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Executive summary

This report describes an expeental studyof 48 separate experimerggamining the validity of

critical stress theoryTwo main types of experiment were conducted: 1). Loadmigading

tests, where fracture flow was monitored at constant injection pressure as normal load was
increasedn steps to a given level and then reduced back to the starting stress state; 2). Gas
breakthrough experiments, where gas injection pressure was increased in a pressure ramp at
constantvertical load. These were conducted with and without active sliearas found that

critical stress theory is valid in predicting the preferential flow of gas in relation to the
orientation of the fracture plane with respect to the maximum horizontal stress direction.
However, loading unloading experiments showed that nsteteding the stress history of the
rocks is of paramount importance and a mere knowledge of the current stress state is insufficient
in accurately predicting the nature of fluid flow.

A total of 17 loadingunloading experiments were conducted, all on asdi@-plane. The main
conclusions of this part of the study were; a). During a loading (vertical stress) and unloading
cycle considerable hysteresis in flow was observed signifying the importance of stress history on
fracture flow; b). For the case of gagection the change in flow is chaotic at low normal loads,
whereas for water injection the flow reduces smoothly with increased normal load; c). Hysteresis
in horizontal stress observed during unloading demonstrates the importance of the ratio between
horizontal stress and vertical stress and its control on flow; d). Differences have been observed
between injection fluids (water and helium), especially the hysteresis observed in flow. For water
injection flow is only partially recovered during unloadivgyereas for gas enhanced flow is

seen at low normal loads.

A total of 26 gas breakthrough experiments were conducted on 0°, 15° 30° and 45°
discontinuities; both with and without active shear. All tests were conducted in an identical
manner. The mainonclusions of this part of the study were; a). During gas breakthrough
experiments episodic flow/fault valve behaviour was seen with a decrease in subsequent peak
pressures and the form of the pressure response was different during subsequent breakthrough
events; b). Repeat gas injection testing had shown a consistent gas entry pressure but
considerably different, nerepeatable, gas peak pressures; c). Differences in gas entry pressure
were seen dependent on the orientation of the fracture; d). Sheae saerbto reduce the gas

entry pressure, suggesting that shearing in kaolinite has the opposite effecteibeff to gas.

Other general observations of gas flow along fractures included@ha)iow of fluids through

clay filled fractures is nomniform and occurs vidocalised preferential pathways; bBjhe
pressure recorded within the sfytane showed a negligible fracture pressure and did not vary
much in all tests.

Vi
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1 Introduction

Deep geological disposal is being widely considered as a vighilendfor the safe storage of

high level radioactive waste. Safe management and disposal of radioactive waste in an isolated
subsurface setting is necessary to minimize the long term effects of radioactive waste on the
biosphere. Deep geological disposalcurrently the only available pragmatic solution for the
storage and safe disposal of radioactive waste in Europe.

According to the current concepts, high level and long lived radioactive waste and spent fuel are
intended to be stored/disposed of in alggical disposal facility (GDF) within a stable
geological formation (host rock) at depth (typically ~5800 m) beneath the ground surface.
Hence, the radioactive waste is securely isolated and contained. At depth the rock mass may be a
naturally fractwed environment and the excavation of underground repositories is recognized to
induce additional fractures (Bossattal, 2002; Rutqviset al, 2009). The zone of the host rock

in the vicinity of the underground opening whose hydromechanical proparéesodified as a
consequence of excavation activities are referred to as excavation damaged zon&sT(&DZ)
interplay of existing fractures and newly formed fractures in the EDZ will result in a complex
array of fractures arounthe GDF. Depending orhé in situ stress conditions, preferential
pathways may form along faults, joints and the EDZ. Understanding the significance of such
fractures and their connectivity in the transmission of repository fluids is of paramount
importance in the long term sage of radioactive waste in the repository.

This study airrdto experimentally understand the dependence of different fracture orientations
and stress states on the transmissivity of repository fluids thimethhnatural and induced EDZ
fractures.Furthemore, this study attemgd to experimentallyvalidate the critical stress theory
proposed by Bartoat al.(1995)

1.1 COMMON HOST ROCK TYP ES CHOSEN FOR SUBSURACE RADIOACTIVE
WASTE DISPOSAL

The host rock formations considered for radioactive waste disposakdaroadly classified into
crystalline rock, rock salt, indurated clay, and plastic clay formations. The rock salt, indurated
clay, and plastic clay formations may sk#al and sel6eal with time whereas crystalline
formations may not do so. Howevercavation of repositories in a crystalline formation is
relatively stable when compared to those of rock salt, indurated clay, or plastic clay. Different
host rocks behave in diverse ways durihg variousstages of repository development. During
the excaation stage construction damage may lead to rezgthflow properties and resuft

stress redistribution. During the opdnft stage ventilation of the repository may modify the
sealing properties of EDZ consideralBuring the caurse of the early closa stagehe effect of
backfilling, resaturation and heating from waste canisters are likely to modify the properties of
host rockand the EDZ. The degree of cooling, support degradation andsseling will
influencethe flow properties of an EDZ in tHate closure stage. An extensive comparison of
processes and issues associated with different EDZ host rock formations can be found in Tsang
et al. (2005) A brief summary of different processes and factors affethiadeDZ in different

host rock typess presented below.

! The term EDZ has been used interchangeably in scientific literature to denote either Excavation Disturbed Zone or
the Excavation Damaged Zone. The definitions of these zones differ for specific host rock types such as crystalline
rock, rock salt, indurateday, and plastic clay. Detailed discussion about the terminology and characteristics of the
Excavation Disturbed Zone or the Excavation Damaged Zone are presented irefTaar{g005). In the present

study we have adopted the definition of EDZ proposeBé&ckblometal.( 2004) where EDZ i s def
of the rock mass closest to the underground opening that has suffered irreversible deformation where shearing of
existing fractures as well as propagation or development of new fractures has atcurr

1
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1.1.1 Crystalline rock

In crystalline rockghe type of excavation method used can have a profound influence on the
thickness of the EDZ and the resulticlgangein permeability. Excavation by drfindblast can

lead toapproximately2 i 3 orders of magnitude increase in permeability with an EDZ thickness

of betweenl0 and 150 cm; whereas the use aftunnel boring machine will result in only one
order of magnitude increase in permeability and the thickness of the damage zone is likely to be
of the order ofl cm. Stress redistribution following the excavation results in different parts of
the drift experiencing either tension, compression, or shear. The extent of this stress anisotropy
may extend up to R 3 meters beyond the wall of the drifit the operdrift stage, the EDZ may
dehydrate and the air flow through the shafts may lead to oxidizing conditions and potential
chemical and iblogical activities. In the early closure stage, the presence of faults within the
EDZ control the swelling @ssure imparted by the wetting and swelling béntonitebuffer and
bentonite/sand mixturdackfill material During the late closure stage of a repository, the
inability of the fractures in crystalline rocks to ssfal may cause problems in containing
radionuclides. However, over a period of thousands of years, clay minerals are expected to
migrate into the fractures as a consequence oftermg heating and thermohydrologic effects

and are expected to offarsuitable seal. Moreover, parameters sue a&itu stress, densitpf
fractures, orientation of fracturesock strength, and the orientation of the drift with respect to
the principal stresfield needs to be taken into consideratihe Aspd Hard Rock Laboratory
(Sweden and the Underground Rsearch Laboratoryat Pinawa, ManitobaCanada are
examples of research laboratories whietvebeen studied to experimentally assess vability

of radioactive wastdisposaln crystalline host rocks.

1.1.2 Rock salt

Dilatancy, healing and creep propertiésark salt help minimisthe effect of excavation ahe
fluid flow properties inthe EDZ during the excavation stag¥entilation and salt dehydration
may affect salt creep properties whilst the drift is opernhe early closure stage, the increase in
humidity is likely to affect the EDZ propertieshe heating from the canisters will induce high
temperature gradients which will in turn affect the creep propertiéisecfalt. During the late
closure stage selfealing of the fractures and microcracksl wccur by means of viscoplastic
deformation and recrystallization in the presence of brine which will reduce the permeability of
the rock salt. Irrespective of its excellent sbHaling and sealing properties, excavation of
repositories in rock sathay require the installation ad stiff liner during or immediately after
excavation whichmaybe problematicThe Asse MinedGermany and theWaste Isolation Pilot
Plant (New Mexico, USA are examples of research laboratories wiakie been studied to
experimentally assess the viability of radioactive waste disposatksalt

1.1.3 Indurated clay

In the case of indurated clays, the stress redistribution that results from excavajigive rise

to strongly anisotropic, deviatoric compression and/or testiéssestheseresult in: a) tensile

and shear fracturing along bedding planes, and b) vertical extensional or tensile fracturing in
rock adjoining side walls. Similar to crystalline rocks, rock property parameétestu stress

state, drift orientatiomelative to bedding plane direction, moisture content of rocks, and drift
shape play a crucial role in controlling the properties of the EDZ. During thedsfestage,

rock creep may result in gallery wall convergence. Dehydration ofhtst rock dueto
ventilation may result in rock strengthening and contraction. Potential microbiological processes
may also operate under these conditions. In the early closure stage of the repository, humidity
increase during resaturation may weaken the rock, enhaeep,cand induces closure of
fractures and faults formed during excavation. Howeverjnthgenceof transient and spatially
varying temperature andlatersaturation on rock properties is crucial in the early closure stage.
In the late closure stage sskaling of fractures may occur via precipitation of infill minerals.
The Mont Terri Rock Laboratory (Switzerland) and theboratory SouterrailMeuse/Haute

2
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Marne (Bure, France) are examples of research laboratories which have been studied to
experimentallyassess the viability of radioactive waste disposal in indurated clay rocks.

1.1.4 Plastic clay

During the excavation of drifts in plastic clay formations, stress redistributions may result in
contractant and dilatant processes with induced fractubuoging the opendrift stage of the
repository, the drift wall moves towards the support offered by the liner. The hydromechanical
properties of the clay are likely to be modified by drift ventilation and rock dehydration with
ventilation leading to retardation iel&sealing capability of the rock. The effect of oxidation is
usually limited toaroundl m into the rock. In the early closure stage, the effect of heating from

the canister will result iavarying degree of saturation and thermal expansion/contraaidms

likely to modify the rock properties. The creep rate of plastic clays will be boosted under
increasing temperature conditions and open fractures are expected to heal. Piezometric studies in
natural analogues have indicated that open fractures dextertd beyoné metreof the drift

during simulated heating experiments. In the late closure stage, slow healing of fractures may
take place during consolidation due to swelling and creep. Ensuing transport of radionuclides is
likely to occur via diffusim mechanismThe Hades Underground Research Laboratory (Mol,
Belgium) is an example of a research laboratory which has been studied to experimentally assess
the viability of radioactive waste disposal in plastic clays.

1.2 STATE OF STRESS AND DISTRIBUTION OF FRACTURES AROUND THE
EXCAVATION TUNNELS | N THE EDZ

The removal of rock mass during underground tunnel excavation significantly alters the local
stress field Figure 1). As a result of the redistribution of the-situ stresses, the rock ithe
vicinity of the EDZ ha to accommodate the stress borne earlier by the excavated rock mass.
Tunnelling methodologies, such as drill & blasting or use of a tunnel boring matdmis, to
damage the host rock which in combioatiwith the inhomogeneous distribution of stress field
results in the creation of complex fracture networks around the Eigfiré 2). Bossartet al.
(2004) identified two distinct zones within the EDZ in OpalimDky of the Mont Terri
Underground Research Laboratory (URThe inner zone extesa metrefrom the tunnel wall

made up ofinterconnected fracture netwodonnected to the tunneThe outer zone extead

from the inner zone boundary &pproximately2 m from the tunnel wallnd comprise norn
connected unloading fractur@sigure 2). The fracturedensity decreases away from the tunnel
wall with theinner zone containinghanymore fractures than the outer zone.

The hydromechanical and geochemical modification in the EDZ during excavation may lead to
one or more orders of magnitude increase in permeability (Tesaab, 2005). However, the
extent of this hydromechanical and geochemical modification will be deterrbjnéte nature

of the host rock and the associated physicochemical conditions. Studies by Bbak##004)

on the permeability distribution around a test tunnel at the Mont Terri URL on Opalinus Clay
have shown zones of high permeability located withafirst 10i 20 cm within the inner zone

of the EDZ with permeability values in the range of*io 10" m? (Figure 3). However,
between 40 and 100 cm from the tunnel permeability values wpete twoordersof magnitude
lower than in the previous case with typical permeability values in the rangé-bfol00"® m?
(Figure3) .
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Region where mean stress is negative
i.e. tensile stress regime
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i.e. compressive stress regime
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Figure 1 - Stress trajectories around a Awydrostaticallyloaded circularopening,
such as daunnel| demonstrating the prevailing stress inhomogeneity adjacent to the
tunnel wall(from Cuss, 1999)
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Figure 2 - Complex network of fractures in the EDZ. The densf fractures
decreases away from the tunnel oper(ingm Bossartet al, 2002; Bossaret al,
2004)
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Figure 3 - Distribution of permeability in a tunnel at Mont Terri URL. Zones within
107 20 cmof the tunnel exhibited highermeability (1x18* m?) (from Bossartet
al., 2004)

1.3 CRITICAL STRESS THEO RY AND RELATED FLUID FLOW

The formation of fractures during tunnel excavation provides preferential pathways for fluids
within the EDZ. Thdlow of repository fluids (water ardr gas) away from the repository along

the fracture network will be determined by the fracture density, aperture of the fracture, extent of
the fracturing, connectivity othe fractures, permeability througthe fracture planes, and the
orientation of the fretures(Bartonet al, 1997; Bartonet al, 1995; Finkbeineet al, 1997;
Rogers, 2003)Previous studies have shown that only some fractures within a fihsitgtem

act as conduits for fluid movement whereas other fractures do not contribute towsdds fl
movement. Critical stress theory has been proposed to explain these differer@suie
conductivities.

It has been proposed that fractures and faults that are oriented parallgitbave the lowest

normal stresses acting across them and therefore will untleedeast amount of closure and

hence will be the most permealfléeffer & Lean, 1993)Fractures and faults experiémg the

least amount of stresaill offer minimum resstance to flow and therefore will have relatively

high permeability. Studies by Laubaeh al. (2004)on a number ofedimentarybasins inthe

western United States using core permeability datasets, stress measurements, and fluid flow data
have shown thaat a depthgreater than three kilometréise open fractures do not parallel the

Unmax direction. Hencejn situ stress direction cannot be used as an indicator for predicting
maximum permeability directions.

Bartonet al. (1995)suggested that fractures whose state of stress is close to the failure criterion
are likely to be more condtive because of the localised failure as a consequence of large shear
component acting along the fracture. Such fractures were termed to be critically stressed. To
apply the critical stress theory for fracture flow, thesitu stress field acting alonail the faults

and fractures are resolved into shear and normal stress components. When the magnitude and
direction of the stress field has been constrainedhdhigontal stres¢l) and normal stresgl,)

acting on a fracture surface can be giverfdaggeet al, 2007)
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U=D11 Doy O+ 14D 0+ 180303 and
Un = 11601 + 12602 + 13603

Where;bj = directional cosines between the fracture surface and the stress éengg andls
= magnitude of the maximum, intermediate, and minimum principal stresses respectively.

A three dimensional Mohr diagrantigure 4) is commonly used to display the stress and
orientation data. See the magnitudes of the stresses increase with depth in a borehole all the
data are normalised with respect to the vertical stress component to facilitate plotting of all data
points within the same Mohr circle space. The MGlulomb failure criteriorcan be usedo
recognize whether a fracture or fault surface is expected to shear under the prevailing stress
conditions Figure 4). Assuming conditions of effective stresise Coulomb failure criterion in

given as:

(J: S (Cln I Pp)
Where;e = coefficient of friction;P, = pore pressure.

Later studies by Byerle@978)proposed that up to normal stresses of 200 MPa)dheontal
stresgequired to cause frictional sliding can be given by the equation:

U= 0.850,

and for normal stresses above 200 MPa,hthezontal stresss required for sliding can be given
by the equation:

U= 50 + 0.60,

The intrinsic shear strength or cohesion of rocks is assumed to be negligible under the crustal
stress conditions and henneglected Critical stress theory proposes that fractures with their
horizontal stresand normal stress data that fall above the Mdbulomb failure criterion are in

a critically stressed state and therefarelikely to exhibit enhanced permeability.

Condition for failure
not satisfied

Principal
stress Fracture

field plane

Normalised shear stress t

GE 02 01
Normalised effective normal stress

Figure 4 - The threedimensional Mohr diagram displaying therizontal stresand
normal stress on faults and fracture surface with respect to #itei stress field. The
points lying above the MokEoulomb failure criterion areritically stressed and are
likely to be conductive Conversely, the points lying below the MeabBoulomb
failure criterion ha&e not reached the condition for failure and hence will be
impermeable to fluid flow(from Rogers, 2003)

Based on field observatis in the Sellafield area, Cumbria, URogers (2003%uggested that
maximum flow is unlikely to occur along thigmaxdirection and is more likely to occur along a
direction +30 degree to théymaxdirection Figure 4). However, detailed studies of thesitu

6
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stress distributiorat Sellafield confirmed that a majority ofdctures lie below the Mohr
Coulomb failure criterion and are not critically stresg@deves, 20Q0Zigure5). Experimental
understanding of critical stress behaviour and variations in fracture orientationsitngstilid

(water and gas) flow through discontinuities become important in the light of these uncertainties
in field observations.

0.57] 057
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Figure 5 - Detailedin situstress data from the Sellafield area illustrating that none of
the fractures are critically stressed at the present time. Flowing fractures are plotted
on the left and the neflowing fractures are plotted on the right.

o

Analysis of fracture permeability and situ stress by Ita% Zoback(2000)for fractures in the
depthrange of 3o 7 km in the KTB scientific drillhole have shown that the permeable faults and
fracture were aligned close to the Md@boulomb failure envelope for a coefficient of friction of
0.6. They concluded that critically stressed fractures in thet are the most conductive to fluid
flow and noncritically stressed fractures are least conductive.

Bergeet al. (1999) modelled the geomechanical behaviour of the Topopah Springs tuff, Yucca
Mountain, Nevada by applying the concept of critical streseryhelhe zones of enhanced
permeability were determined following the work of Bartral. (1995 1997. Their Therme
hydromechanical (THM) modelling shaed a factor of two increase in permeability for vertical
fractures and up to a factor of four incgean permeability for fractures with slip movement.

Analysis of fracture and fluid flow datasets from the geothermal reservoir at Dixie Valley by
Bartonet al. (1998)indicated thathe majority of fractures with high permeabjlitvere critically
stressd for frictional failure. However, many neffowing but critically stressed fractures were

also encountered in the same area. They concluded that in the Dixie Valley high fault zone high
permeability was observed only when the individual fractures alotiy tve Stillwater fault

zone within the area were optimally oriented and critically stressed for frictional failure.

A review d the role of hydremechanical (HM) coupling in fractured rock engineering by
Rutqvist& Stephansso(003)concluded that strestependant permeability plays a major role

in rocks containing flat microcracks and macrofractures. They suggested that the fracture
permeability under varying stress conditions depends on hydraulic properties such as fracture
permeability and connectivitgf the fracture network, and also on mechanical parameters such
as fracture normal stiffness and fracture shear strength. Additionally, they ascribed the
enhancement of permeability during shear slip on a critically stressed fracture to mechanisms
such asbrecciation, surface roughness, and breakdown of seals as proposed byeBaiton
(1995)

Talbot & Sirat (2001) studied the hydraulic conductivity in highly fractured granitoid bedrock
with large range of orientations and complicated deformation héstesiposed in th&spé Hard

Rock Laboratoryn Sweden. Out of 41,000 documented fractured in the locality, on6&f

those fractures appeared to be conductive during initial excavatien majority of the wet
fractures were either stiorizonta] which were prone to thrustingr subvertical with an
underlying stress regime susceptible to wrench faulting. They concluded that faults favourably
oriented for slip or dilatio in the ambient stress field veemost conductive to fluid flow.
Similar observabns were reported in the case of groundwater flow in Monterey Formation,

v
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Santa Maria Basin, California by Finkbeiredral. (1997)and in the vicinity of Yucca mountain,
Nevada by Ferrilet al.(1999).

Evans(2005)evaluated the fluid flow properties ofitically stressed fractures in a 3.5 km deep
borehole in granite at the SoulpusForets Hot Dry Rock (HDR) project site in the
Rhinegraben area in France. He observed that all 18 naturally flowing fractures were critically
stressed. Nonetheless, arsiggant number (-500) of fractures were neffowing irrespective of
fulfilling the critical stress criterion. He concluded that being critical stressed is a necessary
condition for fracture flow but not a sufficient criteria for identifying flowing fraes.

Rutqvist et al. (2009) presented numerical modelling of excavatinoduced damage,
permeability changes and fluid pressure responses during the excavation of a test tunnel in Lac
du Bonnet granite as part of the tunnel sealing experiment (TSX) &alRhe Canada. They
observed that the permeability changes during excavation are related to the combined effects of
disturbance induced by stress redistribution around the tunnel and by thandblbst
operation. The decrease in mean effective stregeatide of the tunnel and the higbrizontal
stressand strain at the top of the tunnel resulted in permeability increase. The increase in
permeability at the top of the tunnel was ascribed to the formation of fractures as a consequence
of a series of mroseismic events during excavation.

An investigation into the stress controlled fluid flow in fractures within the crystalline basement
of Fennoscandiashield in the Olkiluoto Islan@Finland by Matilla & Tammisto (2012) shosd

that the critical stresgheorycould not predict which of the fractures wemnductingor not The

study involved the analysis of fluid flow properties of 38,703 fractures. They observed that
between a depth range ot®300 metres themajority of the conductive fracturegere critically
stressed. However, at depths of 30800 metres almost altonductive fractures lay well below

the critical stress criterion. They concluded that the transmissivity of fluids along fractures is
determined by the normal traction acting acrbesfractures and suggested the integrated use of
contemporary stress staite addition toslip & dilation tendency analysis of the fractures to
predict fluid flow.

The concept of critical stress has been widely applied in predicting and modellitgidhiéotv
through fractures undém situ stress conditions under many geological settings. The relationship
between critically stressed fractures and fluid flow from field studies has been inconclusive.
Moreover, the occurrence of flowing fractures in fuooitically stressed rocks, and conversely,
the presence of neifowing fractures in critically stressed rocks call for an experimental
investigation into the conductivitof critically stressed fractures. In order to experimentally
validate the critical tseess theory under controlled hydromechanical conditions, a series of
experiments were planned and performed ufirehespokeAngled ShearRig at the Transport
Propeties Research Laboratory (TPRL) of #Betish Geological Survey (BGS).
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2 Experimental apgratus and methodology

A variety of different experimentgeometriehhave been employed in the laboratory simulation
of sheardeformation Different methods havdistinct advantages and disadvantages. The most
commonly used methods in laboratory fractstiedies aréafter Mogi, 2007)

A) Conventional direct shear test

B) Conventional doublshear test

C) Biaxial compression shear test

D) Conventional triaxial compression test

Schematicrepresentations of the different experimental setupsshosvn in Figure 6. The
conventional direct shear test can be used to study large samples with large shear planes. The
major disadvantage with this kind of experimental setup is that large contact area between the
top and bottom blockgan result in noruniform distribution of normal stresses along the
experimental slip plane. Moreover, larger contact surface area implies that the maximum stresses
that can be applied to the slip plane are relatively low. In the conventional eihdagest, two

sliding surface are presentthis setup also results in inhomogeneous distribution of stresses
along the slip plare In a biaxial compression shear test, uniform normal stresses could be
applied but constant normal stresses cannot be maidtiinstickslip and the stresses that can

be achieved are quite low. Conventional triaxial compression tests are emplsyedies where

higher stressesra required. The contact area of the slip plane is small and the contact area
changes with shearingading to variation in normal stress values. Apart from these fundamental
shear apparatuses, rotary shear (shgar) apparatus are also employed where large
displacements of the gouge can be achieved by rotary movement of the blocks.

a b C d
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: i l ==
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f f ! T

Figure 6 - Common friction test arrangements. a) Conventional shear test. b)
Conventional double shear test. c) Biaxial test. d) Conventional triaxiafftest
Mogi, 2007)

In order to achieve the objective of the present study, conventiorat dheawas adopted. A
bespokeAngled ShearRig (ASR) was built at the Transport Properties Research Laboratory
(TPRL), British Geological Survey (BGSandwas employed to validate the applicability of
critical stress theory in repository scenarios.

2.1 ANGLED SHEAR RIG (ASR)

The ASR (Figure 7) used in the present study is a custodified form of the standard seil
shear apparatus (conventional direct shear apparatus) as outlined by Getiatr€2000) The
ASR facilitated independent control of the slip plane orientatientical andhorizontalstresses,

9
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pore pressure, andhorizontal displacement (shearate. This assisted in experimentally
understanding the relationship of fracture conductivity and thebicmd effect of variations in
fracture orientation and stress conditions. The core components/A$ihare listed below:

1.
2.

Rigid frame that has been designed to withstand the apmi&idalandhorizontal stresss.

Vertical loading system compesl of arigid loading beam, a rigid loading fram&yo load
cells, and a hydraulic jack controlled by a servo controlled ISCO syringe pump.

Horizontal force actuator connected parallel with aload cell The force actuator was
capable of dinearhorizontalmovanent as slow as 14 um a day along a low friction bearing.

Pore pressure system comprise@ofSCO syinge pump connected to a wates interface
vessel thattould be used to inject either water or gasaatonstant rate or at a constant
pressureA schematic ofthefluid injection system is shown figure9.

Data acquisition system connected to the pressure transducers, load cells, thermocouples by
means of acquisition software written in National InstrumentsVIBW™ environment.
This software also allowed remote monitoring and control of all experimental parameters.

The experimental slip plane assembly consisting of precision machined 316 stainless steel
top and bottom blocks with dips of,d5, 3(°, and 48. The top blockvas connected to the
vertical loading mechanism by means of a swivel mechanism wiiah engaged to the
shoulders on either side of the top bloEilg(re8a).

Vertical load
and load cell

Kaolinite

Load gouge

cell
Direct
shear

Non contact eddy-
current fracture
width sensor

€ 60mm (L) =—>
Plan view of slip-plane

c

Figure 7 - Angled shear rig (ASR). aPhotograph of thevertical and horizontal
loading systemb) Photograph of the angled shear block and the upper platen
arrangementc) Schematiof the ASR

A fully saturated kaolinite clay sampl8Q % gravimetric water content) was placed between
two stainlesssteel blocks forming a 60 x 60 mm slip plane surface and was deformed by
applying avertical load and/omorizontaldisplacement which resulted in a gouge thickness of

10
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approximately 70 £ 10m. The kaolinite paste was selected for two reasons; firstly it prevented
cold-welding of the steel blocks, and secondly kaolinite is a low swelling clay which is
commonly found as fracture fill.

Figure 8 - Componentf the top block. a) Frontali ew of top bl ock.
the shoulders that are engaged to the loading mechanism to impart uniform normal
stress along the slip plane. b) The bottaew of the top block showvg the central

pore fluid injection port (P1) and the two orthogonally spaced pore pressure ports (P2

& P3) to monitor the pore pressure within the slip plane during the course of the
experiment.

Fluid injection circuit
® ®

Gas regulator

Gas vent

Helium supply

Pressure

Gas-water interface ()9 transducer

VES$‘“\

Data
acquisition

Water vent

Figure 9 - Fluid injection cirait displaying the servoontrolled ISCOY injection
pump and the gawsater interface vesseisedto inject helium into the idealised slip
plane.
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2.2 SAMPLE PREPARATION A ND EXPERIMENT ASSEMB LY

The powdered kaolinite (Echantillon Samjl&upreme Powder) used the present study was
acquired from ECC International (presently known as Imerys Minerals Ltd.). Kaolinite paste was
prepared by adding 1 of deionised water to 2@ of kaolinite powder. The water and kaolinite
powder were then meticulously stirredr fabout five minutes @ving a kaolinite paste with a
gravimetric water content of 891 %. The paste was smeared uniformlymthe surface of the

top block, which washen carefully lowered onttvé bottom block thus forminglkaolinite paste
gouge. Thenitial thickness of the gouge was measured to be Inm. However, with loading

the gouge thickness decreasedpproximately70+ 10 microns.

The experiments wereonductedafter carefully setting the load frame of tivertical loading
system in ordeto ensure even loading across the width of the slip plane pore fluid was
injected into the centre of the slip plane by means of an injection port (P1) in the top block and
the distribution of fluid pressures within the slip plane was monitored usiogtthogonally
spaced ports (P2 and P3) positioned 1cm away from Ajuré 8b). Whilst setting the
experiment the pipework and pressure transducers were filled wittihided water to ensure air
volumes in P2 athP3 were minimised.

2.3 EXPERIMENTAL PROCEDU RE

A series of experimentsTéble 1) were performed to study the fluid flow properties through
experimental slip planes under different stress conditions. Experiments aréwened on slip
plane orientations ofD15°, 3(°, and 48 relative to the maximum horizontal stress direction. All
the experiments can be broadly categorised into two types:

1.LoadingUnloading (LU) Experiments
2.Gas Injection (GI) Experiments

In a few séected experiments, the effect of shear on fluid flow was investigated in both LU and

Gl experiments. In such cases, the bottom block attached to a servo controlled shear mechanism
was allowed to move at a fixed rate to indieeizontal movemenivhereastie top block was

locked into stationary position.

2.3.1 Loading-Unloading (LU) Experiments

In loadingunloading (LU) experiments the vertical stress acting across the slip plane was
increased and decreased in stages and the corresponding responseratefle@ monitored.

As previously stated, vertical load was applied to the slip plane by means of a ISCO syringe
pump connected to a hydraulic jack. The pressure of the syringe pump was increased in steps of
1 MPa from 1 MPa up to 14 MPa and subsequently deacteassteps to 1 MPa. As shown in
Table2, a 1 MPa increase in pump pressure resulted in a force of 73.95 kg, or a stress of 172
kPa. The vertical load was controlled within + 1 kg.f throughout each stage. Insthe@fchU
experiments with water, the injection pressure was maintained at 1 MPa. In the case of LU
experiments with heliura gas pressure in excess of ¢fas breakthrough pressurasused.Gas
breakthrough was achieved by systematically increasing thengetion pressure in steps of 50

kPa until sgnificant gas flow was detectedas pressure wahenmaintained constant and the
normal load was varied accordingly to test the effect of normal load variation on gas flow. The
list of LU experiments usingiater and gas injection fluids are giverTablel.
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Gas
. Sample Pore | Slip-plane | Injection
Experiment SEnt el Mate[r)ial TP i (o8 fluid orign?ation Jtest
number
1 ASR _Cal01 30 26-Jan-10 None Calibration He
2 ASR_Cal02 30 Calibration
3 ASR_Cal03_30 Calibration
4 ASR_Cal04 30 Calibration
5] ASR Tau0l 30wLU | 09-Nov-10 | Kaolinite LU H.0
6 | ASR _Tau02 30wLUS | 10-Dec-10 | Kaolinite LU + shear 2
7] ASR_Cal0o5_30xLU 26-Apr-11 | Dry kaolin
8| ASR_Calo6_30xLU 04-May-11 Kaolinite LU None
9| ASR_Calo7_30xLU 09-May-11
10| ASR _Cal08 30xLU 12-May-11 None Leak test
11| ASR Cal09 30xLU 12-May-11 | Kaolinite
12 ASR Call10 30xLU 17-May-11 Dry LU
13| ASR_Calll_30xLU 19-May-11
14| ASR Call2 30xLU 20-May-11 | Kaolinite
15| ASR Tau03 30wLU | 24-May-11 | Kaolinite Pore fluid
16 | ASR_Tau04 30wLU | 25-May-11 (100%) permeability | H,O 30°
17| ASR_Tau05 30wLU | 27-May-11 test
18| ASR Tau06_ 309Gl 24-Jun-11 A
19| ASR Tau07_30gLU 22-Jul-11 Flow test
20| ASR Tau08 30gLU 22-Aug-11
21| ASR Tau09 309Gl 27-Sep-11 1
22| ASR TaulO 309Gl 10-Oct-11
23| ASR Taull 309Gl 11-Oct-11 2
24| ASR Taul2 309Gl 09-Nov-11 3
25| ASR Taul3 309Gl 18-Nov-11 4
26 | ASR Cal13 30xLU 08-Dec-11
27 | ASR_Taul4 30gLU 12-Dec-11 5
28 | ASR_Taul5 00gGl 14-Feb-12 % 8 5
29| ASR _Taul6 00gGl 23-Feb-12 5 = 0° 6
30 ] ASR Taul7 00gGl 05-Mar-12 § é‘ 7
31] ASR Taul8 159Gl 22-Mar-12 NS < £ 8
32| ASR Taul9 159Gl 03-Apr-12 8; "EJ % 15° 9
33 ] ASR_Tau20 159Gl 18-Apr-12 o o I 10
34| ASR Tau21 009Gl | 01-May-12 = o 11
35] ASR_Tau22 00gGl 14-May-12 g S 0° 12
36 | ASR_Tau23 00gGl 28-May-12 X S 13
37 ] ASR_Tau24 00gGl 06-Jun-12 % 14
38| ASR Tau25 459Gl 19-Jun-12 T 15
39| ASR Tau26 459Gl 03-Jul-12 45° 16
40 | ASR_Tau27_45gGlI 13-Jul-12 17
41 | ASR_Tau28 00gGIS 25-Jul-12 0° 18
42 | ASR_Tau29 00gGIS | 06-Aug-12 19
43 ASR_Call14 30x 20-Aug-12 30°
44 | ASR_Tau30 30gGIS | 29-Aug-12 20
45| ASR_Tau3l 45gGIS | 10-Sep-12 45° 21
46 | ASR_Tau32 15gGIS | 25-Sep-12 15° 22

Table 17 List of all experiments undertaken as part of the current study.
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ASR_Tau05_30wLU

ASR_Tau07_30gLU

ISCO Pump Load cell ISCO Pump Load cell
Pressure (MPa) (kg.f) Pressure (MPa) (kg.f)

1 73.95 - -

2 151.40 2 149.18

3 229.19 3 227.42

4 304.00 4 302.69

5 380.46 5 378.97

o 6 458.59 6 458.74
% 7 538.37 7 538.33
S 8 615.83 8 617.43
- 9 700.60 9 700.53
10 781.22 10 779.96

11 863.66 11 859.56

12 944.27 12 940.16

13 1022.89 13 1021.09

14 1106.15 14 1103.36

13 1044.49 13 1042.03

12 977.68 12 974.56

11 904.55 11 903.93

10 826.42 10 830.81

o 9 741.49 9 751.04
g 8 663.86 8 666.79
< 7 579.92 7 596.83
= 6 498.64 6 499.29
= 5 417.68 5 417.86
4 336.74 4 336.77

3 255.45 3 254.01

2 164.37 2 162.62

1 79.42 - -

Version 1.0 23/10/2013

Table 2 - Variation in load cell reading during variation IBCO syringe pump

pressure.

2.3.2 Gas Injection (Gl) Experiments

All the GI experiments reported hef€able 1) were performed at a@ressure of 10 MPa in the
controlling ISCO syringe pumpgiving aload of 782 kg (2 MPa vertical load) The gas
injection rate was controlled using a second ISCO pump as showmgune 9. All the Gl
experiments weretartedat a gas pressure of 4 MPa. It should be noted that the stestinge
of gas within the wategas interface vessel was 260.2 cc in all Gl experiment§as injection
wasperformedby injecting water into the gasater interface vessel at a flow rate of 10t

using the ISCO pump. Thiscreased the gas pressure withia thterface vessel at a steady rate.
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volume. Gas entry could be determined by carefully comparing the recorded pressure with the

predicted pressure. When the two \begin to differ it shogd that gasvas moving into the

clay gouge.The pressure at which gas entrgcured provided valuable information about the

dependence of gas flow on the orientation of the slip pdoeg with the evolution of gas
pressure aftegas breaktlnugh and the evolution of fluid.
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2.4 CALCULATION OF FRACT URE TRANSMISSIVITY
Assuming radial flow of injection fluids (gas or water) from the central injection pagte
10), transmissivity of fluid wasletermined from flow rate using the equation:
TH i
Q= _2pTH Equation 1
In(r, /r,)
where,Q = flow rate of the fluid (Mis™); T = transmissivity (fs™); H = pressure head (i)

= radius of the injection tube (m), =./(L,L,)/p = equivalent outer radius of the slip plane
surface (m)

(Mww 09 —>

€«——— 60mm(,) —>

Figure 10 - Planview of the slip plane with fluid injection port in the centre and two
orthogonally located pore pressure sensor ports. The parargtessr,, andr, are
also depicted.

Equationl can be rewritten as:

T= QIn(r, /r,) Equation 2
20H
since,
H=_h Equation 3
r¢9

where;P; = fluid injection pressure (Pa); = density of the fluid (kgn™); g = acceleration due
to gravity (ms?).

SubstitutingH in Equation 2 with Equation 3, transmissivity carbe determined fronthe
following:

. Qrigin(ry/r,) Equation 4
2R
Hydraulic conductivity can be determined frdnby the relation:
K=T - Qrglin(r, /1) Equation 5
e 2peP

Where K= hydraulic conductiity (m.s™); e = conducting aperture of the slip plane (m)
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Permeability can then be determined by the relation:

_Km _QmIn(r, /1)) _QmIn(r, /1)) Equation 6
r+9g 2peHr g 2peR

Where k = permeability (m); &; = dynamic viscosity of the fluidkg.s*.m™).

k

2.5 NOTE ON STRESS CONVENTION

Stress is described in this report with reference to the experimental apparatus; i.e. stress is
horizontal (parallel with movement direction of the apparatus) and vertical. Stiezge not

been converted to normal and shear directions parallel with and perpendicular to the fracture
orientation. This approach has been adoptedhasoundary conditionof vertical stress is
constant in different experiments with fractures at vargingles. Therefore variatismbserved

in flow are in part due to differences in normal amarizontal stressat different fracture
orientation, but illustrate the differences that would be seen in a similar location where multiple
fracture directions arebserved.
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3 Observations and results

3.1 FRACTURE TRANSMISSIVITY EVOLUTION DURING VARIATIONS IN
VERTICAL LOAD

The effect of loading and unloading on fracture transmissivity was studied by sequentially
loading and unloading an idealised kaolinite gouge fillgel @ane (fracture plane) oriented at

an angle of 69to the verticaktress direction by means of a bespoke shear appafajuge(7).

Both water (degonised) and gas (helium) were used as permeants (pore)finidsder to
understand the differences in behaviour of water and gas transmissivity.

3.1.1 Hydraulic flow during loading and unloading through an idealised slip plane

Two experiments (ASR_Tau0l_30wLU and ASR_Tau05 30wLUwere conducted to
understand the effeodf loading and unloading omydraulic fracture transmissivity. st
ASR_Tau0l_30wLU was a short duration experiment wherecalload was varied a couple of
times a day whereas {astASR_Tau05_30wLU theerticalload was varied once every day.

3.1.1.1RESULTS

Test ASR_Tau01 30wLUcomprised of a quick loadirgnloading test devised to assess the
experimental apparatus and to understand how the hydraulic flow along the slip plane was
affected during variations iverticalload Figurel1l). The kaolinite gouge filled slip plane was
loaded in stages of 0.2 MPa from 0 to 2.6 MPa and unloaded from 2.6 to O Miralan 0.2

MPa stepsKigurellb). The loadingunloading stages and theespective durations are listed in
Table 3. The temperature fluctuation during the entire duration of the experiment is shown in
Figurella. An abrupt drop in temperatufrom 21.4°C to 20.5°C was observed arounda 9.

The variation in flow rate at an injection pressure of 1 MPaegponse to variations in vertical
load was analysed. Flow rate decreased froml87" at 0.2MPa to ful.h™* at 2.6MPa Figure
11c&d). During unloading a partial recovery of flow rate toj#zh* was observed. An abrupt
increase in flow from 1Qul.h™ to 30 pl.h™* was recorded abay 9. Similarly, transmissivity
decreased from 9.8 10 m?.s to 7 x 10*° m?s* during loading. Unloading of the slip plane
surface from 2.6 to 0 MPa resulted in an increase in transmissivity frod07°> m”.s® to 2.3x

10 m?s? (Figure 11f). Horizontal stress increaselinearly with eachvertical load increase
during loading. However, during unloading considerdbtsteresis was observed in horizontal
stress Figure1le). The pore pressures within the slip plane remained 18R and 15 kPa)

and unchanged irrespectivetbe high injection pressures ofNMlPa appliedapproximatelyl cm

away from the slip plane pressure sensbigurel1q).

In order to understand the effect of loadewgd unloading on hydraulic flow in more detail, a
longer duration repeat experimeASR_Tau05_30wLUvas performedTable4). Vertical stress

was sequentially increased in stages of 0.2 MPa per day to a maxietical stress of 2.6 MPa
(Figure 12). The pore fluid injection pressure was maintained at a constant valuéefal
Although nohorizontalstress was applied, the increasdamizontalstress as a consequence of
vertical stress mcrease was logged throughout the duration of the experirkequré 12b).
During the unloading stage, thertical stress was decreased in steps of 0.2 MPa from 2.6 MPa
to 0.2 MPa.
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Stage Vertical Time
stress (MPa) (days)

1 0.2 0.0

2 0.4 0.8

3 0.6 1.3

4 0.8 1.8

5 1.0 2.3

% 6 1.3 2.8
= 7 15 3.4
< 8 1.7 3.8
S 9 1.9 43
10 2.1 4.8

11 2.3 5.4

12 2.6 5.8

13 2.8 6.2

14 3.0 6.8

15 2.6 7.8

16 2.2 8.3

0 17 1.8 8.8
Z 18 1.3 9.8
= 19 0.9 10.3
9 20 0.6 10.8
=z 21 0.4 11.5
= 22 0.3 12.0
23 0.2 12.8

24 0.1 13.2

Table 3 - The loading and unloading stagedestASR_Tau01 30wLU.

Temperature remained uniform at 2&.8.1 °C throughout the entire duration of the experiment
with afew fluctuations of 0.2C atDay 17, 18, and 21Fgurel12a). During loading (stages 1 to
14), a linear increase tiorizontalstress was observed with increasevéntical stress whereas
during unloading (stages 15 to 2W)ehorizontalstress showed considerable hystereSigufe
12b,e). The flow rate decreasaah order of magnitudgom 50 ul.h™ to 5 pl.h™ during loading
from 0 to 2.6 MPaDuring unloading from 2.6 to 0.2 MPa, flow rateubed from 5pl.h™ to 10
ul.h™. Also from 2.6 MPa to 1.0 MPaertical stress, the flow rate remained more or less
constantat 5 pl.h™ irrespective othe significant reduction irvertical load Figure12c,d). Pore
pressure withirthe slip planeecorded much lower pressures {580 kPa and 5 25 kPa) than
the injection pressure (1 MPdjigure12f). Vertical stress to normal stress ratio decreased from
1.6 to a minimum value of 0.7 during loading andr@ased to 1.9 during unloadingidure
12g). Moreover, a close correlation between ltbezontalstress tovertical stress ratio and flow
rate was observed in the unloading phase particularly when the litiabntalstress a vertical
stress ratio of 1.5 was exceeded and the flow datebledfrom 5 pl.h* to 10 ul.h™. During
loading, transmissivity decreased fronx5L0"* m?s?® to 0.6 x 10 m?.s*. However, during
unloading transmissivityecoveredo only 1.1x 10 m?s? (Figure 12h). The thickness of the
kaolinite gouge decreased with loading from 54 um &tréical stress of 0.2 MPa to 42 um at a
vertical stress of 2.6 MPa. During unloading slip plane wictthtinued to decreaderther to40

um before finally recovering td3 um afterfull unloading.
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Figure 11 - Results fromestASR_Tau0l_30wLUa) Temperatureb) Loading and
unloading steps showing the stepwise variatiomdrtical stress and corresponding
variations inhorizontal stressg) Hydraulic flow with time; d) Hydraulic flow
variation with vertical stress) Horizontalstress versusertical stress plot showing
hysteresisf) Hydraulic ransmissivity g) Pore pressures within the slip plane.
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Vertical .
Stage stress (MPa) Time (days)
1 0.2 0
2 0.4 1
3 0.5 2
4 0.7 3
5 0.9 4
o 6 1.1 5
Z
N s :
. 9 17 8
10 1.8 9
11 2.0 10
12 2.2 11
13 2.4 12
14 2.6 13
15 2.5 14
16 2.3 15
17 2.1 16
18 1.9 17
g 19 1.8 18
3 20 1.6 19
6’: 21 1.4 20
| 22 1.2 21
= 23 1.0 22
24 0.8 23
25 0.6 24
26 0.4 25
27 0.2 26

Table 4 - The loading and unloading stagedestASR_Tau05 30wLU.
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Figure 12 - Results from tesASR_Tau05_30wLUa) Temperature; b) Loading and
unloading steps showing theeptvise variation in vertical stress and corresponding
variations in horizontal stress; c) Hydraulic flow with time; d) Hydraulic flow
variation with vertical stress; e) Horizontal stress versus vertical stress plot showing
hysteresis; f) Hydraulic transnsisity; g) Pore pressures within the slip plane; h)
Fracture width variationSince only one eddgurrent sensor was used in this
experiment the decrease in fracture width during unloading might have been a result
of the tilting of the top block when thestical stress was decreased.

The abrupt increase in laboratory temperature during unloading is presented in additional detail
in Figure 13a. Abrupt increasein temperature were detected atDays 17, 18 and 21.
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Coarresponding increase in flow rate and transmissivity were also obsdfigde(13 b&c).
Figurel3d shows the increase lnorizontalstress torertical stress ratio duringnloading.
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Figure 131 Detail of effect of temperature fluctuatiomiring the unloading stages
in experiment ASRTau05_30wLU. a) Temperatyre) Flow rate ¢) Transmissivity

d) Horizontalstress tovertical stress ratio. The arrows indicate the initial increase in
horizontalstress tovertical stress ratio during unloading which might be due to the
movement of thedp block during each stepwise decreaseadrtical stress. These

steps also mark the stages whaoeizontalstress decreases rapidly during unloading
as shown irFigurel2e.

3.1.1.2DISCUSSION

A comparison of results fro experimentsASR_Tau01 30wLU and ASR_Tau05 30wLU
(Figure14) shows thaainincrease irvertical stress resulted in a corresponding linear increase in
horizontalstress during loading. The hysteresishorizontalstress observed during unloading
may be attributed to the cohesive strength of the clay as a result of hydrogen bonding between
adsorbed water molecules and atomically charged clay mineral su¢fkaes& Kopf, 2011;

Marry et al, 2008) The decrease iflow rate and transmissivity during loading suggests the
progressive constriction of fluid pathways during loading. The initial dissimilarities in flow rate
during loading between ASR_Tau01_ 30wLU and ASR_Tau05_30wLU might have been due to
the initial packng of the clay platelets and the geometry of the initial pathways formed.
However, at avertical stress of 2.6 MPa, flow decreased to a uniform value qf.B"
irrespective of the initial flow rates. After complete unloading, flow increased uniforntlgtin

tests ASR_Tau01_30wLU and ASR_Tau05_30wLU tat12pl.h™ (Figure14). The hysteresis

in flow rate and horizontal stress during a loading and unloading cycle suggests that
understanding the complete stresstdry rather than the current stress state is of paramount
importance in predicting the flow of fluids through fractures. Heterogeneous distribution of pore
pressures away from the central pore fluid injection port within the idealised slip plane suggests
that the hydraulic flow through clays occurs via localised channel/s within the slip plane.
Fluctuations in laboratory temperatures during the course of the experiments revealed an
inexplicit relationship to fluid flow rates. In ASR_Tau0l_30wLU an abruptrelase in
temperature of 1 °C obay 9 from 21.5 °C to 20.5 °C resulted in the flow rate increasing from

5 pl.h™ to 30 pl.h™* and transmissivity values increasing from 8.30% m?s* to 3.3x 10
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m?.s* (Figurellc & f). An increase in temperature in ASR_Tau05_30wLU of 0.2 °C resulted in

a flow rate increase from gl.h™ to 11 pl.h™ and a correspondindoubling of transmissivity

from 0.6 x 10 m%s? to 1.2 x 10 m?s* (Figure13 a-c). This shorterm increase in flow rate

and transmissivity may be attributed to the thermal expansion and/or contraction of water or
stainless steel pore fluid pump reservoir and pipe networks with rise or fall in laboratory
tenperature respectively. The exact process responsible for this anomalous observation is
unclear from the present dataset. The diverse differences in the injection pressure and the
pressure within the slip plan€igure 11g & Figure 12g) suggests that the concept of effective
stress (total stress minus pore fluid pressure) cannot be applied consistently to clays with the
same assurance as it has been applied in the study of more porousnaeabjeerocks such as
sandstones and fractured crystalline ra&kssset al, 2011).

Kaolinite being a noswelling clay might behave differently to other swelling clays such as
montmorillonite, illite and smectite during hydraulic flow. The flow ratesamt gouges filled

with swellingclays is expected to be significantly lower compared to that of sswetling clay.

The process of swelling is likely to constrict any open pathways. Additional experiments with
swelling clays are necessary to complet@hderstand the hydraulic flow properties through a
slip plane containing a mixture of swelling and rswelling clays.
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Figure 14 i Comparison of results from experimemSR_Tau01_30wLU and
ASR_Tau05_30wLU. aHorizontal stress versusertical stress plotSimilar results
are seen durinfpading,with only marginallydifferences seen during unloadiriy);
Flow versus vertical stress. During loading the initialflow rate in
ASR_Tau01l 30wLU we higher (90ul.h™) than the initial flow rateobserved in
ASR_Tau05_ 30wLU (5Qul.h™) during the initial part of the loadingycle. After
loading to 2.6 MP4low rate decreased to}8.h™ for tests Both tests also followed a
similar unloading path.

3.1.2 Gas flow during loading and unloading through an idealised slip plane

Three loading and unloading experimerf&SR_Tau07_30gLU, ASR_Tau08 30gLU, and
ASR_Taul4 30gLWYwereconducted with gas injectidio understand the effect of stress os ga

flow through fractures. In all the experimentsyticalload was varied in steps of 0.20.3 MPa

per day. These experiments were performed at gas injection pressures equivalent to the pressure
at which gas flow was detected (gas breakthrough presswiesh were different in each
experiment. The injection pressures used were 3.55, 4.95 and 4.45 MPa for
ASR_Tau07_30gLU, ASR_Tau08 30gLU, and ASR Taul4 30gLU respectively. The
experimentaktages are listed ifable5.

3.1.2.1RESULTS

In ASR_Tau07_30gLU, the experimental slip plane was loaded and unloaded in steps at a
constant gas injection pressure of 3.55 MPgure 15). The temperature within the laboratory

was maintained at@®+ 0.25 °C throughout the tesFigure 15a). The vertical stress was
increased in steps of 0i20.3 MPa per day up to a maximum stress of 2.6 MPa and decreased in
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similar steps to 0.4 MPa and the correspondingtians in gas flow rate were recordéihble

5, Figure 15b). As stated earlier, vertical load was varied only after gas flow through the slip
plane had been achieved. g the loading stages of the experiment, flow rate increased and
decreased randomly from 100 jit.at 0.4 MPa through 80 pi’hat 0.5i 0.7 MPa and 117 plth

at 0.97 1.1 MPa to 225 plfh at a normal stress of 1.3 MPa (d&gure 15 c&d). Subsequent
loading of the slip plane to a maximum stress of 2.6 MPa resulted in a steady decrease in flow
rate from 225 pl.H to 90 pl.h. During unloading, gas flow rate increased slowly from 907ul.h

at 2.6 MPa to 144 | at 1.2 MPa. Significant increase in flow rate was observed during further
unloading with flow rate increasing to 186 it,1860 ul.h', and 961 pl.H at 1.0 MPa, 0.8 MPa,

and 0.6 MPa respectivelfigure 15d). Horizontal stress increased linearly during loading and
hysteresis was observed during the unloading steggaré 15e). The significant increase in

flow rate on Day 27 during unloading appears to be relatédetaorresponding rapid decrease

in horizontal stress as shownhigure15c,e. Pore pressure within the slip plane remained more

or less unchanged during the entire duration of the experiment irrespectivehajrifirjection
pressure around 1cm away from the pore pressure semdguse(15f). Horizontal stress to
vertical stress ratio decreased during loading from 1 to 0.7 and during unloading increased
remarkably to B (Figure15g). Horizontal stress to vertical stress ratios above 1.5 corresponded
to abrupt increases in flow rate as observeBigure15c,d. Similar to fluid flow, traemissivity
increased and decreased during the initial loading stages up to 1.3 MPa. However, with further
loading, transmissivity decreased from 1.2 x*1fn’s® at 1.3 MPa to 4 x I8 m’s! at a
maximum vertical stress of 2.6 MPRidure 15h). During unloading, transmissivity increased
gradually from 4 x 18® m?.s® to 7 x 10" m?.s® at 1.2 MPa vertical stress. With further
unloading transmissivity of gas increased by up to an order of magnitude to 51 *i<} at a

vertical stress of 0.6 MPa. The thickness of the gouge within the slip plane decreased from 48.1
um to 34.5 um, and during unloading decreased further to 34.Figuré15i).

In experiment ASR_Tau080gLU, the kaolinite gougilled slip plane was subjected to a
loading and unloading cycle and the effect of variations in load on gas flow was studied. The
results are presented Figure 16. Random increase ardkcrease in flow rate was observed
during the initial part of the loading cycl€igure 16 c&d) as observed in previously. The flow

rate fluctuated between 165 pt.land 550 pl.H during stepwise loading from®MPa to 1.1

MPa. Further loading resulted in more or less steady decrease in flow rate from 55t fiLh

MPa to 276 pl.i at 2.6 MPa. During unloading, flow rate increased gradually from 276 gt.h

2.6 MPa to 298 plfh at 1.4 MPa. The final unéwling step at 0.4 MPa saw a considerable
increase in flow resulting in approximately 1000 fil.iorizontal stress increased linearly with
loading and displayed hysteresis during unloadkigure 16e). The presse within the gouge
remained approximately zero throughout the entire duration of the loading and unloading stages
(Figure 16f). Horizontal stress to vertical stress ratio decreased during loading from 1.0 to 0.7
and during unloading significantly increased to 1Rg(re 16g). The transmissivity of gas
through the slip plane fluctuated between 6 281®9%s* and 2 x 13" m?.s® during the initial
loading stages and deesed to 1 x 1& m?.s* (Figure16h). During unloading of the slip plane

gas transmissivity increased to 3.8 x*ion’.s’ at 0.4 MPa vertical stress. Fracture width
decreased with loading from 65um to 51um amdiirty unloading remained relatively constant
(Figurel6i).

A third experiment (ASR_Taul4 30gLU) was performed at identical test condikans€17),

with the slip planeloaded in steps to a maximum vertical stress of 1.8 MPa followed by
unloading Figure 17b). Flow rate fluctuated during the loading stages as observed in the
previous experiments. The experiment was commenceflat aate of 85 pl.i at an injection
pressure of 4.45 MPa and a vertical stress of 0.3 MRmre 17c,d). However, an increase in
vertical stress to 0.5 MPa resulted in a remarkable increase in flow rate frpith8%0 262

ul.h™. Even though the flow rate fluctuated during loading, the general trend shows a decrease in
flow rate during loadingKigure17d). Flow at the maximum vertical stress of 1.8 MPa was 158
ul.h™. With unloading flow rate increased to 548 [l & a vertical stress of 0.6 MPa. Hysteresis

24



CR/13/001 Version 1.0 23/10/2013

in horizontal stress was observed during the unloading stages and the pore pressures within the
fracture remained relatively unaffected during the course ofeiperiment Figure 17e,f).
Horizontal stress to vertical stress ratio decreased from 0.9 to 0.7 during loading and
subsequently increased to 1.5 during unloadiigure 17g). Transmissivity of gas through the

slip plane increased from 3.8 x fim?.s* to 1 x 10" m?.s* during a slight increase in vertical

stress from 0.3 MPa to 0.5 MPEidure 17h). Further loading resulted ihd& gas transmissivity

to decrease randomly to 5.9 x£n®.s* at a vertical stress of 1.8 MPa. During the unloading
stage, transmissivity increased gradually to 8.4 %®1&°.s' at a vertical stress of 1.0 MPa
followed by an abrupt increase to 2.3 &1 m?.s* at a low stress of 0.6 MPa. When vertical
stress was decreased further to 0.2 MPa, transmissivity increased by an order of magnitude to 1.8
x 10*®m%s™. Contrary to ASR_Tau07_30gLU and ASR_Tau08_30gLU where only one fracture
width measuringeddycurrent sensor was employed, ASR_Taul4 30gLU used two fracture
width sensors. The fracture width measured by one sensor showed a decrease in fracture width
with loading from 10 pm te9 pum whereas the second sensor showed a corresponding increase
in from 28 um to 75 pumHKigure 171). The opposite behaviour in fracture width evolution was
observed during the unloading stage. The average fracture width showed unexpected increase
from 22 um to 32 um during loadindgdowever, during unloading the fracture width remained
constant at 33 = 1 unf{gurel7).

ASR_Tau07_30gLU ASR_Tau08 30gLU ASR Tauld4 30gLU
Vertical Time Vertical Time Vertical Time
Stage Stress (Days) Stage | Stress (Days) Stage | Stress (Days)
(MPa) (MPa) (MPa)
1 0.4 3 1 0.4 11 1 0.3 28
2 0.5 5 2 0.5 12 2 0.5 29
3 0.7 6 3 0.7 13 3 0.7 30
4 0.9 7 4 0.9 14 4 0.9 31
5 1.1 8 5 1.1 15 5 1.1 32
= 6 1.3 9 6 1.3 16 6 1.3 33
ﬁ 7 15 10 7 15 17 7 1.4 35
ht 8 1.7 11 8 1.6 18 8 1.6 36
9 1.8 12 9 1.8 19 9 1.8 37
10 2.0 13 10 2.0 20 T T T
11 2.2 14 11 2.2 21 T I I
12 2.4 15 12 2.4 22 T i i
13 2.6 16 13 2.6 23 T i i
14 2.5 19 14 2.5 24 ) | |
15 2.3 20 15 2.3 25 T I I
16 2.1 21 16 2.1 26 ) I I
17 1.9 22 17 1.9 27 ) I |
> 18 1.8 23 18 1.8 28 10 1.7 38
'-cES 19 1.6 24 19 1.6 29 11 15 39
<_C3 20 1.4 25 20 14 30 12 14 40
) 21 1.2 26 21 1.2 31 13 1.2 41
22 1.0 27 22 1.0 32 14 1.0 42
23 0.8 28 23 0.8 33 15 0.8 43
24 0.6 29 24 0.6 34 16 0.6 44
25 0.4 30 25 0.4 35 17 0.4 45

Table 51 Loading and unloading stages duriggs injection loading/unloading
experiments ASR_Tau07_30gLU, ASR_Tau08 30gLU, and ASR_Taul4 30gLU.
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3.1.2.2DISCUSSIONON GAS INJECTION LOAING-UNLOADING EXPERIMENTS

The threegas injectionloadingunloading experiments were initiated at dissimilar injection
pressures of 3.55, 4.95, and 4.45 MPa. The injection pressures in these experiments
corresponded to the pressures at which gas breakthrough was detaddareakthrough
pressurevaried irrespective of identical sample preparation and sample assembly roliises.
might be attributed to the formation of preferential pathways which egdlaitmultitude of
inherent weaknesses within the gouge matrix wimay have variedn each experiment. The

flow rate of gas fluctuateseemingly in aandommannerduring the initial loading stages of the
experimens (Figure18a). However, during further loading a decrease in floe veds observed.

The random nature of flow rate variation during the initial loading stages may be due to the
horizontal movementf the steel blocks during each step wise increase in load which in turn
affecedthe geometry and nature of the gas fpathways.Flows observed during almost total
unloading of the fracture weemn order of magnitude higher than flow observed during the initial
loading stages. The significant enhancemehtflow during the unloading stages of the
experiments may also be ascdhte the effect of movement tie steel blocks on the gas flew
pathways with each stepwise decrease in normal stress. Since different injection pressures were
applied in each experiment, direct comparisons of the variations in flow rates between the
different experiments were not attempted here. However, the flow rate of gas has been observed
to be directly proportional to the injection pressure applied with higher injection pressures
resulting in higher flow rates and vice versa. In experiment ASR_Ta0QEZW3run at an
injection pressure of 3.55 MPa, the flow rate recorded aMP& normal stress was 1{2h™.

In ASR_Taul4_30gLU performed at an injection pressure of KIR&, flow rate of 158i.h™

was recorded. In the case of ASR_Tau08_ 30gLU perfoahéte uppermost injection pressures

amongst the experiments reported here, a flow rate ofiRfié was recorded at a normal stress
of 1.8MPa.
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Figure 18 i Comparison of results from tests ASR_Tau0O7_30gLU,
ASR_Tau08 30gLU, and ASR_Taul4 30gLU. a) Flow rate versus vertical stress; b)
Horizontal stress versus vertical stress showing hysteresis during unloading; c)
Horizontal displacement withevtical stress.

Horizontal stress increased linearly with step wise increaseetical stress during loading.
However, prominent hysteresis was observeldanzontal stressluring the unloading stages of
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the experiment Kigure 18b). As discussed earlier, this hysteresis may be attributed to the
cohesive strength of the clay as a result of hydrogen bonding between adsorbed water molecules
and atomically charged clay mineral surfa¢ksri & Kopf, 2011; Marryet al., 2008) Even

though horizontal movemenbof the top block was prevented as much as possible during the
course of the experiment by securing the movement of fthee actuator, horizontal
displacemergof 1007 120 um were recorded in all the experimefiise amount ohorizontal
displacement appear to be linearly proportional to the degreeedical loading with
ASR_Taul4_30gLU which was subjected to a maxinuantical stress of 1.8 MPa recorded a
horizontaldisplacement of 98 um whereas ASR_Tau07_30ghd ASR_Tau08 30gLU which

were subjected to a maximuwertical stress of 2.6 MPa underwembrizontaldisplacements of

120 um and 125um respectivelyrigure 18c). Since different gas injection pressures were
empbyed in these experiments, the accurate determination of the effect of above mentioned
horizontal displacement in decreasing the overall transmissivity of gas was not possible.
However, shear displacemerst a wellestablished selealing mechanisnand would have
contributed to some decrease in gas transmissivity and the contribution of shear mechanism in
the decrease in gas transmissivity observed in these present experiments cannot be entirely ruled
out.

3.1.3 Comparison of hydraulic flow and gas flow during bading and unloading

A direct comparison of the effect of water and gas transmissivity during loading and unloading
was not feasible because of the different injection pressures used. Irrespective of these
differences, a general decrease in flow rate vilseiwed during loading in the case of both water
and gas injection experimentSigure 19a). Hydraulic flow through the gougd#éled slip plane
decreased with corresponding increase in normal stress. In the ¢aseijection, the flow rate
through the slip plane decreased and increased with corresponding normal load increase
suggesting that new gas flemathways were being formed during the initial loading stages. In
the case of water injection experiments, fl@ates increased to only25o0f the starting flow rate

during unloading Figure 14b). However, in the case of gas injection, the flow rates observed
during the unloading stages were up to an order of magnituterhiigan that observed during

the loading staged$-igure18a). These observations suggest that the mechanism of gas flow and
water flow through a gouge filled fracture during loading and stedagation are sigficantly
different. The gas flow properties through fractures are likely to be severely influenced by stress
relaxation during tectonic uplift compared to that of hydraulic flow. Moreover, the pore
pressures within the experimental slip plane recordetiwaaorthogonally located pore pressure
ports located 10 mm from the central injection port remained unchanged throughout the duration
of the experiment irrespective e high injection pressureFgure 8b). Thisinhomogeneous
distribution of pore pressures within the slip plane indicates that the fluid flow must have
occurred via localised fluid pathways within the fracture plane as reported betlg2012)

In both water and gas injection experimetstizontal stressncreased linearly during loading
(Figure14a, Figure19). A close correlation between therizontal stresto vertical stress ratio

and increase in flow ta was observed during the unloading stage with manifest increase in flow
rate during unloading occurring when therizontal stress$o vertical stresgatio valueswere

above the starting ratio prior to loading. The present observations indicate théamopoof
horizontal stres$o vertical stressatio in determining the rate of fluid flow through fractures as
reported byZobacket al. (1985) and Brudyet al. (1997) Prominent hysteresis inorizontal
stresswas observed during the unloading stagdimplies that understanding the stress history

of the fractured rocks is of paramount importance in predicting the fluid flow behaviour
Complex stress histories are common foactural crystalline bedrock which mahave
undergone complex subsidence andfuplstories with multiple stressing and stresslaxation
events Hence the predictions of fluid flow behaviour through fractures based on mere datasets of
preserdday stress regimes are insufficient and are likely to result in erroneous predictions of
fluid flow behaviour.
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Figure 19 1 Comparison of the hydraulic and gas injection experiments during
loading and unloading. a) Flow rate veruestical stresplot for waterinjection
experiment ASR_Tau05_30wLU and gas injection experiment ASR_Tau07_30gLU.
b) Horizontal stressversus vertical stressplot showing identical hysteresis in
horizontal stress the case of water and gas injection experiments.

3.2 FRACTURE TRANSMISSIV ITY EVOLUTION DURING SHEAR

Test ASR_Tau02_30wLUS was carried out to understand the influence of stesstorefluid
flow.

3.2.1 Experimental methodology

The experiment was performed using water as the permeant. The kaolinite gouge filled slip plane
was subjeted to independent variations wertical load, horizontal displacementate, and
injection pressure while keeping other parameters constant. The different stages involved in
ASR_Tau02_30wLUS experiment are listedable6.

Stage Pore pressure Vertical load digg{;i%r:;ilnt TIME
(kPa) pump (kPa) rate (mm.day ™) (days)
1 1000 5000 0 0.0
2 1000 10000 0 5.8
3 1000 1000 0 12.1
4 1000 1000 0.3 14.2
5 1000 2000 0.3 17.8
6 1000 3000 0.3 27.0
7 1000 3000 0.9 33.9
8 1000 3000 0 38.1
9 2000 3000 0 39.8
10 2000 3000 0 40.1

Table 61 Experimentaktagef testASR_Tau02_30wLUS.

Stage 1 to 3 aimed tounderstand the effect okrtical streswariationon fluid flow throughthe
gouge In stagel the vertical stressvas increased to 0.96 MPa while the injection pressure was
maintained constant atNMIPa and the resulting flow rate was monitored. In stageé day 5.8,
thevertical stressvas increased from 0.96 MPa to 1.86 MPa whilemta@ning other parameters
constant In Stage3 the vertical stressvas reduced to 0.15 MPa and the effect on flow rate was
monitored. Stage8 to 7 were carried out to understand the effect of shearingvarittal load

on fluid flow through the gouge. Istage4 the slip plane wadisplaced horizontallat a rate of

0.3 mmday™. In stage5 the vertical stressvas increased from 0.17 MPa to 0.37 MPa and the
corresponding variation in flow rate was analysed. In s€te vertical stressvas increased
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from 0.37 MPa to 0.56 MP&hilst the sample still underwent she@hehorizontal displacement
rate was increased from 0.3 mutay” to 0.9 mmday* in stage 7Sheaing was stopped in stage
8 and the hydraulic flow rate was monitored. In st@ghe pore fluidinjection pressure was
increased from 1 MPa to 2 MPa asidge D signifies the end of the testhe time duration of
each stage in ASR_Tau02_30wLUS and tlmeindary conditions of each stagee listed in
Table6.

3.2.2 Results and discussion

The results from stagdsto 3 are shown irFigure20. In stagel at avertical stres®f 0.96 MPa

and a pre fluid injection pressure of 1 MPa an initial flow rate of Bith™ was recorde.
However the flow rate decreased rapidly from tl.8™ within 7 hours Subsequently, the flow
ratefurther decreased gradually to 2&8h™ at Day 6. The initial sharp decline in flow rate may
be attributed to the healing or the blocking of the flogdhways. Since the pathways constantly
evolved with time, no steady state flow was reached. The flow rate decreased marginally to 1.4
ul.h™ when thevertical stresscting on the slip plane was doubled in stageom 0.96 MPa to
1.86 MPa. Data acquigh problems resulted in a loss of data from days 8.6 to 9.8. However,
when thevertical stressvas decreased in stagérom 1.86 MPa to 0.15 MPa, the hydraulic flow
rate increased from 14.h™ to 50pl.h™. As discussed in sectidhl.1, the hydraulic flow rate
decreased during an increaseémtical stresand vice versa.
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Figure 20 - Results fron stagesl to 3 of test ASR_Tau02_30wLUS. a)
Temperaturgb) Vertical and horizontalteess c¢) Hydraulic flow.

The hydraulic flow rate under conditions of shear from stage 4 tos8as/nin Figure21. The
tempeature of the laboratory remained constant atZD2 °C wntil day 32.1 when an abrupt
increaseof 0.5 °C occurred. Spikes in hydraulic flowere observed during # temperature
fluctuation. However the effect of éitemperaturgerturbationsvas negligibé on the overall

flow rate. At staged, the slip plane was subjected torizontal movemenat a rate of 0.3
mm.day’. As a result ohorizontal movementthe hydraulic flow rate decreased significantly
from 50pl.h™ to 29pl.h™. This suggests that shiay is an effective selfealing mechanism and
hence fractures undergoing shear are likely to be less conductive to hydraulic flow than fractures
which are not experiencing amprizontal movementAn increase irvertical stresgrom 0.17

MPa to 0.37 MPani stage5 with simultaneousorizontal displacementte of 0.3 mnuay*
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resulted ina further reduction in hydraulic flow from 2@l.h™ to 15+ 5 pl.h™. The flow rate
failed to attain steady statenditionseven after 10 day&stage5). An increase irvertical stress
from 0.37 MPa in stagets 0.56 MPa in stagéled to a gradual decrease in flow rate fromt15
5 pl.h* to 9+ 1 pl.h™. The horizontal displacement rate was increased from 0.3 mihiday
0.9mm.day duringstage7 resuling in a decreasin flow from 9+ 1 pl.h™? to 5+ 1 pl.h™.
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Figure 21 - Results from stage$to 9 of the ASR_Tau02_30wLUS experiment. a)
Temperaturgb) Horizontalandvertical stressc) Flow.
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Figure 22 - Results from stages 8 and 9 of the ASR_Tau02_30wLUS experiment. a)
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Flow rate remained virtually unchanged at 5 + 1 Jihwhen thehorizontal movementvas
stoppedn stage8 (Figure22). This observation suggests that the sealing of flum-pfathways
achieved as a result of shear displacement is perpetual and is not likely to be affected by the
ending of any shear displacement that the rocks have undergone. The decrease in hydraulic flow
rate through the kaolinite gouge observed in the ptesgeriment might be due to the stacking

of individual kaolinite clay platelets in an orientation parallel to itxis thus forming a dense
framework of clay material and concomitant reduction in bulk porosity of the gouge. However,
shear experimentsnointact Opalinus Clay by Cusst al. (2011) have shown evidence of
enhanced flow as a result of the formation of new fractures during shearing. An increase in
hydraulic injection pressure from MPa to 2MPa during stage9 resulted in an increase in
hydraulic flow from 5+ 1 pl.h™ to 20+ 7 pl.h™* even though steady state flow was not attained.

Flow progressively decrease form 50 {fi4t a vertical stress of 0.15 MPa to 7 jHlat a vertical

stress of 0.56 MPda-{gure23a). From the results presentedRigure 20, Figure21, andFigure

22 along with the results presentedrigure23b, we conclude that an increase in vertical stress

and shear rate leads to a general decrease in hydraulic flow rate and on the other hand an
increase in hydraulic injection pressure results in an increase in hydiawliate.
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Figure 2317 Summary of observations for te86R_Tau02_30wLUSa) Variation in
flow rate with increasingvertical stressb) Effect of increase in shear ratnd
increase in injection pressure on hydraulic flow rate.

3.2.3 The effect of shearing on hydraulic flow rate

In order to understand the magnitude of flow rate reduction during shearing, a comparison of
hydraulic flow rate evolution during loadinghloading eperiments withhorizontal movement
(ASR_Tau02_30wLUS) and withoutorizontal movemen{ASR_Tau05_30wLU) was done.

The results are presented Hgure 24. The initial hydraulic flow rates recorded in the
experiments ASR_Tau05 30wLU and ASR_Tau02_30wLUS were similar at j49™
However, in ASR_Tau02_30wLUS the slip plane was subjected to shear at a rate of.day mm

! and tre horizontal movementesulted inapproximately40% reduction in hydraulic flow rate
(Figure 24). With progressive loading of the slip plane under conditions of shear resulted in a
flow rate of 7ul.h™ at avertical stres®f 0.56 MPa. On the other hand, under conditions of no
horizontal movementertical stressas high as 2.04 MPa was required to reduce the hydraulic
flow rate to 7ul.h™. These observations suggest that shear displacement along a fracture plane is
an efficient sealing mechanism and the effect of shear on sealing is conside@ay
pronounced than that of the effectasfincrease irvertical stress
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Figure 24 - Theeffect of shearing on hydraulic flow, resultinmga 40% reduction in
flow.

3.3 INVESTIGATION OF FAU LT-VALVE BEHAVIOUR DUR ING GAS FLOW

Experiment ASR_Tau06 30gGl was initially planned to understand the effect of loading and
unloading on the rate of flow of helium gas through a kaolinite géillgd experimental slip

plane A compaison with the observations of hydraulic floffest ASR_Tau05_ 30wLY could

then be madeHowever, the injection pressure of MPa applied was far below the gas
entry/breakthrough pressures required for gas flow through the slip plane. Consequently it was
decided to test for gas entry pressures indheent experimental setup and investigate the
likelihood of studying the fauttalve behaviour during gas flow through fractures.

3.3.1 Experimental methodology

Experiment ASR_Tau06 30gGhcluded 7 stages lasting 28 days in tot@tage 1 was
performed at aertical stres®f 0.17MPa and a constant gas injection pressure gPh with
gas flow monitored. Since no gas flow was detected, constant gas injectiomsatamwnenced.
In stage 2, gas was injected into the slip plane at a constant injection &@ dfh™ and the
corresponding increase in gas pressure was monitored. As the gas entryibugakpressure
was reached an abrupt drop in gas pressure wiadpated. Stages 3 té represent stages of
discrete gas injection rate where mukiglas beakthrough events occurre@lhe gas injection
rates employed ithedifferent stages in ASR_Tau06_30gGl are showRigure25a.

3.3.2 Results and discussion

Results for theentire duration of thefault-valve behaviour @st (ASR_Tau06_30gGl are
presented irFrigure25. Detailed descriptions of the results fremchstage of the experiment are

given below.
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Figure 25 - Results fromthe faultvalve behaviour testAGR_Tau06_30gGl a)
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Figure 261 Stage 1i 2 of thefault-valve behaviour test (ASR_Tau06_30gG)
Flow rate. In stage 1, no flow was detect8tdge 2was conducted asconstanflow
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anabrupt decrease in gouge thickness after the gas breakthrough event.
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