describe variations seen in shale at outcrops in th&igie3
shows an exposure that clearly shows variation in lithology in the dipping shale
sequence at Mam Tor, Derbyshire (UK). The dgirky shales include harder beds,
these are turbiditsandstones and include some ironstones. This photo clearly shows
variation over a sequence about 4 metres.Note also that a closgpaced joint
development is present within the harder lithologies.

A finer-scale variation in shale is shownkigure4 andError! Reference source not

found.. This example was observed at Edale in Derbyshire (UK) and espse8.4

metres of the shale succession from the Bowland Shale Formation. The pale layers seen
in Figure4 are much harder ironstone bands and lenses. The sedimiegtdBrror!
Reference source not found. shows a range of lithologies, including mudstone,
ironstone, and claystone. Some of these facies were as thin as 5 cm, with the thickest
being less tha? metres. It should also be noted tkajure4 shows a fault running
through the sequence with clear offsébeds.

Figure31i Photof the shale formatin at MamTor, Derbyshire (UK).

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017



Page 22 Measuring, Monitoring, Mitigating,
Managing tm Environmental
Impact of Shale Gas M

Figure4 1 Photo of the shale formation at dIe, erbyshire (UK).

Table31 Thickness of beds observed at Edale, Derbyshire (UK).

. Thickness
Facies
(m)

Mudstone, dark grey, very thinly bedded, fissile, harder bands are non 18
calcareous, sharp base '
Ironstone 0.06
Ironstone, thin and interbeddeahudstone dark grey, fissile 0.95
Ironstone 0.05
Mudstone, lighter grey in weathered section, thin bedded, nodular, 08
non-calcareous with very thin ironstones '
Mudstone, darkgrey, very thinly bedded, fissile 0.7
Ironstone band 0.08
Mudstone, dark grey, fissile, becoming less calcareous upwards, thin 05

interbedded ironstone bands in upper part

Gap, vegetated but probably the same unit as below 0.5

Claystone dark grey, iksile, very thinly bedded with very thin lenticles

of wispy paler calcareous mudstone 0.9
Mudstone, dark grey, very thin bedded, lenticular calcareous zones,

i D . 0.35
small goniatite seen; with fairly sharp base
Claystone dark grey, fissile, no mica, very homogeneous, 11
gradational base '
Mudstone, dark grey, fissile with large calcareous bullions 0.6

TOTAL 8.39
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These fieldexposures clearly show variations in physical properties over short distances
in shale sequences; differences can clearly be seen in weathering rates. Individual beds
have been observed to have as little as 5 cm thickness, with the thickest beds of the
order of 2 metres thick.

Variations in physical properties

The exampl es | i st ed farnation® carsnbludev muddtoaet
claystone, ironstone, sandstone, limestone, coal measures andnctelgs. This
variability is likely to be evident in differences in physical properties.

Table4 i Typical physical properties of lithologies seen within shale formatiermsn
Waltham (1994) and Hobbs (1964).

Dry Dry .
Dry_ Porosity | UCS UcS Yo ung( Tensile Shear
Rock type density o modulus | strength | strength
(glccy | () | range | mean | T on " Cvypa) | (MPa)
(MPa) | (MPa)
Greywacke 2.6 3 1001 1g9 60 15 30
200
sandstone 2.2 12 | 40100| 70 30 5 15
(Carboniferous)
Limestone 2.6 3 [50150| 100 60 10 30
(Carboniferous)
Mudstone
(Carboniferous) 2.3 10 1050 40 10 1
Shale
(Carboniferous) 2.3 15 5-30 20 2 0.5
Clay
(Cretaceous) 1.8 30 1-4 2 0.2 2 0.7
Coal 1.4 10 2-100 30 10 2
Ironstone# 190 44
TOTAL
RANGE 1.42.6 3-30 1-200 | 2-190 0.2-60 0.544 0.7-30
MEAN 2.2 12 79 25 10 19

Error! Reference source not found. shows typical physical properties for the
lithologies listed above. The uniaxial compressive strength (UCS) is often used as
comparative measure of strength. A UCS range of 2 to 190 MPa represents a rock
classification from weak to strong rock (Waltham, 1994). A weak rock can be viewed as
one that crumbles under a pick blow, whilst a strong rock can be broken by a hammer in
the hand. The average UCS of 79 MPa represents a moderately strong rock; one which
can be dented with a hammer pick. The tensile strength is of direct relevance to
hydraulic fracturing. The range of lithologies have tensile strengths of between 0.5 and
44 MPa, with an average of 10 MPa. This clearly shows that certain beds will be much
easier to hydraulic fracture than others. It should, however, be noted that the simplistic
data represented Error! Reference source not founddoes not capture the full range

in physical properties seen within highly variable shale sequences.
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Knowledge gaps and recommendations

This chapter has introduced the variability seen within shale sequences. The following
statements on our current knowledge, knowledge gaps and recommendations can be
made:

T The term AfAshaled includes complex sequen
siltstone, mudstone, sandstone, limestone, ironstone, coal, and chert. These vary
over the ceninetre scale vertically and vary in thickness and extent later&ttig.
variation may occur over t hMakifg@dwatecent i me
predictions of the full sedimentary sequence is thus very difficult. A better
understanding of geologal sequence stratigraphy is needed in order to understand
the control this variability has on hydraulic fracturing.

1 The mineralogy seen within geological sequences varies considerably and this is
also evident in total organic carbon (TO®)ydraulic stimiuation may be more
successful inertain beds and these might not necessarily be high in Th&efore
recoverability will be dependent on both TOC and ease of hydraulic fracturing. A
better understanding is needed of both of these properties so thatulltydr
fracturing does not just occur where high TOC occurs.

1 Bedding thickness is variable, ranging upwards from thinly laminated (less than 6
mm) but typically less than very thickly bedded (2if)is range in bed thickness is
much less than the seismisotution of 20 metres and therefore the full variability
of shale sequences cannot be achieved by sefepfiniqueslone. The significance
of such small beds needs to be understood and the risiing to determire the
full geological sequence from gghysical methods needs to be assessed.

1 The strength properties of litholigies found within shale formations has a
considerable range. A better understanding of the variabiliphysical properties
relevant to hydraulic fracturing is required. The inlaypbetween mineralogy and
strength also requires more research.

1 This chapter has given examples from the United Kingdom. A better understanding
of the variability of shale within Europe is required. Similarities are likely, as are
differences that argpecific to individual basingr geological domains
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FRACTURE I NI TI ATI ON

This chapter introduces the mechanisms responsible for the formation and initiation of
hydraulic fractures following perforation of the well casi@hapter5 then concentrates
on the propagation of these fractures.

Basic concepts

In this section we introduce the basic concepts of rock mechanics relevant to the stress
state that shale at depth will be subjected.

As introduced in Chaptett, rocks at depth are subject to a complicated, heterogeneous,
stress field. The verticalbmponent of stress is related to the weight of overlying rock,
which is partially transmitted into the horizontal sense (the Poisson effect). Additional
horizontal stresses are created by erogGoodman, 1989)tectonic activity arising
from lithospheric resistance to plate motion, rock anisotropy, and geological
discontinuities. The result is a complex strBskl, which is described locally by an
orthogonal set ofiormal §) and sheart] stressesHigure5a). It should be noted that
the principal stress components correspondimpéoox i muy)m (iGnt ep,aeddi at e (
mi n i myg) stres&@d not necessarily correspond with vertical (z) and horizontal (x, y)
directions, as exaggerated(fFigure5b). It is often simplified that the maximum stress
compm e n {) corfe8ponds with the vertical direction.

. AZ a,

X

o, \ s >

bx 2 C Oza

Figure5 1 Threedimensional coordinate system of @Ggneral stress componenty
Principal stress components, c¢) Stresses acting on a discontinuity

Another aspect to consider when discussing the stresses acting on a rock is the pressure
from the fluid held within the pore space. This acts in the opposite direction to the
normal stress, the result is an effective pressure vdaiclbe expressed as:

” ” é

wherelbis the effective stressi, is the normal stress andis the pore pressure acting
on the rock.
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When acting on a plane, stress can be split into a normal and shear compmueat (

5¢) . Nor ma) sattespe(pPpendicular to a plane

parallel to this plane. Normal compressive stress tends to inhibit sliding along a plane;
shear stresehds to promote sliding. Normal stresses are considered to be positive if
they are compressive and negative if they are tensile. Shear stresses are labelled
according to their sense of shear.

The stresses that a rodk subjectedcan result in deformationwhich may be
recoverable (elastic) or permanent (plastic or inelastic) when stress is relieved. In many
regions, the upper crust is subject to shear stresses approaching the frictional strength of
favourably orientated faults (Engelderl992). This rests in a state of limiting
equilibrium within the crust witlhocks at deptlelose tothe point of failure according to

the frictional characteristics of the roddeformation can present itself in rocks in many
forms for instancefaults, fractures, joints,compaction bandsmineral alteration,
cemenation, grain crushingr porosity reduction

Elastic behaviour

Elastic deformation is often the initial response of geological materials to an applied
stress and strain. This deformatioriuily recoverableandnonpermanent once the load

W

is removedigure6). The el asti c modul k) ,ofP oY swsspgnddss Maoad

Bulk Modulus of Compressibilitf{K) and the Shear ModulussY descri be a
stiffness, translation oftrain in one principal direction into the other principal
directions, resistance to volume change, and resistance to shear deformation
respectively. The elastic moduli allow pretibnis of deformation state for a given stress
condition.Wholly elastic responses are rare in geological materials and may only occur
at very low strain rates. This is mainly due to the natueggrogeneityf rocks and the

stress field However, knowledg of the elastic properties allows the initiation of
fractures to be predicted.

Inelastic behaviour

All materials have a limit at which permanent (inelastic or plastic) deformation occurs
(Figure6a); often referred to as yielRock deformation can either Ipdastic, ductile or
brittle. The mode of deformation which may occur is governedhleystress state,
material properties, temperature and hydraulic conditions.

Brittle behaviourrepresents a nearstantaneous stress reductigiigre6b) involving

some combination of fracture and frictional sliding, and is common in rocks at low
pressures and temperature. Usually less than 1%cedaistin occurs before failure and
results in fault or fracture foration Stable frictional sliding alondractures requires

less energy than fracture initiati@mynamic< Mg, resulting in a stresdrop. Failure is
observable on a wide range of scales, from microscopic to regional scale, as observed in
the upper crust from microcracie continent scale strike slip zones. Low porosity, well
indurated argillaceous rocks, such as shale, baehatés manner depending on the rate

of strain
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Figure6 7 Basic models of rock deformian: a) elastieplastic behaviouy b) elastie
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Certain rock types display a strestgain relationship where yiektress is achieved, but
a peakstress is never attained due to contiaitk-hardening [Figure6c). This is what
occurs when deformation becomes increasingly difficult astit@nincreases. These
conditions are said tbe fully mechanically ductil¢Jaeger& Cook, 1979. Ductility
ewed
shortening. Poorly indurated argillaceous rocksiay behavein this manner The

can

be Vi
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rock
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transition from brittle to dude behaviour occurs as confining pressure increases and
therefore mode of deformation is dependent on depth and the physical properties of the

rock.

Pore pressure effects
As describedn Chapter2.2the fluid within pores exerts a pore fluid pressfunewhich
acts in the opposite direction to the confining presésyeforming an effective pressure

(s"):

Stresses within shale are therefore describeéerms of the effective stress aslittates
deformation.The effect of pore pressure is best shownHiyure7. The principal
stressesre plottedas a circle irMo h r 0 s, aleng with the Coulomb failure criterion

e Ad 6

in the compressional deformation field and a tensile failure criterion in the tensile stress
field. The failure criteria are used to predict the stress conditions when permanent
deformation will occur.The addition of pore fluid pressure can be seen to move the

Mohr circle to the left. Therefore, under a static boundary condition (i.e. no change in
rock stress), the addition of pore pressure can change the likelihood of deformation.

Figure7a represents the case of fracture reactivation. Aepisting plane of weakness,

oriented atg to the stress field, is shown on the Mohr diagram. The addition of pore
fluid presure moves the Mohr circle to the left until this plane of weakness intercepts
the Coulomb failure criterion, resulting in shear deformation in the compressional
deformation field Figure7b shows the example of hydrofracture. The addition of pore
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fluid pressure has resulted in the Mohr circle intercepting the tensile fracture criterion at
a stress of . This results in the formation of tensile hydrofractures.

Shear
stress T -

o o

) ° 1 Normal stress o,
—— -
T .
. — e\'\o
Tensile _ , failure it
fracture _~"" cowo
criterion -~

by o

Figure7 7 Prediction of failure using the Mohr diagram approach:tia.case of
fracture reactiviion; b) the case of tensile hydraulic fracture formation.

The injection of fluid at a high pressure acts to move the effective stress of the rock to
beyond the failure envelope; therefore failure occurs and fractures form. Gas is then free
to flow out of the shale unit and into the well. This report will mairdgus on the
mechanical properties of shatecks; however there is clearly a large interaction
between the mechanical properties and hydraulic properties of rocks which must be
considered. As shown, pore pressure can either result in the reactivatieesisting
discontinuities (faults, fractures, joints, etc) or the formation of new hydrofractures. In
practice a combination of both is likely to occur, with shear deformation occurring
along preexisting microfractures, the formation of new hydrofracsurend the
extension of new hydrofractures at the tips ofgxesting fractures.
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Stress concentration around a borehole

It has been stated that shale at prospective depth is under a state of stress dictated by the
weight of the overburden and tectonicdes that might also act on the sedimentary
basin.If a circular hole is made in a stressed plate, the stress distribution around the hole
will be changed (Timoshenko & Goodier, 1970), i.e. as a borehole is drilled, the rock
surrounding the hole must cartye force previously carried by the removed rock. This
can be described as a conservation of energy. Although mass is rerdblvedQ),
energy, and therefore stress, is not, and the condition of Laflasg+ Sy = 0) still has

to be met. The solution for the stress modification around a circular opening in a
uniaxially loaded infinite plate was given by Kirsch in 1898 (Timoshenko & Goodier,
1970). The Kirsch solution is easily modified to consider biaxial loadimjthe effect

of pressure within the hole (Jaeger & Cook, 1979

” ” i é‘l ” ” T‘I o‘l i J4 r
» c p v v c p ~ N W ECi—
., ) i oi ., ., o ..,
» c p v ~ c p N W ECi—
1 —p — — i Q& Eq.1

wheres; is radial stresss, is circumferentialor hoop stressf;, is shear stress,is the

radius of the borey is pore pressurdy is distance frontentreof bore to point where
stresses are being calculatedis the angle made betweéhand sy. This solution

results in a stress concentration around the periphery of the bore with regions where
stress is increased and regions where it is decreased. It can be shown that tensile stresses
form in the direction ofhe maximum fafield stress direction. Therefore a complex

stress is formed around a borehole, which if greater than rock strength, results in
compressional or extensional failure in and behind the borehole wall.

The boundary conditions are such that hetipss §,) at the boresurface varies from
3sh- sy wheng=0to 3sy - s,wheng=Y%p. Thus, an area of tensile (negative) stress
is created in the maximum féield stress directiong(= 0). Whenu is zero, tensile
stresses are absent from all pointsdf, § sy. Tensile stresses are created in the -bore
surface ifu > 3sy, - sy with radial tensile failure possible.

The Kirsch solution in a biaxial strefield (as given in Jaeger & Cook, 1979) is
applicable to a borehole aligned with one of the principal stress directions and tends to
be considered for a vertical borehole. The stfiedd is greatly complicated by
deviatingthe wellboreor by drilling horizontally. Hossaigt al. (2000) give the dation

to the stres$ield as:

~

, L Qe L, i aEdern L, 0 Qe
” ” i !Q‘E ” a)éﬁ
. , WEN L, 1 Qe Qe , QET
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where s is normal stresst is shear stressb is wellbore deviation,y is wellbore
inclination, sy, sy, S, arestressin the direction of the borehole withparallel to the
well, andsy, Sh, Sy are the principal stresses.

As statedin Section 4.1, the farfield stress is usuallymarkedly distinctfrom
homogeneous and shale at depth is subjeatea triaxial stres§ield. What the
numerical solutions introduced above show is that the stress field around the well is
greatly complicated by this fdield stress and the stress concentrations created in the
borehole wall. Changes in pore fluid pregsusuch as during hydraulic stimulaticare

most likely to create tensile fracturing in the direction of the maximum horizontal
principal stress.

Tensile fracturing
Hydraulic fracturing (tensile Modeftacturing) can occur:

1 Naturally, due to theéectonic regime and changes in the effective stress conditions
(hydrofractures)

Atrtificially, due to drilling activities (drillinginduced tensile fractures)

Artificially, generated around a tunnel or borehole duehanges irthe in situ
stressconditiors.

T
T

Hydrofactures may be large features, or a linked, permeable, dilatant fracture network.
These changes may be induced by the development of disequilibria pore pressure
conditions or by changes in the tectonic load. For example, a reduction in the minimu
compressive stressy), induced by extension during regional uplift, may result in the
formation of dilatant shear fracturedlydrofractures occur under conditions of low
differential stress when pore fluid pressure reduces the minimum effective horizontal
stress below zero to the tensile strength of the rock.

In extensional basins, where the minimum compressive stsgsss Gignificantly less
than the maximum compressive stress),(hydrofractures are invariably vertical to
semktvertical in orientation and form perpendicularstp For hydrofractures to develop
in preference to shear fractures, the following conditions beisatisfied:

U, =S, +T,
S, - S, <A, Eq. 3

where us is pore fluid pressure required to initiate hydrofractuse,and s; are
maximum and minimum horizontal stresses respectivelylaimglthe tensile strength of
the caprock (Hubbert& Rubey, 1959; Sibson, 1995). These conditions can occur in
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highly overpressured systems undergoing continual subsidence, or during exhumation
when rapid denudation, without -egjuilibration of overpressureresults in tensile
failure. Brittle shale will increase its permeability by developing dilatant fractures,
whereas ductile shale is able to undergo plastic deformation without increasing
permeability (it will contain nostilatant, sealing fractures). Thendency to dilate will

be a function of the mechanical properties of the rock, effective pressure and shear zone
geometry. At a given effective pressure, a stronger {owesolidated or cemented)

rock is more likely to dilate than a weaker one.

Consideable research has been conducted in connection with the engineering of wells
to investigate the generation of artificial hydraulic fractures in order to detemmnsgite!
stress. The hydrofrac (HF) test measumesitu stress down a borehole by increasihe

pore fluid pressure in an isolated segment until tensile hydraulic fracturing is initiated,
identified by a drop in pore fluid pressure. Breakdown pressyydas(defined as the
borehole pressure necessary to initiate hydraulic fracturing. Thete@assical HF
criteria to establish equations betwegrandin situ horizontal principal stressesq®y

et al, 2001); one is based upon elastic theory for impermeable rocks (Hubbert and
Willis, 1957); the other upon poroelastic theory and considerspbroelastic stress
induced by fluid permeation into rocks (Haims&nFairhurst, 1967). This has been
extended to include the characteristics of the bore during pressurisation (DetQurnay
Cheng, 1992):

Hubbert& Willis (1957): 6 o 'Y o, ., co Eq. 4
Haimson& Fairhurst (1967): 6 0 Eq.5
Detournay& Cheng (1992): o6 0 Eq. 6

whereuy is initial pore pressure in the rock formatiohy; is the hydraulic fracturing
tensile strength, and| and o are the poroelastic parameter and dimensionless
pressurisation rate respectively, given by:

h= a(l' 2,7) _ A/?

T ofi-n) oencos iy YTas  oescm gy

whereUis the Biot parameter (Bid Willis, 1957),3 is the Poisson ratid\ is borehole
pressurization rateis the microcrack length scaleis the diffusivity coefficient, an&®
IS stress.

Basic Fracture Mechanics

To fully understand the physics behind hydraulic fracture development and propagation
in shale rocks we must first understand the basic mechanics which underlies fracturing
in geological materials. This first requires the understanding of the modes ih whic
fractures form and then the basic theory which governsb#teaviour observed.
Discontinuities originate from the buildb and concentration aftressat the tips of
natural weaknesses and heterogeneities (USNCRM, 1996). These natural
heterogeneities ara result of the mechanical properties of the rock and the rocks
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response to lithostatic (uplift, erosion and weathering), tectonic and thermal stresses,
together with variations in fluid pressure§he mechanics that underpin fracture
processes derivesoim classic work by Griffith (1921) and Irwin (1958).

The Griffith theory is based upon the linear elastic theory, which states that the stress at
a tip of a narrow fracture is infinite. As a crack grows this requires two new surfaces to
be created whichiturn creates what Griffith calls a surface enef@expresseds:

0 — Eq. 8

whereC is the surface energlti s t he mat er i al soisthesunfacd s Mo d u

energy densityFailure occurs when free energy attains akpealue at a critical crack
length, beyond which the fracture energy will decrease and the crack length will
increase.

Irwin (1958)furtherdevelogdthe Griffith modelas the classic model only accounts for
pure brittle materials such as glass. In ductile materials a plastic zone develops at the
crack top, as load increases the plastic zone increases in size until the crack grows in
length. This plastic zone acts to provide a resistance to the crack growthspiivime

energy into two parts, the stored elastic strain energy which is released as the crack
grows (thermodynamic driving force) and the dissipated energy which includes plastic
dissipation and the surface enertherefore:

0 ¢ O Eq. 9

whereais the surface energ@; is the plastic dissipatiors is the total surface energy
When applied to Griffithodos theory:

e
wF L Eq. 10

where,a is the microcrack lengttEi s t he mater i alasddkdohangos
stress at fracturdrwin further developed this to calculate the magnitude of energy
available for fracture by taking into account the asymptotic stress data dispidcem
fields around a crack front:

O 1 B, ifm

0 1 BfC L, ifm

o 1 Ed ngl ihn Eq. 11
whereK is thestress intensity factor. The magnitude of this depends on geometry, size,
location, and load distribution. The stress intensity factor is directly proportimiaé
applied load on the material. It is possible to determine the minimum valievbich
is required to propagate the crack; this minimum value is referred to as the critical stress
intensity factorK.. Using a combination of Irwin and Griffith fractt mechanics it is

possible to determine the shape of the stress field and the magnitude, using the stress
intensity factor.
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Dependentvariables of hydraulic fracturing

The theory introduced above shows that the initiation of fracture formation is dependent
on a number of factors. These include: the orientation and size of the borehole;
orientation and magnitude of the strdéietd; pressure and rate of increase of the
hydraulic fracture fluid; pore fluid formation of the shale; elastic properties of the shale,
including elasticity, poroelasticity, and tensile strength; and the crack properties, such as
stress intensity factor and surface energy. These parameters \ailé didtere a fracture

is initiated and consequently, the direction of fracture propagation.

It should be noted that the theory above is based on a homogeneous elastic medium.
Shale is a complex heterogeneous material with strong directional variatiomnin ma
properties that need to be considered when predicting where fracture initiation will
occur. It is also important to consider that sit@ting shale is not pristinghe action of
perforation will create weaknesses within the shale surrounding theReelbrations

need to be directed with respect to the stfiedd so that they are in phase with the
anticipated fracture direction (Hoass&hnal, 2000). Perforations have been shown to
reduce longitudinal fracture initiation pressures when prefetgntiaented (Hoassain

et al, 2000).

Fracture mode

At the tip of a microcrack, the concentration of stress results in the creation of many
small microcracks in a nelmear process zone. Microcrack communication lengthens
the features, and propagates phecess zone into the rock mass in the direction of the
maximum compressive stress trajectory. Several processes control or influence
discontinuity propagation,including elastic strain accumulation, cryspéstic
processes, diffusion processes, phemesformations and reactions, and fluid processes.

The propagation of fractures is clearly related to the stress state of the rock. The state of
stress is often heterogeneous and this therefore has an effect on the mechanics of
fracture formation and thgpe of fracture which may form. At all but the shallowest
depths within the Earth, the féield stress componen, S and S are compressive,

and in most locations they are of different magnitufleay & Weiss, 1974)Two

distinct discontinuity types exist in compression, namely shear and ext¢@siggs &

Handin, 1960) Three displacement modes act on an ideal, flat, perfectly sharp
discontinuity Figure8):

1 Tensile or openingmode I)
1 In-planeshearing or sliding (mode II)

1 Anti-plane shearing or tearirfghode III).
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Figure81 Schematic representation of the three fundamental modes of discontinuity
displacement

The injection of high pressure fluid along with proppant materials during the hydraulic
fracturing process will result in predominantly Mode | open fractures forntivege

will form parallel to the maximum principaltress. However, Ferrdt al. (2012) state

that there will also be an element of Mode Il fractures forming, as shearing of the rock
mass will also take place during fracturing; this may result in a Modealifure type
which can be called a hybrid fracture.

It is important to understand the direction and magnitude of these hydraulic fractures in
order to be able to predict productivisnd the development of the fractured disturbed
zone Hydraulic fractues are predominantly tensiler opening (Mode 1) fractures
meaning they will propagate perpendicular to the minimum principal stigss (
Therefore in order to predict the orientation of these fractures it is essential to have a
detailed knowledge of thetress field within the target area. The stress state is
considered to be a major factor that can influence rock deformation (Warptnaki

1982; Busettiet al, 2014;Ferril et al, 2012). Reservoir depth and the tectonic stress
regime are considerdgde major influencing factors, as well as theitu pore pressure.

Shale plays in the United States are situated at a range of depths and stress states, as
summarised b¥rror! Reference source not found.

Table5 1 State of stress within shale gas plays of the United S(atesn Sone &
Zoback, 2013)

Sample Group Depths(m) In situ Stress (MPa)
Barnetti 1 ] o
Barnett i 2 2,600 ,=65 u=30 g =35

Haynesvillei 1

Haynesvillei 2 3,450 u,=85 u=6070 u=1525
Eagle Fordi 1 0,=90 u=65 =25
Fort St. John 3,800 ,=25 u=1012 (%1320
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Physical propertiesof shale

Chapter3 highlighted the variability seen inshale in terms of properties such as
mineralogy, kerogen content and tectonic setfirige location and initiation pressuré o
fractures requires knowledge of these parameters.

Mineralogy

As discussed in Chapt@& shale mineralogy can vary greatlyut will predominantly
contain a sigricant portion of clay minerals along with a combination of quartz,
feldspars and carbonate minerals. The mineralogy of a shilie often used to predict

the way in which it may deform under a certain stress field. It is generally agreed that a
large mrtion of quartz and carbonate minerals will mean the shale is likely to deform in
a brittle manner. Whereas, a larger clay content will more likely result in more plastic
deformation. Therefore, hydraulic fracture treatments are more likely to be tangeted
areas with higher quartz and carbonate contents as they will be more likely to fracture.
This does not mean a shale with a high clay content will not be a productive formation,
for example the Barnett Shale has areas with a clay content of up%o (38neé&
Zoback 2013), this is also the case for the Haynesville field. This rule can also apply to
the quartz content, which is as low as 11% in some parts of the Eagle Ford shale (Sone
& Zoback 2013)this is however compensated by a carbonate content of up taA&3%.
well as mineralization, the degree of cementation (or induration) can also influence
whether brittle or ductile deformation is likely. More indurated shale will behave in a
brittle manner Even plastic clays will hydrofracture if the rate of pressurization is high
enough.

Elastic properties

The initiation of hydraulic fractures is dependent on the elastic properties of the shale;
these can either be derived from wireline geophysicsitu or through laboratory
experimentationThe ability to derive elastic properties from ratrusive wireline logs

make deriving understanding on hydraulic fracturing based on elasticity favourable.

Youngds modul us, E

The Young?®o g) isMorkasuraf snatdrial stiffnessand is therefore &ey
parameter in terms of hydraulic fracture propagat®ale et al. (2007) quote values
that can range from 4 to 68&Pa; which shows considerable variatidiis variation
may berelated tovariations in mineralog It is generally observed that as the clay and
kerogen content decreadéwill increase(Sone& Zoback 2013;Joshet al, 2012). A
high silica or carbonate content is likely to result in a highgrarvieet al, 2007; Ding

et al, 2012). High values dE are likely to result in longer fracture lengths, as found by
a study on the Woodford Shale by Tetral.(2014).

Joshet al. (2012) conductedtwo laboratory experiments on two separkteies one
with high clay content (~60%)ral no obvious laminations and another whickl ha
moderate clay content and a more vaaleloped fabric. The shalesdnan E value of
1-3 GPa and 41 GPa respectively. This highlights the role that clay content and fabric
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can have on the elastic modulipweverthis study didnot investigate properties
perpendicular and parallel to the bedding. S&&oback (2013) shoed that the
anisotropy ofE increases with the clay and kerogen contBefspite the importance of
E in terms of fracture propagation tkeeis a relatively small amount of dat@enly

available.
4522 Poi ssonb6s rati o, 3
The Poissonds ratio i s a measure of transil a

into the other principal direction®©ne correlation that can be made between this and

the Youngds Modul us is that ¢tbntdeyshaewik negati
have a low value for thBoissoris ratio. So the same principle applies with respect to
mineralogy thata hi gh brittl e miner al content wi ||
(Rickmanet al, 2008; Traret al, 2014; Ros& Bustin, 2008).

There is a relatively smal/l a madiawohghaleo f v al u
Sone& Zoback (2013) do shaovwhowever, that 3 will exhibit a degree of anisotropy,

with the greater values being generally parallel to bedding. There was, however, no
obvious correlation between anisotropy and the atay/orkerogen content.

4.5.2.3 Shear modulus, G

The Shear mdulus(G) is ameasure of the resistance to shear deforma#fierstated
previously, the predominant mode of fracturingpat occurs during stimulatioms
tensional however there mape an additiona¢élement of shear. Despite this fact there
IS a paucity of availablevalues forG. It is, however, possible to calculate a shear
modulus using values & andv. The values of the elastic moduli reported in Gxlel.
(2007) for the Barnett Shale and Austin Chalk glrearmodulus values of 12.i7 138
GPa and 17.1 21.8GPa for each shale respectively.

Joshet al. (2012) state that many models often assume a constant value for the shear
modulus, however it may be more likely to be anisotropic and heterogeneous
throughout a shale formatioBayerset al. (2015) and refeences within assign a shear
modulus to the main mineralogical components, giving Quar@R4, Calcite 29 GPa,

clay minerals 6 GPa and#terogen 3.2 GPa. This would therefore result in a
heterogeneous distribution of the shear modulus as the mineralogy tranughout the
formation. Johri& Zoback (2013) assume a shear modulus of 30 GPa for their model,
althoughthe relationship of this assessment is uncleath& values calculated from

Gale et al. (2007) andthe values for the individual constituentshis illustratesthat

there is likely to be a high degree of variabilityGn

45.3 Strength

A more direct approach to predicting the initiation of hydraulic fractures is the
measurement of strength parameters. These can be recorded from true tensile tests,
indirect tensile tests, or by compression tests. Ture tensile tests are rare in rocks, even
more so in shale, with indirect or compression testing more common.
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Unconfined compressive strength, q

The uniaxial compressive strength test (UCS) is a standatd mmrhanics tests
conducted on unconfined, prepared, core samples loaded axially until failure. The UCS
test yields the unconfined compressive strength (vhich is used as a comparative
parameter irmostrock mechanics applications.

Joshet al. (2012)present data from a weak and a strong shale; they state that the weak
shale would not be considered for shale gas exploration. The weak shale hafd8a

MPa and had a clay content of approximately 60 % whereas the strong shale had a clay
content of apmximately 30 % and g, of 44 MPa. Davet al.(2012) report values of

117 MPa and 136 MPa for the averaggeof the Montney Shale in two separate
boreholes. Sone & Zoback (2013) inferrgdusing the internal angle of friction and
intercept from triaxiakests. For samples of Barnett, Haynesville, |IEdgprd and Fort

St. John shalg, ranged between 100 and 250 MPa. A negative correlation betyeen
and the clay and/or kerogen content and positive correlation betyyemmd E was
observed. It should be noted that considerable variatiap is reported by Josat al.
(2012), Daveyet al. (2012) and Sone & Zoback (2013) for shale of between 8 and 250
MPa (a factor of 30) In terms of rock strength characterization (Walthan®4)%hale

would range from a weak rock to a strong rock.

Whilst the UCS test is a commonly performed test, it does not directly give insight into
the hydraulic tensile properties of shale at depth. It domsever show that strength is
greatly variable in shale and that the pressure at which hydraulic fractures will form will
greatly vary depending on the properties of the shale at the point of stimulation.

Tensile strengthTy

The tensile strength may be consg&tkione of the more important physical parameters

of shale formations due to thensile nature ofiydraulic fractures. The tensile strength

is traditionally calculated in the laboratory usitige indirect tensile test, d@razilian

test A cylinder of rockis loadedperpendicular to the long axis between two flat plates.
Although compression is applied to opposite sides of the sample, this results in tensile
stresseat thecentreof the sample, resulting in the formation of a tensile fracture.

Sierraet al. (2010 present data from a shallow monitoring borehole which intexdect
Woodford Shale, the maximum depleing approximately 65metres. Brazilian tests

were carried out parallel and perpendicular to bedding, the results showed the tensile
strength to be anisotropic and heterogeneous throughout the borehole. The
perpendicular tensile strength was in the region df 18 MPa and i 10 MPaparallel

to bedding. The lower values were found to correlate to regions with a high clay and
kerogen content. Sem& Zoback (20B) support this theorystatingshale with a high

clay content are likely to have lower tensile strength. Slatt (2011) also report anisotropy
in tensile strength, quoting 7.1 MPa and 12.6 MPa for parallel and perpendicular to
bedding respentely. Areas of high clay content may be more likely to haweed-
developedamination due to the physl properties of clay minerald)ese laminations

are areas of weakness and maygdmtributing to a lower tensile strength
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Tran et al. (2014 preseh the same experimental data as Sieatral. (2010) on the
tensile strength of the Woodford Shale. However, they also compare the anisotropic
values of the tensile strength with the carbonate confentrrelation is reported for
tensile strengthrad carbonate content, although it should be noted that considerable
variation is observed in the data that could be interpreted as showing no variation with
carbonate contenkeneti& Wong (2010) also present anisotropy data for the Montney
Shale, usingamples from between218i 2,320 metres. Perpendicular strength ranged
from 67 15 MPa whereas the parallel tensile strength ranged froin &8MPa.

Few published datasets are available for tensile strength in shale formations. Those
reported above sl a large variation between 0.3 and 15 MPa (a factor of 50), with
considerable anisotropy of around 2 to 5. It is clear that anisotropy is strong in shale and
it is expected that this will play a major role in the initiation and propagation of
hydraulic factures.The main controls oanisotropyarerelated to clay content and the
degree of lamination of the shaleractures are likely to propagate in the direction of
least resistance, so that may be likely to be parallel to bedding if the shale isystrongl
laminated.

The role of mineralogy

As shown above, mineralogy plays a considerable role on the initiation and propagation
of hydraulic fractures in shale. The physics governing fracture and rupture are related to
mineral bonds and therefore it is unsisiog that the mineralogy plays such a key role.
Recent technological advances, especially in imaging techniques, now mednghat
possible to describe the microstructure of shaléch occus at a micreto nanemetre

scale. Xray Computer Tomography (CT), high resolution micro CT and dual beam
Focused lon BearScanningElectronMicroscopyare imaging techniques which allow

the pore system and petrology of shales to be described more accurately. Petrophysical
approachg to shale gas reservoirs have been described by Jeicahi(2008) and
Parkeret al. (2009) using laboratory and wireline lbgsed methods to identify organic
matter, porosity, permeability and mechanical properties. Ricketaml. (2008)
combined minelogy and geomechanics with petrophysics to optimise the hydraulic
fracturing programthey concluded that this needs to be done for each shale separately
due to the heterogeneous nature of shale. &richoeffler (2009) bring together the
mineralogy (@y content) and geomechanical conditions of various producing shale
formations to recommend mineralogical and elastic property cut off points, below which
shalewould nolongerbe considered prospective from a brittle fracturing perspective.

Despite thee recent advances in techniques there still remains a large paucity in data
which quantifies the rock mechasipropertiesthat control the fracturing process. One

of the major reasons for thisnited data mayderive fromthe difficulty in accessing
qualty, presered core materiaffor testing. Jostet al. (2012) consider this the most
important issue with regard to experimental geomechanical testirghale This
preservation of core material is essential to reducing uncertainty in experimental data
through reducing the effects of drying, chemical & biological degradation and reduce
the influence of detressing material prior to mechanical testing
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Knowledge gaps and recommendations

This chapter has described the state of understanding of the init@tibydraulic
fractures during stimulation. The following statements on current knowledge,
knowledge gaps and recommendations can be made:

T

Shale is a highly variable and heterogeneous matesitically and laterallyBoth
variability and heterogeneityeed to be better understood and incorporated into
numerical modeldo describe the behaviour of shale with respect to hydraulic
fracturing

It is recommended that recovered core matdrian exploration wellsis well
presered to maintain the stress state, reduce the effects of drying, chemical and
biological degradation so that consistent datasets can be recorded, which should
allow correlation of parameters to be determined.

A lack of relevant data exists for shale Worth America recorded from well
preserved core material. Research has been conducted using a number of
approaches, this hampers comparison studies. It is recommendad| tthatlosure

of experimental protocols and data be made.

A complex stress field is cresd around deviated wells in shale. The complexity of
stress can be described for a perfectly elastic medium, the complexity of shale
variability and anisotropy need to be incorporated so that a better understanding of
where fracture initiation is likelyotoccur.

Little research has been conducted on the effect of perforation on the mechanical
properties of shajet is recommended that this is undertaken to understand fracture
initiation in shales

Little research has been conducted on quantifying teasdéor hydraulic fracturing
properties in the laboratarit is recommended that this is undertaken to understand
shale behaviour during hydraulic fracturing (for example, to confirm relationships
between composition and rock behaviour), and also to igpscaerstanding from

the laboratory to reservesitale models

It is clear that nmeralogyplays a major control on the initiation of fractures in
shale. More research is required in order to quantify the influence of different
mineral constituents on theverall mechanical properties of shale. A better
understanding of where and how fractures are initiated is also required.
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FRACTURE PROPAGATI ON

Chapter4 introduced the mechanisms that dictate when hydraulic fractures are formed.
This chapterdiscusgsthe mechanisms responsible for f@pagation of the formed
hydrofractures; what dictates how long a fracture is, which direction do fractures
propagate, and howdense is the fracture networkwo methods can be employed to
determine the propagation of hydraulic fractures; 1) the monitoring of hydraulic
fracturing during shale gas exploration using microseismic methods, and 2) the study of
natural hydraulic fractes.

Discontinuities can be thought of in terms of single microcracks, which are planar
discontinuities, or a linkage of many jogs and sharp bends, which on an atomic scale are
sharp severances of atomic bonds within the crystal lattice as shown byrelectr
microscopy (Lawn, 1983). Larger scale discontinuities are created by the coalition of
many microcracks. A macroscopic brittle crack is a discontinuity formed by a
complicated rupture event that has cut a large number of grains, without significant
prior def or mati on at a particular stress
initiation and growth depends on the initiation and coalition of microcracks.

Theoretical considerations

Generally hydraulic fracturing involves the following physical processeechanical
deformation, induced by pressure change in fractures and pores; fluid flow within
fracture and formation, including their interactions; fracture propagation; as well as
proppant transport and settling inside the fracture (Ztoal, 2014).Any theoretical

model needs to account for all of these aspects within a heterogeneous shale
experiencing a heterogeneous stfessl.

Considerable effort has been afforded to hydraulic fracture growth in rocks in recent
years, especially in shale gas rf@ations. This has been aided by miseismic
monitoring, which can observe the complexity of the fracture network that develops
(e.g. Calvezt al, 2007; Cipollaet al, 2005; Danielst al, 2007; Fisheet al, 2002;
Maxwell et at., 2002; Warpinslat al.,1998). Progress has been made in developing
numerical models to describe hydraulic fractures in recent years (e.g. Astaahi

2007; Dean & Schmidt, 2009; éi al, 2009; Lecamplon & Detournay, 2007; Let al,

2015; Vandamme & Curran, 1989; Wu@ison, 2013; Zhang & Jeffrey, 2006; Zhang

& Ghassemi, 2011; Zhareg al, 2007).

Many numerical approaches have been employed in order to investigate the initiation
and propagation of hydraulic fractures; Mohammadnejad & Khoei (Zp1Bed the
extended ihite element method applied to a cohesive crack; Hamidi & Mortazavi
(2014) used distinct element modelling; Weag al. (2014) introduce a complex
fracture network model; Dingt al.(2014) used a coarse grid technique; etc.

The above makes it clear that there is no universal mathematical approach to describing
fracture initiation and propagation in shale, with researchers using different approaches.
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With this in mind, this report will not outline a mathematical approach aitid w
therefore only make general statements about the theoretical framework.

According to Griffiths (1921) energy balance, a crack will propagate, when the energy
release rate equals the crack resistance force. This theory was advanced by Irwin (1958)
who dated that a fracture will propagate at a critical stress, this can be referred to as the
critical stress intensity factor. Each mode of fracturing has its own sttessity

factor. In terms of the hydraulic fracturing process it is important to knevstiless at
which fractures in the shale will propagate and also the direction and magnitude of this
crack growth. In classical fracture mechanics, the propagation of a fracture is controlled
by the magnitude of fluid velocity near the fracture tip. Thiee @ propagation is
controlled by the availability of water at the tip to create stress corrosion. The physical
properties of the shale and the stress state of the particular shale will go a long way to
governing the propagation of fractures.

At the crak tip in a rock, stress is concentrated and creates a process zone made up of
small cracks. Coalescence of these small microfractures results in the formation of a
macroscale hydraulic fracture (e.g. Atkinson, 198Thus the fracture propagation
criterion can be reduced to a strdmssed criterion. If the effective stress (considering

the influence of the pore pressure) exceeds the critical traction stress (tensile strength),
then the cohesive energy is fully dissipated and the fracture propagates ((Gethrear

& Granet, 202). The critical traction stress is the physical property of the rock
formation and independent of the applied loading.

Once a microcrackas been initiated, propagation occurs in the direction that requires
the least energy to fail. Mesoscopically, a fracture may appear to have propagated
smoothly without stopping; microscopically, propagation is rapid and discontinuous,
following many braches of microcracking (Engelder, 199 Larger scale
discontinuities require the more enegfficient process of microcrack communication

and linkage. Under purely tensile conditions, a single microcrack can propagate into a
large discrete discontinuityhat can rupture the whole rock, whereas failure in
compression requires linkage of many extensional and shear cracks. At the tip of a
microcrack, the concentration of stress results in the creation of many small microcracks
in a nonlinear process zone. ikfocrack communication lengthens the features, and
propagates the process zone into the rock mass in the direction of the maximum
compressive stress trajectory. Several processes control or influence discontinuity
propagation, including elastic strain aowulation, crystaplastic processes, diffusion
processes, phase transformations and reactions, and fluid proegstesilic fractures
continue to propagate until the stréistensity at the fracture tip is lower than the
critical stress intensity of theck being fractured (e.g. SavalliEngelder, 2005).

Several approaches have been proposed to quantify fracture width and/or length. One
example is that of Haimson & Fairhurst (1967), who proposed an analytical solution for
fracture width given by:

W

0, 6 ¢p f | p ct Eq.12
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where Whax IS the maximum fracture width, is the fracture lengthy; is the pore
pressure at failure3i s Poi ssBiNdsYoan g ® Sz isnhe aninimuns ,
principal stress, and is the Biot coefficient. This solution suggests that fracture width
and length are proportional to one another. The width of propped fractures not only
depend on the length of the fracture, but also on the amount of sand that is pumped
(Khannaet al, 2014).

Observations of natural hydraulic fracturing

Richard Davies and eworkers (Davieset al, 2012) published a study on natural
hydraulic fractures, which is useful in assessing the geometrictesftenduced or
stimulatechydraulic fracturing.

Cosgove (1995) showed that natural hydraulic fractures can be observed in outcrops
from the centimetre to metre scale. There are several types of natural hydraulic fracture
that have all been extensively studied, including: injectiteeg. Hurstet al, 2011),
igneous dykes (e.g. Polteati al, 2008), veins (e.g. Cosgrovid95), coal cleats (e.g.
Laubachet al, 1998), and joints (e.g. McConaughy & Engelder, 1999). Savalli &
Engelder (2005) showed that growth of natural hydraulic fractures couldidiedsin

the Devonian Marcellus formation in the US on the basis of plume lines that occur over
a range of scales from centimetre to metre scale. The formation of these natural features
is inferred to derive from gas diffusion and expansion within theesthaling multiple
propagation events.

The tallest example of natural hydraulic fracture result when they cluster and form
chimneys (also termed pipes or blowout pipes). These have been observed to extend
vertically for hundreds of metres (e.g. Cartwrightal, 2007; Huuset al, 2010). Their

origin is uncertain, but may result from critical pressurisation of aquifers and
hydrocarbon accumulations ij@lsdorff & Spiel3, 2004; Cartwrigtdt al, 2007; Davies

& Clarke, 2010). Chimney development may becofektd by fluid driven erosion and
collapse of the surrounding rock (Cartwriglttal, 2007). The release and expansion of
gas from solution during advective flow may also play a role in development (Brown,
1990; Cartwrightet al, 2007). Chimneys are clégridentifiable in seismic data as
vertical aligned discontinuities in otherwise continuous units (Cartwaglai, 2007;
Losethet al, 2011). Davieset al. (2012) examined 368 chimneys from offshore
Mauritania and showed that the average height wasrties, with the tallest chimney
being 507 metres. In offshore Namibia 366 chimneys showed an average height of 360
metres, with the tallest being approximatelfGD metres. In offshore Norway 466
chimneys showed an average height of 338 metres, witlaxdamam of 880 metres.

From comparing natural with induced hydraulic fractures, Daatied. (2012) conclude

that theprobability of aninduced hydraulic fracture extending vertically more than 350
metres is about 1 %t should be noted that their condlus is based on fracture height
statisticsaloneand the mechanistic basis for fracture height control is not taken into
account
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Hydraulic fracture stimulation from a horizontal borehole is usually carried out in
multiple stages with known volumes andwquositions of fluid (e.g. Bel& Brannon,

2011). Rather than chimney formation, clustering of fractures commonly occurs along
planes, which are theoretically orthogonal to the least principle stress direction.
Therdore fundamental differencesgxist in the geometry of these fracture systems
compared to those that cluster to form chimneys, the reasons for which are not yet
understood (Daviest al, 2012).

Observations of hydraulic fracturing during shale gas exploitation

Much of theresearch conduetlon hydraulic fracture propagation in shdkrivesfrom
modelling and interpretation of microseismic data frctiveshale gas plays. Thigpe

of data isrecordedby geophones and tiltmetershich are placed in shallow monitoring
boreholes close tdhé activewell. Microseismic data allow reservoir engineers to map
where deformation has taken place. This data can be used to tailor the fracturing process
to ensure safety ando maximize gasoutput. Microseismic data also allow
geomechanical propertiés be inferred for the shale and can be used to ascertain the
stress regime around the borehole.

Fracture height

Fisher, King and WarpinskF{sher& Warpinskij 2011, King, 2012 havepublished the

most comprehensive research on observations of hydraulic fracturing during shale gas
exploitation. They usethicroseismic data from thousands of fracture treatments carried
out on the Barnett, Woodfor#jarcellus and Eagle Ford Shale fornoas; these being

some of the highest producing formations in North Amerithe largest vertical
fracture observed had a vertical extent of 1,500 feet (457 ff)esmes occurred in the
Marcellus shaleThe largest mapped fractures tended to occur at teteagt depths.
Fisher & Warpinskispeculate that these are associated with the interaction with natural
fractures.They observed that fractures grow much taller in the Marcellus than in the
Barnett.

Fisher & Warpinski (2011) present tiltmeter data fronrenthan 10,000 fractures and
examine the vertical and horizontal components of these fractures. The overall pattern is
that fractures shallower than 4,000 f€&t200 metres)are predominantly vertical
whereas below this point the ratio between vertical harizontal fracture growth is

more complex. Fishe® Warpinski (2011) discuss these patterns and conclude that the
in situ stress and mechanical properties of the stratigraphy, such as variations in moduli
and anisotropy associated with laminations, taeereasons why vertical fractures are
hindered and lateral fracture growth is the preferred path of least resistance. Outside
factors such as large faults in the area can lead to an increase in vertical fracture growth.
This complex data set goes to shdhe complexities associated with fracture
development and the mechanics driving fracture propagation in a heterogeneous layered
rock.

“ Davies et al. (2012) report 588 metres in Barnett shale.
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Environmental concerns have been aired about the possibility of fracture growth
vertically from a shale unit to overlyingotable water aquifers. Fisher, King and
Warpinski (Fisher & Warpinski, 201XKing, 2012 present data showing the depth of
hydraulic fracturing, the maximum height of vertical fracture formation, and the deepest
depth of potable aquifers for the Barneliagle Ford, Marcellus and Woodford
Formations; this data is summarizedsmor! Reference source not found. This data
clearly shows that during 10,000 hydraulic fracture slations, the closest a vertical
fracture came to the bottom of a potable aquifer was 2,8008®2tnletres). Typically

the distance was in the range 3,800 to 7,500 feet (1,2586 metres).

Table6 1 Fracture heighgrowth limits in 4 major US shale plays (King, 2012)

Fracs Primary Typical Typical distance | Closest approach of
Shale number pay zone | water depth between top top of frac in
with micro - depth (and fracture and shallowest pay to
seismic data range deepest) deepest water deepest water
470060 50060 " "
Barnett 3,000+ 8000J (12000 48 00606 28000
Eagle 80 0 M6 " " "
Ford 300+ 13,0(2000 ( 70006 60000
50000 6006 " N
Marcellus 300+ 8500( (10000 38006 38006
woodford| 200+ | 4*°°°[ 2006 ( 75000 40006

In situ stress

Microseismic and tiltmeter data can be usethter thein situ stress conditions within

the targetshale. Busettand ceworkers(2014"9) use multiarray seismic datom the
Barnett shale to determine the geomechanical conditnthe time of hydraulic
fracturing. The locations of the microseismic outputs are often shown in a cloud map.
The majority of fractures in this data set seemed to have propagated paralha to
amother. The direction of these fractures was seen to be perpendicular to the minimum
principal stressn the expected direction of the maximum principal sttegs meaning

Mode | fracturesSome fractures were inclined tq suggesting natural fraares in the

area may have also had a control over the fracture network.

Arrest and containmentof fracture propagation

The physical properties of shale also have an effeth@@arrest of propagation as well

as thepropagation. Smaret al. (2014) usd finite element modelling to simulate the
effect of mechanical stratigraphy and other varying geological properties, such as stress
state and the presence of naturally occurring faults. The model is based on a log of the
Ernst Member of the Boquillas Fortian in Western Texas; this ia stratigraphic
equivalent of the Eagle Ford Formation. The varying strengths of the beds, which were
identified by the Schmiddammer techniquewere used to represent a realistic
stratigraphy. The model simulaltéluid injection and predi&d where fracturesvere

likely to form. Several iterations of the modelere presented shamg the varying
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effects of stratigraphy and mechanical properties. They conclude that mechanical
stratigraphy can exert a fundamental control onpdmtern of hydraulic fracturing and

only small variations in this stratigraphy can result in large changes in the observed
fracture pattern. Although this model is only two dimensional it predicts that the
fracture pattern will be complex, with propagation many directions and
interconnectivity of the fractuselt must be noted that this study dgest one value for

the Youngos Modul us and Poi ssonds rati o,
heterogeneous. Laboratory measurements may be requirednstraco this model

further so that the mechanical stratigraphlyatierrepresented.

Philipp et al. (2013) combind field investigations and numerical modelling to conclude
that heterogeneous stratigraphy can result in strata bound fractures. Thesesfraict

more likely to be strata bound if the boundary between strata is abrupt as opposed to a
gradual change in mineralogyhilipp et al. (2013) also state that strata with contrasting
mechanical properties are also differently stressed, as a reswdtnote tension or
compression, excess pore pressures or local stress from propagatindydstdire tips

(Zang & Stephansser2010). Variations in horizontal stresses are common within
petroleum reservoirs (Economides & NoI000). These heterogeneolegal stress

fields can act to control the propagation of hydraulic fractures. HowBWdipp et al.

(2013) also state that as a network of hydraulic fractures develop in an area during the
extraction process then the area may become more heterogeneous, resulting i a multi
layer system gradually becoming a single layer system and acting as one; ntieaining

it is only the mechanical stratigraphy which effects the initial hydraulic fracture
emplacement.

As well as using microseismic data to predict fracture propagation in shales, laboratory
experiments can also be used to examine fracture propertiesattuge toughness is a
measure of a materials resistance to tensile fracture propagation. The fracture toughness
can quantify the stress concentration at a crack tip at the point of fracture propagation.
Fisher & Warpinski (2011) suggest the heterogesewiure of shale results in varying
fracture toughness values which can act to halt fracture propagation. This theory is
supported by laboratory fracture toughness data of the Woodford Shale which shows
values in the upper Woodford shale to range frond 1011.17, whereas in the Lower

and Middle Woodford Shale values range from 0.65 to 0.74. A higher quartz content is
observed in the Upper Woodford shale, meaning the fracture toughness may be
influencedby mineralogy.Therefore, not only does fracture ghness play a role in
fracture initiation, it plays a controlling role in fracture propagation and a€handler

et al.(2012) investigated the fracture toughness of Mancos Shale using a modified Short
Rod method, which involved the propagation of akrdrough a triangular ligament in

a chevron notched cylindrical sample (Ouchertloh988). Fracture toughness was
measured in three directions to investigate anisotropy. A substantial anisotropy was
observed, with values 25 % higher in one directioneylThlso noted that the values
recorded in this experimental set up areilZ1 higher than other published results,
implying the material also varies within the formation.

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017



Page 46

M4ShaleGas
s e

5.3.4 Hydraulic fracture characterization

Despite a wealth of data on microseismwixservations and the corresponding modelling

of these, little is known about the actual characteristics of the hydraulic fractures; such
as fracture density, topography and width. These are all important characteristics which
would allow reservoir engine® to more accurately predict production levdis.
absence of this information, many studm@se used a description known as the Specific
Reservoir Volume (SRV) to describe the voluaigock which has been affected by the
injection of the fracturing flid (Mayerhoferet al, 2006 2008). This is deduced from

the spread of microseismic data and assumes that all of the seismic outputs are
associated with connected fracturBecent studies have begun to attempt to improve
the calculation and interpretatiaf the SRV as these assumptions do not give enough
information on the fracture network and connectivity (Mnhal, 2015; Cipolla&
Wallace 2014).

5.3.5 Physical properties

Maxwell (2011) studied microseismic data from the Montsiegie and correlated these

to geophysical measurements of the rock. They notice a higher number of microseismic
responses in areas with | ower Poi ssonods r
microseismic responses may be used to estimate a producknierdensity. Thisype

of information can be used to better focus the injection of fracturing fluid to areas which

are likely to form a higher fracture density.

5.4  Concluding remarks on fracture propagation

Fisher & Warpinski(2011) highlight the need tonderstand the geology surrounding
the target area in order to estimate the direction of fracture propagatiom. The
concludng remarks clearlpsseshe current state of understanding

AThe directly measured heightbygrowth is
conventional hydrauliéracture propagation models because of a number

of containment mechani smsé. Some of those
geologic layering, changing material properties, the presence of higher

permeability layers, the presence of matufractures, formation of

hydraulicfracture networks, and the effects of high fluid leak f . ©

AFractur e physics, formati on mechani ca
depositional environment, and other factors all conspire to limit hydraulic

fracture-height gowth, causing the fracture to remain in the nearby
vicinity of the targeted reservoirs. o

5.5 Knowledge gaps and recommendations

This chapter has described the state of understanding @irapagationof hydraulic
fractures during stimulation. The followingtatements on current knowledge,
knowledge gaps and recommendations can be made:
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1 Shale is a highly variable and heterogeneous material. Both variability and
heterogeneity need to be better understood and incorporated into numerical models.

1 Many numerical approachesxist; modelling should work towards a unified
approach of describing fracture propagation in shale.

1 Numerical models tend to ovpredict the length of hydraulic fractures that are
formed. The understanding of fracture arrestancomplex geological unit, such as
shale, needs to improve twetter numerically represent the hydraulic fracturing
process.

1 Experimental observations are needed on fracture propagation in a complex, layered
shale in order to identify the controls of frae deviation and/or arrest.

1 A Dbetter understanding of the mineralogical control on fracture propagation is
required.

1 Shale does not behave as a perfect elastic medium and as a result numerical models
need to incorporate the full theramydro-mechanicachemical behaviour of the
rock. This is, however, currently computationally time consuming.

1 A close relationship is required between drilling engineers, experimentalists and
numerical modellers in order to improtree understanding of a complex system.

1 Many studies have been conducted that considde sk a uniform, homogenous,
elastic material. Whilst complexity is difficult to incorporate within numerical
models, representative physics is required with good ground truth field data.

1 A wealth of empiricalfield observations in North America is now available that
should help to improvehe understanding of the physics controlling fracture
propagation.

1 Modelling scenarios are required on European shale using well constrained
approaches demonstrated in the tediStates to predict the behaviour of European
shale plays.
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| NDUCEEDDRBWSNATURAL FRACTURES

This chapter examines the iMaay of the preexisting fracture network found in
natural shale units and the induced hydrofractures created dwmingulic facturing.

As introducedin Chapter5, one of thelimitations of fracture propagation theory is that

it does not always take into account tieural fractures found in shale formations at a
range of scaledhese features maytags conduits for the hydraulic fracturing fluid, or
stress perturbations that influence the fracture propagation direction. Whether fracture
interplay results in fluid loss or influence fracture propagation direction, knowledge of
inducedversusnatural factures is vitally important.

In terms of shale gas exploration, the interplay of induced and natural fractures is
desired as it leads to a complex fracture network that promotes gas extraction. In terms
of regulation, knowledge of the interplay of natuand induced fractures is vital in
order toensure the shale unit is not breached, whigfpht lead to leakage of hydraulic
fracture fluid.

Hydraulic fracturing in shale gas reservoirs has often resulted in complex fracture
network growth, due to proniag the propagation and connection of natural fractures,
as evidenced by microseismic monitoringiu( et al, 2015) It has been studied
extensively by resarchers from different aspect&ale et al. (2007) studied the
importance of natural fracturesh dwydraulic fracture treatment&hao et al. (2012)
presented new insight into fracture network generation in reopenimglgpage of
natural fracturesyu et al. (2014) performed a sensitivity study of gas production for a
shale gas well with different geetries of multiple transverse hydrauiiactures;and
Olsonet al. (2009) and Rahma& Rahman(2013) investigated fracture propagation
behaviour in te presence of natural fractures

Natural fractures

The natural fractures inshalecan be defined by their geometric properties (e.g. width,
length, spatial distribution, orientation), fluid properties (e.g. porosity, permeability) and
their physical properties (e.g. fracture fill and fracture roughn&sycribing all of
these propers by using borehole data aloisevery difficult, thereforeobservations
from wellsareoften combined with field observatiorGaleet al. (2014) conductecan
extensive field and borehole study of the natural fractures in many afhtie gas
proneshde units in North America. Their approach wascmmpare and contrast the
properties of théracturesand look for correlations between the shale formations.

The mostcommon natural fractur@aleet al. (2014) desribe are sulvertical andhave
formed perpendicular to the bedding plasemewere seen at 70 80° to the bedding
plane. These fractures often termimhtggainst bedding layers or intersattother
structures within the shale. Much of this datane from coreso Galeet al. (2014)
describe the fractures in terms of the number of vertical fractures pétr (BID5m)of
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vertical core; this number varies from 7 to 160 per 10Dffracture per 0.2 to 4.4
metre3. In some cases correlation was observed betwdegh fracture denty and
mineralogy;for example the Forestburg Limestonedtzvery high carbonate content

and a high fracture density, whereas the Marcellus Shale has a high clay aadint

low fracture densityZenget al. (2013) measuck fracture density in the Lomgaxi

Shale Formation in China afoundthat fracture density positively correldtwith total
organic carbon TOC), however for the Niutitang Shale fracture density negatively
correlatedZenget al. (2013)arguethe Longmaxi shale has a positive corrielatwith

TOC due to the thermal evolution of organic acids which have dissolved carbonate and
feldspar, which has increased the porosity and also the susceptibility to fracture under
external forcesZeng et al. (2013) suggestthat mineralogy, such as brittle mineral
content, acts as the predominant control on fractuifingcture density will also be
controlled by largescale tectonic structures/hich areareas of high deformatiorior
instancefolds and thrusts are more lliggo have a higher fracture density (Zesigal,

2013).

Galeet al. (2014) report thathte fracture aperture of tlwbservedsubvertical fractures
ranged from 30um to 10 cm, however the large majority of these fractures were
between 3Qum and 1 mm. Fahermore, the fracture heights et from <1 cm to 1.8
metres. It has to be noted that these lengths were recorded from core and that the
fractures may have extended furthiglany of the subvertical fracturesvererecorded

in detait however as theywere measured from narrotore core it was not always
possible toanalysethe fracture tips to examirtbe mechanisms that arrested fracture
propagain.

Zeng et al. (2013) reported observations on natural fractures in core material from
China. Only 2.5 % of the fracture terminatedabruptly by stratigraphy, 26.%6
gradually tapered to a stoghile 71 % of the fractures ended off the cofderefore of

the fracture tips that could be observed 8.6 % terminated abruptly by stratigraphy, while
91.4 % graduayl tapered. Ferriét al. (2014) conclude that bestale compositional and
textural variations in the Eagle Ford shale led to contrasting mechanical behaviour with
regards to fracture propagation and length.

As described aboyemany of thegas producing shle formations in North America
contain subvertical fracturesTo form a highly conductive natural fracture network
these fractures must be connectédle et al. (2014) also describe a set of fractures
parallel to beddingalthoughthese are not ubiquibs in all of their studiedshale
formations These bedding parallel fracturegreup to 15cm wide and exteret! for
tens of metres laterally (Rodrigue®t al, 2009). The fracture density of these bed
parallel fractures vad significantly throughout theame formationfor example the
Vaco-Muerta Formation in Argentina contaahjust one begparallel fracture at outcrop
scale at ondocation, whereasat anotheroutcrop of similar size 100 begarallel
fractures were described with thicknesses updmb

Many of the fracturedothbed parallel and subertical described bysaleet al. (2014)
were filled with calcite cement. Cemented fractures and fgilsevidence for fluid
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flow within therock, this may have occurred during diagenesidwinganother part of

the burial history. The most common cement to have been described is a fibrous calcite
cement, although quartz filled fractureswere also observed (Galet al, 2007,
Montgomery & Jarvie2005). In the Barnett Shale, Gaeal. (2007) andViontgomery

et al. (2005) state that all swNertical fracturesvere calcite filled.Montgomeryet al.
(2005) believe that the calcite filled cements are a barrier to fluid flow. Honeeaés

et al. (2007) oppose this as thsetatethe low tensile strengtbf the cement and the fact
that it is not in crystallographic continuity with the fracture walls means that it will be
re-activated and therefore not a barrier to fluid flow (Zeh@l. 2013). Gale& Holder
(2008) showed that calcite filled fracturkawe half the strength ahtact rock They

also showdthat quartz filled fractures in the Woodford shale are stronger than the host
rock. Zenget al. (2013) describe natural fractures in Niutang and Longmaxi $fwate

core materialin China They state thtaa high density of natural fractures will be
beneficial to the hydraulic fracturing process even if filled with calcite cement, resulting
in an increase of gas flow to the well.

The limited research summarized above shows that vertical fractures afgvdeyisity
predominate in shale formations. Beddayallel fractures may also be present, but are
not ubiquitous. The scale of the fracturing is variable, as is the mineralogy of cement
infill. In certain cases this mineral infill can strengthen the hosk, whereas in others

it is a mechanical weaknesEhere is evidence that geomechanical variations between
facies within a shale formation can result in fracture arrest, although this is not the only
mechanism that results in fracture terminatitbris vital that similar comparisons are
made with shalgas prone formation in Europe to describe the expected natural fracture
population.

Interaction of natural and induced fractures

The benefitsor not, of a natural fracture network for the hydraulic fracturing process
are an area of current research and debateil et al. (2014) state that natural fractures
can act to compartmentalise fluid pressure during the hydraulic fracturing process. This
may result in the injected fracturing fluid flomg through thenatural fracture network,
resulting in thepressurizedluid being dispersed over a larger atbas reducingluid
pressurdleak-off). This mayresult influid pressure reduieg below the tensilstrength

of the shalearresting hydraulic fracturepropagation However, the injection of a
pressurizedluid into a naturally fracturedrolume may result in the reactivation of
fracturesif calcite cement is sufficiently weak. Thiould potentially resut in an
increase in flow of hydrocarborthroughthe natural fractuek networktowards the
well.

Zhaoet al. (2012) and Galeet al. (2007) have proposed aheory of hownatural and
hydraulic fractures may interact. When the initial hydraulic fracture from the well
intersects a natural fracture, it will form two left and right branches. These branches will
propagate along the natural fracture, until they reach the dmcit twhich point they

wi || change direction and pr og asgshowwein i n
Figure9. This process can continue urttie fluid pressure within the fractures is less
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t h asnlf alshale formation has a complex natural fracture network, the injection of
hydraulic fluid is Ilikely to only déacti
complex network of fractures.
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Figure9 i Representation of the interaction of natural and induced hydrofractures in
shale gasperations

Microfractures

At a smaller scale to the natural fractures discussed above, microfragitmesshale
formations may play an important role in fracture propagation. Locknet. (1992)
showed that before a rock fails there is an increase in microcracks which coalesce to
form a larger failure plane; therefore meaning a high abundance adansicks may

mean that it is easier for a failure plane to develop during the hydraulic fracturing
process. Pitmaret al. (2001) showed begarallel microfractures in the dolomitic
siltstone of the Bakken Formation and Capuano (1993) found microfractures in
Oligocene Frio Formation shale.

Microfractures form due to the actual splitting apart of the rock fabric in the direction of
least resistance, i.e. perpendicular to the minimursitin stress direction or least
principal stress. Since shalean be descibed asa multi-phase and muklscale
sedimentary rock mainly composed of clay platelets surrounding inclusions of other,
stiffer minerals €.g. quartz, calciteand/or pyrite) or more compliant organic phases
(kerogen), local density contrasts are vekglly to occur. In fact, microfracturing may

be the rule rather than the exception (Vernik, 1993, 1994; Vé&rriku, 1997; Lash&
Engelder, 2005; Padiet al, 2014). It could arise from the internal production of fluids
by the organic matter decay or tehydration of clays (shrinkage processes); in that
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case, microfractures are expected to be predominantly parallel to the bedding plane (e.g.
Harrington & Horseman 1999; Kelleret al, 2011; Jiuet al, 2013). Several studies

have demonstrated that miaradture populationsorrelate to the shale conteftbrittle
minerals such agjuartz, calcite, dolomite, and/or feldsggarg. Nelson, 208 Hill et al

2002; Nieet al, 2009 ; Li, 2009; Dinget al, 2012; Zeng, 2013)The presence of
microfracturesmostly relies on the combination of many factors through the shale
history.

It has been observed that the finer the grain size, the more conducive the shale matrix
will be to fracture development, providing shales with similar mineral compositions
(Zeng& Xiao, 1999; Liet al, 2009). However, if natural fractures are known to have a
positive impact on the permeability of a shale formation (e.g. Decker, 1992eGale
2007, 2014; Dinget al, 2012; Zenget al, 2013), the role of microfractures onash
permeability seems tcebmore complex. Padet al.(2014) argue that the microfracture
network also astas permeable patlays when fluid pressure is increased, Zengl.
(2013) argue that it will also be extremelyunfavourableto the preservation fo
hydrocarbos. After microfracture formation, fluid flow may occur allowing the
precipitation of mineralswhich may seathem;fully filled (micro)fractures will act as
fluid barriess (Warpinski& Teufel 1987).

Galeet al. (2014) hypothesize a powenWw relationshigfor fracture width and length

using data from the Marcellus Shale and Austin CHalkis power law is extrapolated

into the microfracture domain, the average spacing for fractures would be
approximately 0.1 to 1nThus the paucity aficrofracture data may be due to tbe
probability of microfractures being captured in coresamples The presence of
microfractures in shale formatioasd their influence on hydraulic fracture propagation

is poorly understood antepresents a gap in ugrdtanding.Moreover, since elastic
properties evolve with the scale and damage, any upscaling procedure is challenging
despite the crucial contribution of microfractures to the fracture formation.

Conclusions on induced veatural fractures

Natural fractires and microfractures may represent planes of weakness within natural
shale formations. It is likely that the density and orientation of these features will
influence fracture propagation. Thus, theeraction between natural fractures and
hydraulic fractures is a key area of researblatural fracturing will be controlled by
current and historical tectonic stresses and mineralogy. Mineral infill of geological
fractures also has a control on whether natural fractures influence hydraulic fractures or
not. Therefore an increase in knowledge of natural fraqgiuopertiesthe stress regime

the role of mineralogy, and the interaction of natural and induced hydrofractures is
required to better understand fhatentialstimulated reservoir volume.

Knowledgegaps and recommendations

This chapter has described the state of understanding ahtdraction of induced
hydraulic fractures and the natural fracture/microfracture network within shiaée.
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following statements on our current knowledge, knowledge gagsecommendations
can be made:

T

In order to predict the influence of natural fracture populations on hydraulic fracture
propagation it is vital to understand the natural fractures. Limited studies have been
conducted on natural fractures at depth and tbEesents a clear gap in our
understanding.

Discontinuities occur on a range of scales, from microfractures through to regional
scale faults. The influence of these features on hydraulic fracture propagation needs
to be better understood.

The presence ahicrofractures in shale formations and their influence on hydraulic
fracture propagation is poorly understood and represents a gap in our understanding.

Generally, vertical fractures of varying density predominate in shale formations.
Beddingparallel fractures may also be present, but are not ubiquitous. Therefore a
better understanding of the full thrdenensional orientation of fracture sets and the
influence this has on fracture propagation and arrest is required.

Mineral infill within fractures may et to either strengthen or mechanically weaken
the host rock. A full assessment of the role mineralised fracture fill has on
mechanical strength is needed.

Fracture population studies need to be conducted for European shale plays and these
need to bearefully assessed basen North American experiences.

The full 3-dimensional description of natural and hydraulically induced fractures is
required. This needs to include data on fracture roughness/topology, aperture,
length, and extent.

Numerical model®f fracture propagation need to take into account shear movement
that occurs along natural fractures when they are reactivated during stimulation.
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This chapter discuss the knowledge of drilling engineering and revietue
understanding of how drilling operations can influence the pattern and extent of
hydraulic fractures. This chapter will draw on the operational considerations introduced
in Chapter2 and the theory introduced in all chapters.

Hydrofractured zone extension

The hydrofracture zone is simply tlggossvolume of rock at depth thatontains
fractures generatelly the hydraulic fracture stimulation. ghale gas operator will
begin by designing a hydrofracture zone based on a given numerical model, or based
upon local experience. The zone will be dependerparameters including hydraulic
fracture volume and pressurization rateThe early stage of hydraulic aftture
stimulation(i.e. during the first few stages of hydraulic stimulatianll be aimed at
validating and/or calibrating the hydrofracture zone mode&is can be done using
micro-seismic analysis or tilt metfor direct traces; or indirectly usimgessure build
up, production tests or interference te@tsheret al, 2004; Fixet al, 1991; King,
2012; King & Leonard 2011; Woodroofet al, 2003) Considerable understanding can
also be obtained fromnalysis oftore recovered from drilling.

Considerable understanding of the hydrofracture zone has come from microseismic
monitoring. Excellent signal strength and high amplitude microseismicéty led to
increased precision with respect to the event locat{®etring & Williams-Stroud,
2012).Microseismic mapping demonstrates that an interconnected fracture network of
moderate conductivity with a relatively small spacing between fractures is achievable
by hydraulic fracturing (Warpinslat al, 20). The subsequent production from these
reservars supports both the modelling and the mapping

Maxwell et al. (2011) present results from microseismic measurements integrated with
seismic reservoir characterization and injection data to investigate variability in the
hydraulic fracture response bewwethree horizontal wells in the Montney shale in NE
British Columbia, CanadaJicroseismic events occurred from 200 t@0d0 m away
from the point of injection (source sitd) was observed that hydraulic fractures tended
to be asymmetric and grew predatially towards the low Poisson's ratio region of the
shale unit. This is attributed toaterial property changes and associated lower stresses
in these regions.

Since the start of injection of brine into a single deep injection well in 1991 in Paradox
Valley, Colorado, earthquakes have been repeatedly induced éYetdk 2015). The
induced seismicity separates into two distinct source zones: a principle z85&o(of

the events) asymmetrically surrounding the injection well to a maximum radialalsta

of D3 km, and a secondary, ellipsoidal zom¥.5 km long and centere@8 km
northwest of the injection well. Within the principal zone, hypocenters align in distinct
linear patterns, showing -depth stratigraphy and the local Wray Mesa fracture and

D1.1 Review of hydraulic fracturing Copyright © M4ShaelGas Consortium 2015-2017



7.2

Page 55

Mea 5, M ng, Mitigatin N
Maraging the ronmental

fault system. The primary faults of the Wray Mesa system are aseismic, striking
subparallel to the inferred maximum principal stress direction, with one or more faults,
probably acting as fluid conduits to the secondary seismic zone. Individual seismic
events in both zones do not discernibly correlate with stesrh injection parameters;
however, a 0.5 kimregion immediately northwest of the injection well responds to
long-term, largescale changes in injection rate and the surpassing of a threshold
injection pressure. In addition, the fault planes are consistent with principal stress
directions determined from borehole breakouts (Yetckl. 2015). This illustrates the
complex response of a naturally fractured geological unit to changes in reservoir
pressue.

Hydraulic fracture fluid

Hydraulic fracture fluid plays a vital role in the formation of hydraulic fractures. Fisher
et al. (2004) examined microseismic monitoring results and found that hydraulic
fractures propagate in both horizontal and verticadatiors in complex pattersirather

than single symmetric pattexriThey also noted that a larger volume of fracturing fluid
leads to a wider area swept by microseismic events and a higher gaSlyielsliggests

that a limit can be imposed on fractureopagation based on the volume of fluid
injected. It may be theoretically possible to create a pressure that could overcome
geological stresses so that a fracture could grow vertically to shallow depths or even the
surface. However, this is not feasilgrectical. During fluid injection a certain amount

of leakoff is experienced, this is caused by fluid flowimgo the shale gas uniir
entemng natural fracturegnd is pressure dependent. Different shale types will result in
variations in leajoff. In order to create such an enormous hydraulic pressure that a
fracture would propagate significant distances there would become a point where
injection rate would equal leadff and therefore the fracture could simply not grow any
further (King 201Q Fisher& Warpinskj 2012;Mair et al, 20139.

Flewelling et al. (2013) performed a fracture height study based on a simple energy
balance. In order to hydraulically fracture shale, energy is needed to (1) counteract the

least principal stress; (2) displaaed operthe walls of the fracture; (3) propagate the

fractureat the fracture tip; and (4) counteract energy dissipation due to fluid viscosity

and leak-off of fluid pressure Flewelling et al. compared endnember situations for

given pore fluid pressuré oungés modul us, and fracture a
1,754 individual shale gas and tight rock conventional wells. This showedhgat

maximum fracture height is linked to the volume of the hydraulic fluid injected. All
microseismic data shadthe maximum observed fracture length was @&0étres, with

the majority of heights much less than this.

King (2012) discussed lea¥f and its role on arresting fracture growth. The rate of
leakoff was seen taorrelatewith the maximum fracturing network psible in the
formation. The formation contact area that the fracturing fluid creates is normally very
large and is about 10,000 to 100,000 im a densely, naturally fractured shale well
This volume usually has a total extent of 30 metres away frometlieone.
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The observations above suggest that the extent of fracturing is strongly correlated with
the volume of hydraulic fracturing fluid injected. Therefdhes suggests that maximum
fracture heights can be controlled by the volume of fluid used.

Pressurizationrate

As stated above (Sectigh?) the rate of fluid pressurization has a theoretical maximum
related to the leakff rate of the geological formation. This suggests that fluid
pressurization rate has a role in hydraulictinee formation.

Zhaoet al. (2012) present a theoretical study of pressurization rate on the interaction
between induced and natural fracturésey discuss the linkage of natural fractures at
their tips during hydraulic stimulation to create a fractuesim This research suggests
that a critical pump pressurization rate is required to form an intensive fracture mesh.
This critical pump rate varies as the angle between the natural fractures and the
stimulated fractures varies; with a minimum achieved #tural fractures are
perpendicular to the well. The critical pump rate is also dependent on the natural
fracture length and the elastic properties of the shale. Whilst this research is purely
theoretical, it suggests that the formation of a adellelopednter-connected fracture
network during hydraulic stimulation is dependent on phhessurizatiorrate of the
fracture fluid.

Bing et al. (2014 present results from a laboratostudy simulating hydraulic
fracturing down a scaled borehole in a cubic sangflshale. The experimental study
simulated field injection rates of between 9 and 18mim. It was observed that
difficulty occurred in generating hydraulic fractures at low injection rates. At the
highest injection rates the formed fractures were morplex, but did not necessarily
result in a greater volume of the rock being fractured. The highest pressurization rate
leads to pressure builab, which results in greater energy loss and insufficient time for
filtration to reduce the strength of the EhaVariable injection rates were seen to
increase the likelihood of interaction between induced fractures and the naturally
occurring fracture network. Generally a high injection rate is required to maintain open
propagation of fractures and to ensureytremain open. This experimental study
showed that an injection rate of 1G/min and a viscosity of 10 mPa.s are optimal if
using constant rate pressurizatitinshould be noted that there is a maximum rate that
the fluid can be pumped; this is dependentthe power of pump trucks and the
diameter and length of the well.

Hydraulic fracture design

Considerable effort has been afforded in recent years to improving the efficiency of
hydraulic fracturing and to improve gas extraction from shBhés section discues
advanced hydraulic fracturing techniques.

The Texas twestep method (East al, 2010) is a hydraulic fracturing method that has
been developed to take advantage of changes in minimum horizontal stress in response
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to fracture spacing aa result of stimulation in horizontal wells. The method is an
alternating stimulation method, after creating the first and second interval a third is
conducted between the first two. Each hydrastimulationalters the local stress field.

Any change instimulationsequence alters the stress in the area between fractures and
activates the stresslieved discontinuities. Thiscan create a complex network of
fractures connected to the main hydraulic fractures (Refiag 2012). The Texas two

step useghe stress shadow from the previous fracturing treatment to increase the
likelihood of transverse fractures forming. This method results in a complex network of
conductive fractures close to the walith a high fracture surface area. Controlling
hydraulicfluid volumes means that only the local radass to the well is stimulated.
This generates good gas yield with a reduced risk of hydraulic fractures propagating
vertically through the shale sequence.

T

T
T

a I b c

Figurel01 Shalecompleton schemes using dual boreholes: a) simultaneous hydraulic
fracturing; b) sequential hydraulic fracturing (zipfexc); c) Modified zippeffrac. Re
drawn from Nageét al, 2013.

Waterset al. (2009) introduce the concept of simultaneous fracturing, in which two
parallel horizontal wells are stimulated simultaneously. The stress perturbation created
by simultaneously hydraulically fracturing in two boreholes results in the promotion of
fractures propagating between the wells. When hydraulic fracturing intervals are
directly opposite one another in the well, the technique is referred to as aligned
fracturing, simultaneous fracturing or sirFftdc (Figurel0a). A modification to this
technique is the zippdrac where the sequence of simultaneous hydraulic fracturing is
shown inFigurel0b. This has been further developed into the modified zifrper

where a staggered pattern of stimulation occurs, as showigumelOc. All of thee
techniqgues exploit the stress distribution around fractures and create a more complex
fracture pattern (Rafieet al, 2012). In simufrac, when the opposite fractures
propagate toward each other, a degree of interference occurs between the tips of the
fractures and forces the fractures to propagate perpendicular to the direction of the

b N NN
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horizontal wellbore. Whilst the modified zippEac technique relies on stress
interference caused by the middle fracture initiated from the other lateral.

Rafieeet al (2012) proposed and modelled the modified zigpser technique. They
showed that the technique creates a more complex fracture network without the
operational issues observed in the other simultaneous hydraulic fracturing techniques.
The complexity of he formed fractures is dependent on the spacing between the two
parallel boreholes, with spacing expected to be between 150 and 300 metres. This
modelling exercise showed that the stress interference between fractures can create an
effectivestimulatedreservoir volume to enhance hydrocarbon production.

The examples introduced show that the use of dual boreholes has the potential to
increase hydrocarbon return. A-pyoduct of this is a complex fracture development in

a restricted volume that occurs predoamtly between the stimulatedeWs; thus
containing the exterdf the stimulated reservoir volume. However, the use of two wells
increases costs and is generally used where an economic return is expected.

The role of proppants and additives

As introduced in SectioB.6, fracturing fluid normally consists of water with a range of
additives to assist in the fracturing process and to aserehe life of downhole
infrastructure. Cuadrilla Resources Limited state that in the UK less than 0.05 % of the
fracturing fluid is made up of chemical additives (Stamford & Azapagic, 2014). King
(2012) states that friction reducer and biocide constifiéemost common additives
representing about 0.025% and 0.4W065% of the total volume respectively. As shown

in Error! Reference source not found, between 3 and 13 types diemical additives

are used in different mixtures depending on specific well conditions. Also added to the
fracturing fluid is proppants, with the primary function of propping open hydraulic
fractures once they have formed. These are made opusitresigant solid materiad,
commonly sand, but also ceramic beadljminium beads and sintered bauxite.
Proppants remain suspended in the fracturing water with the aid of thickening agents.
Generally, proppants constitute 1110 % of the total fracture fluid volume. The
thickeners, also called gelling agents or solidifiers, are chemicals used to increase the
water s Vvi scosi thigkenerBguarginmo st ¢ ommon

While there hae been several studies looking at proppants and additives, liasrbeen

limited research into the role of additives ardppantoon hydraulic fracture formation
andthe extent of the stimulated reservoir volume. Fluid viscosity is one factor that is
used in predicting hydraulic fracture&s introduced above, Flelliag et al. (2013)

state that energy is needed to counteract energy dissipation due to fluid viscosity and
leak-off of fluid pressure during hydraulic fracturing of shale. The permeability of the
host shale unit is also going to be viscosity dependenthwtill dictate fluid leakoff.
Therefore additives will play a role in the extent of hydraulic fracturing. The lack of
open literature on the role of additives on fracture propagation is seen as a gap in current
knowledge.
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Geological considerations

Chapter3hi ghl i ghted that the term fAshal ed cove
have a large contrast in physical properties. Havens (204 #)stance, shows that the

Bakken Formation has a wide range of elastic properties and has strong anisotropy.
Hawkes (2015) showed variation in tensile strength with facies of the Bakken
Formation, with averages for each of the 9 identified facies mgrigi tensile strength

from 6 to 16 MPaThe uniaxial strengtbf BowlandShale in the Ukhas been shown to

range from 62 91 MPa (de Pater & Baisch, 201Hence, considerable variability is

seen within a geological sequence of shale.

Theory states thatydraulic fractures will grow in the direction of maximum stress.
Field experience has shown that fractures tend to propagate upward until contact is
made with a rock of different structure, textuoe strength which stops the fracture
growth (King, 2012 Fisher & Warpinski (2011) observe heigjtowth limiting
mechanisms controlled by geological structure, with a mikarfzontaland vertical
fractures created below a critical depth. Katgal. (2008) report height limitingf 15 to

30 metres in the Barnettwell, even though no obvious immediate rock strata barriers
were identified. However, it could be argued that some form of discontinuity was
present.

The observation that horizontal fractures can predominate during hydraulic fracturing
shows that gology plays a large role in dictating the propagation of fractures. This
means that experience can be used to ensure the correct units are hydraulically
stimulated if there are any risks associated with upward migration of hydraulic
fractures. Selectingaties that are weak within a shale formation will result in
lithologically bound fractures that are not able to migrate into stronger bounding units.

Knowledge gaps and recommendations

This chapter has described the state of understanding otathieol that drilling
engineers have on the extent of tpeopagation of hydraulic fractures during
stimulation. The following statements on current knowledge, knowledge gaps and
recommendations can be made:

1 The use of microseismic monitoring has increlabe knowledge of the extent
of the stimulatedreservoirvolume. This has allowed model predictions to be
calibrated and refined. However, numerical models have been limitdgkimn
ability to fully describe hydraulic fracturing ioertain settings suggeng the
full physics of the system is not encapsulated within the modelling approaches.

1 The full complexity of the formed fracture network is not fully understood. A
means of determining fracture densatyd otheffracture properties is needed.

1 Hydraulc fracture fluid volume plays a role on the full extent of hydraulic
fractures. While the processes governing the role of fluid volume are
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understood, a means of predicting fracture propagation lengths is not yet
available.

1 The process of leaéff needsto be better understood in order to better predict
fracture lengthsThis includes the role of prexisting fractures on leadff and
the role of the permeability of the shale.

1 The role of hydraulic fracture fluid pressurization rate is acknowledged.
However, a full understanding of this has yebe achieved.

1 Advanced hydraulic fracturing design has been proposed. The full consequence
of these strategies has yet to be realized. Complex, controlled fracture networks
are theoretically possible; these ndede properly tested in the field to refine
drilling engineering.

1 Proppants and additives act to alter the viscosity of the hydraulic fluid. The full
impact of this on fracture propagation and networks has yet to be achieved.

1 Considerable variation in physical properties of shale facies results in
lithologically bound fracture networks. This needs to be tested on European
shale units.
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CONCLUSIEONKNOWLEDGE GAPS

It is clear that there is considerable understanding ofritiation, propagation and
arrest of hydraulic fracturing due to the downhole technologies employed during
stimulation and exploitation. However, this knowledge is incomplete and a number of
unknowns still exist. This is in part due to the depth thatdydr fracturing occurs and

the difficulty of acquiring information on the process at such depths.

One limitation of the understanding comes from thmost significantsource of
information. The literature is dominated by examples of North American gjaale
operationsDepending on the source of the estimate, between 50,000 and 100,000 wells
have been drilled for shale gas/oil in North America; for instance 8)84lls have

been drilled in Pennsylvania alone by the end of 2014. This compares with ve acti
shale gaproductionwells in Europe and less than 100 exploration boreholes drilled to
assesshe European shale gassource Research is needed as to the differences seen
between the major North American shale gas formations (such as the Marcellus,
Woodford, Haynesville, Barnett, Mancos, Bakken, New Albang others and the
potential European shale gas plays (such as Alum (SE, DK), Baltic, Podlasie (PL),
Lublia (PL), Dneipe (UA), Ponnoniafiransylvanian (SK, AT, HU, HR, BA, RS),
CarpathiarBalkanian (RO), Saxony (DE), France Southeast (FR), Paris (FR), North
Seai German basin (DE), Bowland.ias, Oxford, Corallian, Kimmeridge, Gullane,
West Lothian Oil Shale, Lower Limestone, Limestone C@#), Lusitanian (PT),
Cantabrian (ES)). Geologically theage clear differences between the basins tibat
theseshales and it cannot be assumed that hydraulic fracturing will have the same
consequences dhe different rocks iboth continentsThe main differences that might
occur between all prospective #hagas plays is thickness of high TOC facies,
mineralogy of individual facies, relative tensile strength and elastic properties of facies,
degree of natural fracturing, amdsitu stress state.

A gap in the understanding results from the general lacket{fpreserved core material

from depth that has been obtained by pressaring to maintain the stress state of the
samples. This also reduces the effects of drying, chemical, and biological degradation
and is vital in order to compare datasets from game shale gas play, or between
different shale gas plays. Numerous experimental studies have been conducted on core
material that has not been preserved and in some cases has {olegimgifor decades.

This will influence experimental results and isr#fere undesirable. Comparison of
experimental studies is also made difficult by thek of disclosure oexperimental
protocolsused by different workerd.ittle research has been conducted on quantifying
tensile and/or hydraulic fracturing properties thre laboratory or on the effect of
perforation on the mechanical properties of shale. It is clear that mineralogy plays a
major control on the initiation of fractures in shale. More research is required in order to

® Source: Pennsylvania Defiment of Environmental Protection, quoted at
http://geology.com/articles/marcelksfiale.shtml
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quantify the influence of different mire@ constituents on the overall mechanical
properties. A better understanding of where and how fractures are initiated is also
required.

Shale is a highly variable and heterogeneous material. Both variability and
heterogeneity need to be better understmadiincorporated into numerical models. The
drilling of a deviated well creates a complex stress field. The complexity of stress can
be described for a perfectly elastic medium, the complexity of shale variability and
anisotropy need to be incorporated that a better understanding of where fracture
initiation is likely to occur.

Many numerical approaches exist; modelling should work towards a unified approach
of describing fracture propagation in shalumerical models tend to overedict the

length of hydraulic fractures that are form€&airrentunderstanding of fracture arrest in

a complex geological unit, such as shale, needs to improve to numerically represent the
hydraulic fracturing proces&xpermental observations are needed on fracture
propagation in a complex, layered shale in order to identify the controls of fracture
deviation and/or arrest. Shale does not behave as a perfect elastic medium and as a
result numerical models need to incorpertite full thermehydro-mechanicathemical
coupledbehaviour of the rock. Many studies have been conducted that consider shale as
a uniform, homogenous, elastic material. Whilst complexity is difficult to incorporate
within numerical models, representatighysics is required with good ground truth field
data.

Natural fractures and microfracturesy represent planes of weakness within natural
shale formations. It is likely that the density and orientation of these features will
influence fracture propagation. Thus, the interaction between natural fractures and
hydraulic fractures is a key area m&search. Natural fracturing will be controlled by
current and historical tectonic stresses and mineralogy. Mineral infill of geological
fractures also has a control on whether natural fractures influence hydraulic fractures or
not. Therefore an increageknowledge of natural fracture properties, the stress regime,
the role of mineralogy, and the interaction of natural and induced hydrofractures is
required to better understand the stimulated reservoir volume. Vertical fractures of
varying density predomate in shale formations. Beddhpgrallel fractures may also be
present, but are not ubiquitous. The scale of the fracturing is variable, as is the
mineralogy of cement infill. In certain cases this mineral infill can strengthen the host
rock, whereas imthers it is a mechanical weakness. The presence of microfractures in
shale formations and their influence on hydraulic fracture propagation is poorly
understood and represents a gap in understanding. It is vital that similar observations are
made for shi@-gas prone formation in Europe to describe the expected natural fracture
population.

Microseismic monitoring has increased knowledge of the extent oftimelated
reservoirvolume However, the full complexity of the formed fracture network is not
fully understood; for instance, a means of determining fracture density is required.
Microseismic monitoring has allowed model predictions to be calibrated and refined,
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although numerical models have been limitetheir ability to fully describe hydraulic
fracturing in certain settings suggesting the full physics of the system is not
encapsulated within the modelling approaches.

Drilling engineering plays an important role in controlling hydraulic fracturing. The
fracture fluid volume plays a role on thdlfaxtent of hydraulic fractures. While the
processes governing the role of fluid volume are understood, a means of predicting
fracture propagation lengths is not yet available. The process ebfiealso needs to

be better understood in order to predrecture lengths. The role of hydraulic fracture
fluid pressurization rate is acknowledged as contributing to fracture lengths, yet a full
understanding of this has not yet been achieved. Advanced drilling techniques have
been proposed, with the full cauence of these strategies yet to be realized.
Complex, controlled fracture networks are theoretically possible; these need to be
properly tested in the field to refine drilling engineering. The full impact of proppants
and additives on hydraulic fluid s¢osity and subsequent fracture propagation is also
required.

Fisher & Warpinski (2011) highlighthe state of knowledge of the shale gas system.
They state that an understanding of the geology surrounding the target area is needed in
order to estimate éhdirection of fracture propagation. Their concluding remarks clearly
assesshe current state of understanding:

AThe directly measured height growth is
conventional hydraulidracture propagation models because of a nemb

of containment mechani smsé. Some of those
geologic layering, changing material properties, the presence of higher

permeability layers, the presence of natural fractures, formation of
hydraulicfracture networks, and the effecfhigh fluid leako f f . 0

AFractur e physics, formati on mechani ca
depositional environment, and other factors all conspire to limit hydraulic

fracture-height growth, causing the fracture to remain in the nearby

vicinity ofthetargt ed r eservoirs. o

Thus the current state of knowledge is yet to fully predict the extent of hydraulic
fracturing during shale gas operaticarsd the comparisons and contrasts seen between
European and North American shale facies has yet to be fully define
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