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Within the M4ShaleGas project four key gaps in our knowledge related to the potential
environmental risksand impacts of shale gas exploration and exploitation will be
addressed, as identified from consultations with different stakeholders (i.e. public,
regulators, governments and industry). The structure of the M4ShaleGas program is based
on the main areas pbtential impact:

WP1 Subsurface Impact of subsurface activities: Hydraulic fracturing, induced
seismicity and well integrity;

WP2 Surface Impact of surface activities: Water, soil and well site activities;

WP3 Atmosphere and climate Impact on air gality and global climate;

WP4 Society, Public Perceptions of the Environmental Impacts; and

WPS5 Integration, stakeholder engagement and dissemination

1 The current work fits within WP1 Subsurface, specifically in WPIL.the
subsurface impact of hydrauliacturing.

1.3 Introduction to the current study

The initiation of fracturing in geological media is a complex topic that has been studied
in both the field and the laboratory. This topic has been bought to the forefront of research
by the growing demand fdmowledgeof the economical and potential environmental
impacts of hydraulic fracturing inunconventional hydrocarbon exploration (shale
gas/oil)

Many studies have focussed on using data from rseremic monitoring to visualise the
formed fracture nvork (e.g.Calvezet al., 2007; Cipollaet al, 2005; Danielset al.,

2007; Fishert al, 2002; Maxwellet at, 2002; Warpinsket al,1998). These studies
have also been combined with numerical miiaglof the propagation of hydraulic
fractures (e.g. dachiet al, 2007;Dean &Schmidt, 2009; Jet al, 2009; Lecamipn &
Detournay, 2007). A number of different mathematical approaches were taken in these
studies, e.g. finite element modelling or distinct element modelling. Despite the clear need
for thee studies there has so far been a lack of experimental datantom and
benchmarkthese modelsThe complex nature of hydraulic fracturing in shales was
discussed by Cust al (2015), this study also highlighted a number of potential future
researclareas, one of which was how fractures will initiate in shales and clays and how
these fractures will propagate

The currentstudy ained to visualise fracture initiation and propagationbial-milled
Bowland shale anBlaolinite The use of high resolutiamages combined with a high
speed camera providenformation on the controls on fracture initiation. This study is
aimed to complement a parallel experimental programme reported bgtGg2017),
aimed at visualisng the interaction between hydraufractures and bedding ammue
existing fracture networkd he currenttudy builds upon workndertakerby Wiseallet

al. (2015) on fracture visualisation.
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Five main questionare posed in the currestiudy.

1 How do fractures initiate and propagateem injecting gas?

1 How do fractures initiate and propagate when injecting water?

1 Does fabricaffect fracture initiation and propagati®n

1 Canfractures close or seal?

1 At what pressure does hydraulic fracturing occur?
This reportdescribs the full setof experiments caed out on fracture initiatign
including observations made @ parallel studyexamining the #ect that bedding and
pre-existing fractures have on hydraulic fracturing; this is discussed in more detail by
Cusset al. (2017). For a ful discussion bthe implicationf the currenstudyon shale
gas please refer to Cusssal.(2017). Table1l summarises the relationshiptbe reports

produced for WP1.1

Table 1 Summay of the content of the four reports produced as part of WP1.1 of the M4ShaleGas
project

Initiation and Influence of

Literature review | propagation of | bedding and pre- Implications .
Report .. for the shale |Recommendations
hydrofractures | existing fractures .
. . C . . . gas industry

Detailed | Review | Detailed | Review | Detailed | Review
1 Cuss etal., 2015 .
2 Current report .
3 Cussetal., 2017* .
4 Cuss etal,, 2017° . . . . .
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2 EXPERI MENTEAL P

The experimental program performed a total of 62 experiments using two experimental
apparatus; the Fracture Visualization Rig (FVR) and thecDfédear Rig (DSR). The
current report presents the results of 21 of these experiments; 15 using the FVR and 6
using the DSR.

2.1  Fracture Visualization Rig (FVR)

Figure 1 shows the Fracture Visualization Rig (FVR),us®d in previous studies (e.g.
Wiseall et al, 2015). The apparatus was designed and manufactured by the Transport
Properties Research Laboratory at tm#igh GeologicalSurvey. The FVR consists of a

150 mm diameter, 50 mm thick fused silica glass windeld rigidly in place by a 230

mm diameter steel collar, resulting in a 110 mm diameter viewing window. Twelve
torqued bolts hold the collar to a 250 mm diameter steel plate and can impose a normal
stress of up to 3 MPa. The bolts are spaced at 30vaideand each is tightened to a
known torque. The thin clay sample is located between the lower steel platen and the glass
window and is held laterally in place by a porous plastic filter. A paper gasket is placed
between the steel collar and the glassdaim in order to protect the silica fused glass.

Vertical stress Vertical stress

Glass viewing
Shale window

paste
NI

Filter

Gas or water injection

a
Figure 1: The Fracture/isualization Rig (FVR)a) schematic of the FVRb) photo of the FVR.

Water or gas was injected into the clay paste/sample at the centre of thel&warerihe
permeant was injected and controlled by a high precision Teledyne 260 syringe

pump which was connected to a geater interface vessel. An injection pressure ranging
from 0.5 to 13 MPa was possible. Although the glass window only hadienomaxating

of approximately 3 MPa, the localised nature of pressurisation meant that injection
pressure could safely exceed the stress rating of the materials used. This had been
modelled to ensure safe operation.

The experiment was recorded visuallgr l§as injection experiments, where gas pathway
propagation was relatively slow, it was possible to record the experiment usifigjisee
photography. For water injection experiments the propagation of hydraulic fractures was

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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very short in duration oncedcture propagation began; of the order of a few seconds. To
record these tests it was necessary to usedpghd photography.

For timelapse, a Nikon D3100 Digital Singleens Reflex (DSLR) camera with Nikkor

AF 60 mm f2.8D Micro lens captured imageemBnvthree seconds. Images were captured

at a resolution of 4608 x 3072, with the tHa@se controlled from a PC running
digiCamControl v2. All images were recorded as JPEG. High speed photography was
recorded using an fps1000HE®6 camera supplied by th&low Motion Camera
Company Ltd. This could record images of a resolution of 1280 x 720 at 1000 frames per
second (fps). The light requirements at 1000 fps meant that 3 Diall rechargeable 10W
LED work lights were required. It was necessary to select reeablg lighting as AC
flicker is apparent in images recorded at 1000 fps. All images were recorded in a RAW
format. All images, whether tirdapse of high speed, were batch processed using Adobe
Lightroom software into optimized grescale to aid fracturelentification.

2.2  Direct Shear Rig (DSR)

Hydraulic fracture experiments were conducted using the Direct Shear Rig (DSR),
although it has to be noted that the apparatus was not imposing any shear force on the
samples during this study. The apparatus has beed for several studies, including
studies of Opalinus Clay (e.g. Cuss al, 2009; 2011; 2014), CallovOxfordian
Claystone (e.g. Cust al, 2016; 20179, and clay gouge (e.g. Cuss & Harrington, 2016;
Cusset al, 201%; 201&; Satharet al, 2012).

The DSR Figure2, Figure3) comprise six key components:

1. Rigid steel body that had been designed to have a bulk modulus of compressibility
and shear modulus approximigte orders of magnitude greater than the samples
tested, resulting in minimal deformation of the apparatus compared to the test
sample Figure2a);

2. Vertical load system comprising an Enerpac hydraulic ram thatoeatrolled
using a Teledyne/ISCO 260D syringe pump, a rigid loading frame and an upper
thrust block (up to 20 MPa vertical stress, 72 kN force). The Enerpac ram had a
stroke of 105 mmVertical travel of the thrust block was measured by a high
precisionnon-contact capacitance displacement transducer, which had a full range
of £ 0.5 mm and an accuracy of 0.06 piagure2b,c);

3. Shear force actuator comprised of a modified and horizontally mounted
Teledyne/ISCO 50D syringe pump designed to drive shear as slow as 14 microns
a day at a constant rate, or as fast as 0.5 mm per second, along a low friction
bearing. This gives a range of shear strain rate of more than 7 orders of magnitude.
Note: For the current studyedtshear force actuator was not used.

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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Figure 2: The Direct Shear Rigg) complete apparatus; b) the loading frame with normal load
cells at the bottom; c) the normal load ram (yellow).

4. Pore pressure system comprising aetighe/ISCO 500D syringe pump that could
deliver either water or gas up to a pressure of 51.7 MPa. The syringe pump
delivered fluid through a 4 mm diameter injection bore the same length as a 4 mm
hole drilled in to the centre of the sample;

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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5. A stateof-theart custom designed data acquisition system using National
I nstruments LabVI EWE software facilitatdi
of all experimental parameters.

6. A sample assembly. For poempacted samples, a 60 mm x 60 mm x ~50 mm
sample was heldy two stainless steel holdefsidure3a). For samples ohtact
Bowland Shale, a 60 mm diameter and 50 mm length sample was held by two
stainless steel rings, which were in turn held by two stainless steetdolde

Normal load
and load cell

Pore
fluid

ww o9

1
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60 mm >
Plan view of injection port
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r4---
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Pore
fluid
g
— — 3
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Figure 3: Schematic diagram of the Direct Shear Rig apparatus used for the hydrofracture study.

2.3 Tested Material
2.3.1 Bowland Shale

The Bowland Shale is mid Carboniferous in age (Serpukhovian, upper Mississippian) and
accunulated in the Pennine Basin, which underlies much of northern England. Borehole
material of this stratigraphic unit is limited to core that is typically desiccated, sub
sampled and slabbed rendering it unsuitable for many engineering tests. Because of this
it was decided to use a suitable sized block of fresh outcrop material. Due to the low
strength of mugprone units, outcrop is generally restricted to betéanented calcareous
intervals, however they will have been subject to weathering processéeeeidre may

not be fully representative of the material at depth. The Bowland Shale, along with
slightly older Hodder Mudstones, has been identified as the principal shale gas resource

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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in the UK (Andrews, 2013), although there is little exploration datonhfirm the likely
reserve this rock unit may contain. Samples from the upper part of the Bowland Shale
were chosen for this study.

The samples used in originate from the navdstern part of the Pennine Baskigure

4). A suitable outcrop was identified in a small natural stream section at Parlick Hill in

central Lancashire (3346 01 . BH4® 3%,. 7B0W) (Figure 3a). T
in the central part of the Upper Bowland Shale, approximately 10®uedbe base and

65 m below the Tumulites pseudobilinguisyd local ammonoid marker horizon. The

mudstone was deposited in a deep water setting, and is typical of the carimnate

6of fshore mudsdé facies as descrtdbras yofAn:
Konitzeretal (2014) amamerrctaead omwd £t ocehak(@0d7).o0f Henni

Tests presented here were carried out using a gouge material made up of crushed Bowland
Shale. Small blocks of Bowland Shale were 4pailled to form a powdewith a grain

size of 53 um and below.-Ray Diffraction (XRD) analysis was carried out, the results

are presented iable2. This showed the bulk mineralogy comprises 25.7 % silicates,
48% carbonates, 21.9% clayimarals and a minor fraction (4.3 %) of sulphides and
phosphates. The mineralogy of grains under 2 um is dominated by lllite (48%) ard lllite
Smectite (39%), together comprising 87% of the sample.

Table 2: Results of XRD analysisropowder from the samples used in this report.

Mineral (wt%)

Sulphid d
Silicates Carbonates Clay minerals wpnide an
phosphate
K- . . . . . . . .
gquartz feldspar plagioclase | calcite | dolomite | mica | kaolinite | chlorite | pyrite | apatite
24.1 11 <0.5 33.0 155 18.2 3.1 0.6 2.3 2.0
. . . . llite/S tit
Proportion clay minerals in < 2 um fraction (%) ite/ m.ec e Non clays
species
illite chlorite kaolinite Illite/Smectite 80%I Quartz,
: lagiocl
48 4 9 39 R1 plaglociase,
pyrite

2.3.2 Kaolinite

Gouge material for the experiments was prepared from pow&acdaiite, supplied by
Imerys from St Austell (UK). Highley (1984) report thaioliniteis of wellordered form

with coarse hexagonglatelets. The equivalent spherical diameter of the clay grains was
100 % (by weight) less than 10 pm, 95 % less than 2 pm, and 85 % less than 1 pum.
Samples were mixed so as to give a gravimetric water contentlof(8dlowing Sathar

et al.,2012)

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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Figure 4: (a) photo showing samples being taken from stream bed at Parlick Hill, (b) thickness
map of the Bowland shale in the North of England, the star shows the location of the Pennine

Basin. After Andrews (2013).
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2.4  Sample peparation

This section outlines the four different samplesparedclay paste, thin clay disks, cubic
pre-compacted samples, rock samples.
2.4.1 Clay paste samples

Clay pastes were created for use in the Fracture Visualisation Rig (FVR) by mixing
known quanties of clay powder with denised waterKigure5a). The proportions for

the clay/water mix varied during the study, as summaris@dbie3. For examplginitial
kaolinite samples were created by mixing 2®.1 g of deionised vater with 20+ 0.1 g

clay powder. This quantity was sufficient to create a paste layer that was around 1 mm in
thickness. The water and clay mixture was thoroughly mixed for five minutes until a
consistent paste had been achievi@dyre5b). This was then smeared onto the surface

of the glass of the FVR as evenly in thickness and distribution as possible. The application
of torque to the bolts of the FVilRen created a uniform thickness of gouge.

2.4.2 Thin clay disks

In addition to performindests on pastethe decision wataken to carry out a range of
tests on Inm thick precompacted clay disks. This decision was nmastesting of pastes
may have introdeedafabric into thesamplewhich was influencing fracture propagation.
The parallelstudyon the influence of bedding and peristing fracture networks (Cuss
et al, 2017 also requirec range of sample arrangemeihtst could not be implemented
usingpastes alonand requiregpre-compacted sample€usset al. (2017) specifically
discuss the influence of these analogue fractures on propagation.

The methodology for the making pcempacteatlay disks is shown in Figure Zhe clay

pastes were mixeds shown in Figur2ab to a specified water content as showmable

3. Figure 2c showshe clay pastdeingplaced upon a sheet of polytetrafluoroethylene
(PTFE) that was greased both sides using Supefl utsaufactured by Synco Chemical
Corporation. The addition of Super Lube was found to be necessary to separate the PTFE
from the clayfollowing compressionA second, greased, sheet of PTFE was placed upon
the clay so as to stop the clay from sticking to iktop of the sample former. The former
(Figure5d) was made of stainless steel and was zinc coated and could create samples of
110 mm diameter for use in the FVR. The former was placed within the sample press
(Figure5e), which had the capacity to load the sample up to 90 MPa. However, much
lower loading stresses were employ@&dlfle3). The clay paste was pressed for at least

5 minues, which was sufficient to create a homogenous, 1 mm thick safnpleg5f).

All samples had a 10 mm slot cut into the centre of the sample, this was to simulate
pressurisation being applied along a perforatdaring hydraulic stimulation. The slot
(Figurebg) was cut into the clay disk using a hypodermic syringe of 1 mm diarmater.

slot was filled with silicon dioxide (quartz), which was supplied by Siddazich. This

was necessary to ensure that the slot remained open once vertical stress was applied to
the FVR and sample. All analogue fractures were created in this way. The quartz does not
represent a fracture fill, it merely acts to prop open aegigting weaknss in the pre
compacted clay diskNote that samples that were layered omatoncentridbullseye
arrangement (sefeigure 8) were created from two complete disk samples of clay, one

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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kaolinite and onelerived fromball-milled Bowland Shale. For layered samples, the clay
disk was cut using a sharp craft knife to create a central layer that was 40 mm thick. The
central portion was then swapped between the two prepared disk samples to yield two
layered samples; one Wit central layer of kaolinite and oderived fromball-milled
Bowland ShaleThe bullseye samples were manufactured in a similar manner, with a 50
mm diameter cutter creating circular samples of clay.

Page 12

Figure 5: Summary of sample preparation for the Fracture Visualisation Rig;iahted water

was added téaolinite powder; b) water/clay mixture was thoroughly mixed; c) clay paste was
added to the top of a grease@iFEdisc; d) compaction former; e) salapress; f) final sample

of around 1 mm thickness; g) fracture cut into clay sample using a hypodermic syringe; h) quartz
added t o fs|l oiexdstingbactsréorpearforatione a pr e

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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2.4.3 Cubic pre-compacted samples

Cubic samples were created in a gmway to that described for the thin clay disks.
However, a square former was used, as showigimre6, to create samples that were 60

x 60 x ~50 mm. Much greater quantities of clay paste were used. All sdraglast mm
diameter bore drilled to a depth of 25 mm using a masonry drill. This was to accommodate
the injection bore of the apparativastic was applied to the upper surface of the sample
and injection bore to ensure an adequate seal.

Figure 6: Sample former used to create cubic samples.

2.4.4 Rock samples

Sample preparation of shale, be it borehole or stream derived material, has proved
problematic as it tends to split along bedding planes. Cylindrical samples of Bowland
Shale vere prepared from fresh stredmad samples. A diamond tipped corer was used to
create 60 mm diameter samples from the recovered sarfgyesg7a). The corer was
air-flushedwith gas with vacuum removal of fineas shown irFigure7a throughout to

keep the cutting sections codl.waterflush could not be used due to the swelling clay
content of the Bowland Shale and the risk that water would damage the sample. The ends
of the samplavere machined flat using a lathe, to give parallel surfaces and a completed
sample of 50 mm lengtlrgure7b). At all times during sample preparation the exposure

to air was minimized and the samplésred in vacuurpacked plastic as much as was
practicable.The specimen was accurately measured using a digital micrometer and
weighed. Offcuts from the coring process were weighed and oven dried to obtain an
estimate of moisture content. A 4 mm bore wabBed into the sample using a masonry

drill to a depth of 25 mm to accommodate the injection bore. The speed of drilling was
kept to a minimum so as not to generakeessiveheat that could result ilocalized

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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drying of the sample, or in extreme cagbsymal fracturing. It has to be noted that the
test sample had considerable strength and three masonry drills were required per bore
drilled as the drills soon became blunt.

iy

Figure 7: Cylindrical sample preparation; a) diand tip core cutting; b) finished sample of shale.
Note: image is of Callow@xfordian Claystone.

2.5  Experimental procedures

The experimental programmiegas developedis more test data was acquired. The
complete test history reported here is showFahble3. A total of 21 tests were conducted;

15 using the Fracture Visualisation Rig (FVR) on thin clay digkssing the Direct Shear

Rig (DSR) on precompacted cubic samples, and 2 using the DSR on cylindrical samples
of Bowland Shale.

2.5.1 Clay disk samples in the Fracture Visualisation Rig

Prepared samples were loaded into the Fracture Visualisation Rig and the bolts were
tightened to a set torque to create a stress on the samples. The experiment was performed
as follows

1 The pore pressure system was isolated from the sample by means of a valve and pore
pressure was increased to 3 MPa;

1 The highspeed camera was started;

1 The valve to the sample was opened,;

1 The pore pressure pump was switched to constant flow at a a¢éwefen 200 and
500 ml/hr, up to a maximum pressure of 13 MPa;

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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Table 3: Summary of all testeeportedin thecurrent studyBMBS - ball-milled Bowland Shale.

Test Injec-tion Clay Type of test Sta-ge or Weight of Weight Press | Vertical stress
fluid mixed clay (g) of DI [g) (MPa) {MPa)

M4_bbK Helium Kaolinite | Single clay / 20 16 / 2

. Kaolinite centre 24 12
M4 _jiE Water e — Bullseye E— 21 9 / 2
M4_05K Water Kaolinite | Single clay / 30 12 2 2
M4_09K Water Kaolinite | Single clay / 30 15 1 2
M4_10K Water Kaolinite | Single clay / 24 12 1 1.2
M4_13B Water BMBS Single clay / 31 9 1 2
M4_15B Water BMBS Single clay a/b 31 12 1 2/1.2
M4_21BF Water BMBS Fractures / 31 9 1 1.2
M4_26K3 Water Kaolinite | Cubic / 320 160 / 320
M4_27K3 Water Kaolinite | Cubic / 300 60 / 300
M4_28B3 Water BMBS | Cubic / 320 32 / 320
M4_29B3 Water Kaolinite | Cubic / 300 60 / 300
M4_36K2 Water Kaolinite | Fractures2 / 24 11.5 1 1.2
M4_37HF Water Bowland | DSR Cyl / / / / 1LE
M4_38HF Water Bowland | DSR Cyl / / / / 15
M4_40K Helium Kaolinite | Single clay / 20 16 / 2
M4_41B Helium BMBS Single clay / 28 12 1 1.2
M4_43L Helium KZ?\:EI;G Layered g:: ::js?cliz ;g ig / 1

Kaolinite Middle 24 12

M4_44L Helium BMEBS Layered Outside 31 9 1 1.2
M4_45E Helium K;i:glste Bullseye gj:;;i ;g ig / 1
M4_48BF Helium BMBS Fractured / 31 9 1 1.2

fractures; f) complex fractures (dashed+).

U@ 8

©Q U@
O 0@

Figure 8: Summay of the different tests conducted using the Fracture Visualisation Rig; a) intact
clay; b) simple layers (dashed); c) bullseye arrangement; eé@xiseng fractures; e) square

D1.2 Controls on fracture initiation in shale
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The experiment was continued utyldrofracture occurred, specifically until the fracture

had propagated to the edge of the sample a
througho. It has to be noted that some test
be noted that somesdts reached hydrofracture after the memory of the high speed camera

had been filled. Therefore, it was necessary to observe the tests and make detailed notes

of the growth of fractures.

Figure8 summarises thearious sample arrangements used in the fracture visualisation
test programme. These arrangements were predominantly designed for the parallel study
carried out by Cusst al (2017). However, the observations in these tests also suited the
needs of th curenttest programme and therefore several tests overlapped both studies.

2.5.2 Cubic samples in the Direct Shear Rig

The Fracture Visualisation Rig allows direct observation of hydrofracture, but is a
constrained,2-dimensional sample. In order to -gpale reslts it was necessary to
perform experiments on cubic samples to observe the final results of hydrofracturing in a
3D volume.Figure9 summarises the tests conducted atiBensional samples. A total

of four cubictests were conducted on single clay systdfiggi(e9ab). The test procedure

was similar to that employed in the Fracture Visualisation Rig tests. Prepared samples
were loaded into the Direct Shear Rig and the exymnt was performed as follows:

Normal load was applied to the sample assembly;

The pore pressure system was isolated from the sample by means of a valve and pore
pressure was increased to 3 MPa;

The valve to the sample was opened;

The pore pressure pumyas switched to constant flow at a rate of between 200 and
500 ml/hr, up to a maximum pressure of 51.7 MPa,;

1
1

E

a b

Figure 9: Summary of the tests conducted using the Direct Shear Rig;-appmeacted kaolinite
clay; b) precompactedall-milled Bowland Shale; ¢) intact Bowland Shale.

c

2.5.3 Cylindrical samples of Bowland Shale in the Direct Shear Rig

The test procedure for the cylindrical samples of Bowland Shale were identical to those
described for the cubic samples. Howevedi@gohal mastic was applied to thgper
surfaceof the sample and the injection bore to ensure a good seal.

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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2.6  Gas versus water injection

Whilst the primary aim of the study was to investiggeomechanical processes
associated withhydraulic fractuing, it was necessary to also investigate fraotur
following gas injection. This was for several fundamental reagmiscipally because

the growth of hydraulic fractures was rapid and the slower gas fracture formation was
easier to study in high resolution.&hse of pr&eompacted and paste samples with high
water content also meant that hydraulic fracturing resulted in considerable erosion of the
fracture walls. Therefore gas injection was used to observe fracture growth in the absence
of erosion, which is aoparable tgprocesses that aexpected in lithified shale.

D1.2 Controls on fracture initiation in shale Copyright © M4ShaelGas Consortium 2015-2017
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3 EXPERI MENREASWLTSFRACTURE VTISOMLI SA
( GAS)

This sectionoutlinesall results fom tests onducted with the injection of gas into clay
samples within the Fracture Visualisation Rigveratests Table 3) werecarried out
injecting helium gas into the clay systehelium was used as pressurised methane was
seen as a potential health and safety risk within the laboratatythe behaviour is
expectd to be similar A series of test arrangements, e.g. layered and fracture systems
(Figure8), wereused in this experimental programnas well asingle-clay kaolinite or
ball-milled Bowland Shalesamples This setion will introducein detail the fracture
growth inball-milled Bowland Shale ankaolinite A focus is made on the growth of an
individual fracture and also the way in which fracturesybranch.

3.1 Ball-milled Bowland Shale
3.1.1 Example individual fracture; TestM4_48BF

Figure 10 shows the results of Tedd4 48BFE The schematic diagrams are used to
highlight the fracture growth as it can be difficult to see in the-dal&uredball-milled
BowlandShale. As can be seaseries of artificial fractures have been emplaced into the
ball-milled Bowland Shale, a central perforation has also been usaadect the helium
through Photos have been captumkry 3 seconds during the test, the timing of each
photo is indicateth the figure.

FigurelOb shows the fractugegarto initiate at the bottom left corner of the perforation
indicating that gas pressuredi@zoncentrated at the corner of the perforatidms site is

likely to be a stress concentration (Cetsal, 2015). As indicated by the time, it had

taken over 20 seconds for the pressure ramp to reach a high enough pressure for gas entry
to occur.The fracture then propagated at approximategt®€the perforationThe initial

fracture widthwas relatively narrow However fracture width hd grown towards the

fracture tip.

Figure 10c shows the next stage of fracture propagation. The fractulld be ®en to
branch at approximate§Oeto the initial fracture. The wide section of the first fracture
had continuel to widenin thelower fracture, however th®p branchwas very narrow.

Fracture propagation contindien Figure 10d. The lower branch ould be seen to
propagate significantly, whereas tngperbranch hd only propagated by approximately
a centimetre This suggests that propagatiprogresses with less effoirt the lower
fracture, this may be associdteith variations inthe material propertiest this location
compared to the upper part of the samplopagation exterd beyond the artificial
fracture without interacting with,iit could be described as avoiding tfeéature As the
fracture propagad it remainedvery narrow. Theaipperfracture hd only propagated by
approximatelya centimetreipwards. Théowerfracture ouldbe seen to change direction
towards the left as propagation occurred. Again, branching rectair the fracture tip,
howeverthis time the branching ocaedat approximately 128
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Figure 10: Summary of test M4_48BR) initial image before testind) fracture initiation c)
fracture growth and branchind) further propagation and branchimgyi dt h of vi ew a 10

Test M4_48BF shows signifant features. Firstly it showed that gas fracture occurred at
the corner of the injection perforation, a site expected to be a stress concentration.
Secondly it showed that continued fracture growth is likely to result in brandrimgis
inferred as biag controlled by physical properties of the clay at the fracture tip. The test
also showed that more than one branch continued to grow simultaneously.

3.1.2 Example individual fracture; Test M4_45E

Figure 11 shows theresults of Test M445E, a gas injection test usingca@ncentric
bullseye configuration withall-milled Bowland Shale at the centféigure 11ab shows

the start and end images of the test respectively. As showivimus large gas pathway

can be seen in the sample, as is seen in many other tests. However, on closer inspection
(Figurelic) a network of very narrow gas pathways have formed within the central disk
of ball-milled Bowland Shale. In this test the gas pressure did not drop, meaning no
pathways reached the edge of the apparatus. It is difficult to interpret these pathways as
they are very narrow and form very slowly. However, it can be noted that these pathways
apper to have formed within the fabric of thoall-milled Bowland Shale. It is difficult

to interpret if these pathways extend into kkhelinite as they armot clearly evident due

to their limited size and coloutt may be that as the pathways have foriey have

dilated the size of the centrball-milled Bowland shale disk and resulted in a sealed
boundary between thHmall-milled Bowland Shale and kaolinite.
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