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1. Abstract

Humanity is facing one of the largest challenges it has come up against in its lifetime, climate change.
Emission of greenhouse gasses being the largest contritiatglobal warming, we need to change

our way of living, producing energy and transporting products all over the planet. Emission of
greenhouse gasses nesth be kept at a minimum and social change only will probably not be enough.
On the short term theso called techndixes, where technology comes in play, can help us taking a step
towards reaching our mutual goal of reducing-@@issions. One of the most promising tecHinaes

in play is Carbon Capture Storage (CCS) wheresC@ptured at the sourcand is geologically stored

in empty reservoirs or aquifers where it can be contained for geological timescales. Of course, the
storage of Ce@comes with certain risks as parts of this method are still unkn@waohas the leakage
potential of the in situcaprock. In this studtghe aim wado obtain empirical relationships for contact
area and stress distribution with varying bedding orientation, stress and time for fractures in clayey
caprock, in this case the Opalinus Clay shale. By performing compitgsigibts with varying bedding
orientations, stress and time, using pressure sensitive paper with different stress thresholds, it was
observedhat; 1. Intact compressibility tests show an increasing matrix compressibility with decreasing
bedding orientéion; 2. The effect of bedding orientation on the evolution of free space area and >15
MPabearing contact area with increasing applied stress shows to be neglectable and therefore
empirical relationships were obtained regardless of bedding orientatialgit Roughness Coefficient
(JRC) shows increasing trend with increasing bedding orientation @iglé < 90); 4. The effect of

time is visible in a logarithmic trend, where applied normal stress plays a ~1:1 role; 5. Thefedfect
applied initialdislocation along the fracture plane shows an increase in contact area with increasing
time, which implies there is a strong salaling property present in the Opalinus Clay shale.
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2. Introduction

In a time where the climate changes, renewable energies are a high priority and carbon emissions are
required to be kept at a minimum. The world still highly depends on the use of fossil fuels for energy
generation, and techniques like Carb@apture Storage (CGHgrzog & Golomb, 2004}e considered

to be of high importance to reduce global carbon emissi&ush technology involveagturing carbon
dioxide (C@) before it reaches the atmosphere, at locations where emissions are higthamsitoring

it in depleted hydrocarbon reservoirs or deep saline aquiféeeshnology and knowhorelated to CCS

has already much advanced througtojects in the Netherlands like Porthos and Atlibsick et al.,
2019] However, to ensure safe, lorigrm storage of C@in the subsurface, leakage of the injected
CQ from the storage location needs to be prevented. The leakage ofr@@ geological storage sites

can have aignificanimpact on the environment, e.g. onidace vegetation and subsurface microbial
communitiesMorales & Holben, 2014&nd might therefore also have an economic imp#tdrvey et

al., 2013 Celia & Bachu, 2003].

When storing C&in geological storage sites it is hard, if not impossible, tocagny form of leakage.
Due to the largevarietyof leak pathsand unknown parts of the mechanical and hydraulic influence of
injected fluids/gasses to the subsurfaités almostimpossible to guarantee a system of zero leakage
[Celia& Bachy 2003. The nost common leak path is found along the borehole. When the sealing layer
of cement does not fit the borehole correctly, these gaps will form potential leak paths for the injected
CQ fairly close to the injection point and therefore this will be a geolalfyaquick way for the G@o
migrate out of the storage sitRVatson & Bachu 200®Wigand et al., 200Celia & Bachu, 2003The

CQ can also leak along more geological pathways. Several forms of migration cdiClae observed

in these systems. Vertitanigration, which is faster due to the buoyancy force of the lightes CO
supercriticalfluid, and lateral migration which is slower due to the lack of influence of the buoyancy
force. For lateral migration the capillary pressure of pore throats is haodevercome and therefore

it takes more time for C&4o migrate in a lateral wajCelia & Bachu, 2003Both vertical and lateral
migrationout of the storage systeroan take place along different pattsuch as through theaprock
matrix and fractures ithe caproci{Hou et al., 2012PyrakNolte et al., 1988Neuzil & Tracy, 1981
Tsang, 1984]

As fracture permeability ig/pically severabrders of magnituddiigher than the matrix permeability

of a shale, the fracture will be the main geological contributor to the potential leakageture
permeabilityis controlled bysome characteristifactorslike connectivity, contact area and aperture
width [Tsang, 184; Brace, 1978] As stated byTsang (1984)the fluid flow through a fracture
decreases with increasingormal stress owing to two factors: (1) Fracture apertures for fractures
under increasing stress are smaller due to fracture closure with stresshé?® 1S an increase in
tortuosity and a decrease in connectivity of fluid flow paths due to an increase in contact area with
time. Therefore it is of importance to investigate how these characteristics evolve whi@sses
relevant tostorage conditionsd better understand fracture permeability.

In the present studysamplescored fromthe Opalinus shaleere investigatedas this is a typical and
well-characterizedBossart & Thury, 200&Jay-rich rock and clayey rocks are common caprocks for
e.g. C@storage systemsSingle fracture with the fracture plane having an angle-80@legree to the
bedding orientation of the sample was derived in each sample using Brazilian splitting metaod
tensilestrength and fracture toughness of the OPA materiatevéetermined.Besidesthe fracture
roughness versus fracture orientation was explaréidvo types of uniaxial compression tests were
then performed on thdractured samples, i.e. (1) stress cycling tests performed at multiple stress steps



in the range 00.515MPa and (2) creep tests performed with constant stress acting on the fracture
plane. he evolution of characteristic parameters (connectivity, contact area and aperture vatlth)
the fractures with different orientations aa function of normal stres Both types of tests were
performed with pressure sensitive sheet |, Svhich is a thin filmvhichindicates pessuredistribution

and pressuremagnitudebetweentwo surfacesin contact, in-between the two sides of the fracture.
Force versus displacement data obtained in {@3t also performedavithout P%, allows evolution of
fracture aperture under the effect of stress, stress history (tependent behaviour)to be
characterized aftecalibrating matrix deformation using compression tests on intact sam@esthe
other hand,evolution of fracture contactinder the effect of stress, stress history (tirdependent
behaviour) and bedding orientatiowere investigatedvia tests using FFSTwo questions would be
answered through this research: (yhat will be the influence of different normal stresses on the
evolution of stress distribution and contact area along the fracture plaf@@2Vhat will be the
influence of time on the evolutionf stress distribution and contact area along the fracture plane?
These questions will be answered on the basis of the experiments that will be performed during this
study. Intact compressibility test will be performed where matrix deformation will be suesd in
order to distinct matrix compaction from fracture compaction in the fractured shale compressibility
tests.

Empiricakelationships describing the fracture roughness evolution, and hence fracture aperture, as a
function of time and stresare derived, which can be furtharsed in numerical models for a firgtder
assessment of the leakage potential of fractures in clayey caprock under different storage conditions.

3. Methods

3.1. Sample material

The Opalinuglay (OPA) has been deposited approximately 180 million years ago during the Middle
Jurassic as a part of the LiasBimgger units, which contains several shallowipgvard regressive
cycles and ending with shallewater carbonategBossart & Thury, 2008ossat et al., 20X]. The
Opalinuay, as a lithostratigraphic formation, consists of sequence of dark grey, silty micaceous clays
and sandy shaleSherefore, it is classified into three facies in terms of the enrichment of quartz,
carbonates and silts, nagty sandy facies, carbonate rich sandy facies and shaly {Bzesart et al.

2017]. The source material used in our present research are $heigs cores drilled at MdrTerri
Underground Rock Laboratory (URAhichis typically composed of 5686% clay particles, consisting
mostly of kaolinite and illite while the other ~35% consists of quartz, calcite and feldspar minerals
(Table 1)[Corkum et al., 2007]

Tablel - Mineral composition of Opalinus clay accordiogCorkum et al. 2007.

Mineral % Mineral %
Kaolinite 30 Quartz 20
lllite 17 Calcite 7
lllite-smectite | 10 Feldspar 3
(mixed layers) Siderite 2
Chlorite 8 Dolomite/ankerite| 1
Pyrite 1
Organic carbon | 0.4
Total clay 65 Total nonclay 35




Thesource OPA cores were sleeved using aluminium foil after being drilled at URL to prevent water

loss and weathering. Cylindricedmpleswith diameter of~25mm andvaryinglengths were plugged

from the source materialThe samples can be divided into twaes based on the bedding orientation

relative to the longitudinal axis of the sample, namely bedding parallel samples (i.e. with long axis of

the sample parallel to bedding) and bedding perpendicular samples (having its bedding perpendicular

to the axis 6 the sample).In order to keep as close to the original water content as poséibleghly

8-9 vol.%Bossart et al., 20))7the samples were wrapped in bublgap and stored irindividualair-

tight containerswith the containerplaced in environmend dzF F SNBER o6& a8y iKSGA O ol
brine, Pearson et al. 2003’ he characteristics of the used samples are showkpjmendix A.

3.2 Experimental methods
The experimental workflow adopted in the present study consist of three main steps, witrstesgch
havingtheir own purpose, explained below:

1. Compressiortestson intact samples Uniaxial stress cyclingere donein these testdo get
the compression data, i.e. force (F) versus displacement (L), for intact samples of different
bedding orientations. Also, whether deformation of the intact sample is reversible was
verified. Note that the displacement measurgu [j consists othe deformation of the matrix
of the sample and the deformation of the apparatus used during this experinsert. data
0 nversuskF) is needed in order to distinct the fracture deformation from the deformation of
the whole (fractured) sample.Besides, te compaction of the intact samples with different
bedding orientations will show the influence of bedding origitta on thecompressibility of
the Opalinus clay.

2. Brazilian splitting testThis is aimed to create fractured samples containing a single fracture
of different orientation relative to the bedding. Mosamplesstudied in this research were
fractured usinga Brazilian splitting ridjustrated in figure2, whilefour samples wererfictured
using a different method described by ISRM (1978) in order to determintetisde strength
and the fracture toughnesd-igure 3)

3. Compession testof fractured shaleswith and without pressure sensitive paper (PSHhe
O2YLI OGA2Yy 2F FNIOUGdzZNBR &l YL Sdertodisuddze¥hé A Yy SR«
contact area and to determine the stress distribution along the fracture plane. The results of
this set of experiments wilhdicatethe influence of variosi normal stresses and time on the
evolution of the contact area and its stress distribution. There are three experiments
performed without PSP in order to distinguish the fracture compaction for each applied normal
stress.

3.2.1 Intact compressibility &

Experimental setup, sample assembly and procedure
As a preparation for future experiments, most used samples go through the intact cornydrgss
tests. The sample will be fitted in a custom made seytindrical sample holdeas shown irfigure 1.
In order to fit the diameter to the 1 inch diameter of the sample holder, fitting spacers are used with
varying thicknesses and materials (copper, steel). This is done so that the sample will not deform in an
elliptical way. Themaximum force exerted on the ample was determined to apply a stress
perpendicular to the orientation of the fracture plane to be induced at the magnitudeddb 15 MPa.
This stress isstimatedbased on the stress acting on the largest giiga middle planedf the sample.
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Each ample undergoes three cycles of loading between ~0.2 MPa and the maximum stress.
Displacement of the upper loading piston relative to the lower loading piston is recorded by a local
LVDT in order to calculate the differences in diameter after each styeds. Appendix Ashows the
samplesused for this set of experiments.

Figure 1- Custom sample holder designed to accommodate the cylindrical sample and apply normal stress perg
to the orientation of the fracture plane generatdde(t). It is aso designed to fix upper and lower parts of the fract
sample and then aligthe two parts in uniaxial compression test on fractured sample (Right).

3.2.2 Brazilian splitting test

3.2.2.1 Experimental setup, sample assembly and procedure
Each samplevasfractured using the custom Brazilian splitting apparafeigure2). This method is
different than is used in other studies. Instead of a flat stefar a cylindrical sample holder, there are
two wedge shaped blades installed in the sample holder. The O1
top part is able to move as stress is applied to the sample. The
wedgeshaped blades will cut into the sample, eventual v
splitting the sample. The tbkness and angle (sharpness)
the blades is of high priority as this contributes to t
aperture width during fracturing. The angle of the blades .
19.5°. During the loading testhee Instron apparatus on whic
the sample holder is placetbmpresseghe bladesinto the
sample ata speed of 0.1 mm/mirDisplacement of the upper
loading piston relative to the lower loading piston is recordef
by a local LVDTLifiear Variable Differential Transforme
installed adjacent to the sample, hence allowing samp
deformation to be measured after correcting for deformatio
of the loading seup. Signal of the position of the apparatus
(mm), the applied load (kN) and the local LVDT values (mm)
were logged at a rate 0 Hz Figure 2- Brazilian splitting setup

Movable top part

Wedge shaped blade

Sample

Spring for holding
sample in place

Pins for guidance
of movable top
part

Before the samplevasinstalled in the smple holder for the Brazilian splitting test, the sample needs
to be prepared. Notchewere made at themiddle of the ends and two sidése sample Notches at
the ends are attempted to guide the induced fracture to propagate along the middle plane of the



sample, while the notches at the sides aimed to facilitate O1
instalment and alignment of the sample between the blades o N
the Brazilian splitting rigThe depth of this notch isabout
~1lmm

Movable top part

Besides of samples fractured using modified Brazilian metho
a fewsamples are fracturetbllowingthe methodassuggested
by ISRM (1978 usingflat-cylindricalloading pistons to apply
the compressive forcéFigure3). Such conventiondBrazilian

Sample

Steel cylinder

splitting testallows calculation othe tensile strength (MPa) Sample holder
and fracture toughness using formulas given by ISRM (1
and Chandler et al. (2016).
Aﬂ
3.2.2.2 Data processing Figure3 - Flat-cylindrical Brazilian splitting

test setup used for calculating cohesive

In order to calculate théensilestrength, formulas used by ISR}
strength andfracture toughness.

(1978) and Chandler et al. (2016) will also be used in this st

. T OP— 1)

Where' is the tensile strength (MPa)nkis the maximum applied load (N), D is the diameter of the
sample (mm) and t is the length of the sample (mm). By using formula (1), Chandler et al. (2016)
determined a trend in the tensile strengths of different materials which can be used to calchkate t
accompanying fracture toughness for these samples, using the formula determined by Chandler et al.
(2016):

. X @ ()

Where Kcis the critical stress intensity factor (fracture toughness, MNJmFormulas (1) & (2) are
used to calculate théensilestrength and the accompanying fracture toughness for the samples that
were fractured using the flatylindrical Brazilian splittinggst.

Due to the difficulty of fracturing samples along different orientations in respect to the bedding of the
sample as described biChandler et al., 2016]few samples were fractured along the correct
orientation as fractures can defleap to anglesof 90° towards bedding planes with lower fracture
toughness. Therefore, it will not be possible to get the empirical relationshipenefie strength vs.
bedding orientation and fracture toughness vs. bedding orientation.

3.2.3 Compression tests of fraced shales

3.2.3.1 Experimental setup, sample assembly and procedure
In order to determine the evolution of contact area, and therefore fracture roughness, between both
planes of the fracture, experiments using pressure sensitive paper BRRIm are performed.The
PSP can be considered as an indicator revealing the contact of two interacting sutfesesists of a
polyethylene sheet containing colodeveloping micrecapsules. When the stress between two
contacting PSP areas increases in excésa threshold value, the miciapsules will burst, and the
impacted area will be stained red, with the colour density being indicative of the stress magnitude.
TKNBS (8L18a 2F t{tQa osviefeKsedramdlyd NG yWian@NhalBVE RSP (i K NB & |
has a threshold of .6to 2.5 MPa, the LW PSP has a threshold of 2.5 to 10.0 MPa and the MS PSP has
a threshold of 10.0 to 50.0 MPa. Bympression testssing these three different PSBsquentially a

8



stress distribution magor the fracture surce can be derived over stress range of-%0% MPa,
through combining the results of all three BSP

All samplegested in this sectiorare fractured using thenodified Brazilian splitting method, ideally,
leading to a single througfoing fracture alonghe axis of the samplayith a desired angle relative to

the bedding orientations. After fracturinggach half of the fractured sample was fixed in thestom
sample holderas used in the compression tests on intact samplgurel) and then realigned.The
sample assembly as a whole was subsequently installed in the Instron mattineecycles of fast
loading and unloading were performed on the fractured sample, at a loading rat@.08kN/s. The
range of force employed are in line with the configima of the intact compressibility test. Dataset
obtained from these experiments basically indicate the fracture compaction at different applied
stressesThe first set of experimentsere performed on samples with different fractugientations
relativeto bedding (0, 15°, 30°, 56.3°, 60°, 90°).

After stress cycling, multiple stress steps were applied normal to the fracture plane with a PSP placed
in-between the two halves of the sampli order to distinguish the effect of normal stress on the
contactarea Each samplainderwent6 different normal stresses of 0.5, 3.0, 5.0, 7.0, 10.0 and 15.0
MPa. For each stress step, all thitgpes of PSP are useskquentially, with the target stress applied

for at least 2 minutes in order to make a good imprinttba PSPThese tests yield 18 PSP psiper

sample (3PSB x6 stress step), whichventually lead to 6 stress distribution maps, one per applied
normal stress.

In addition to PSP tests under varying stress steps, three samples were sulgestpdests ging

PSPs, i.e. compression test under a constant normal stress. These experiments were performed to
investigate evolution of fracture contact area vs. time, in other words, to investigate the effect of
creep on fracture closing. Specifications of thedsee experimentare as follows:

1. Sample V1401: Constant applied stress of 15 MPa without initial dislocation.
2. Sample V3: Constant applied stress of 15 MPa including an initial dislocation of 1.5 mm.
3. Sample V2: Constant applied stress of 5 MPa includingital dislocation of 1.5 mm.

All three samples have a 9fractureto-bedding orientation and experiments on all three samples are
performed at similar timesteps. During the experimemigssure sensitive pap&ras used.The target

normal stressvasfirst applied for a time span of 15 minutesith the LLWPSP sandwiched between

the two halves of the sample\fter this timespanthe LLW PSP would be replaced by a new LW PSP,
andthe samplewould be compressed ahe same stress for 2 minutefollowed by arepeatedtest

using MS PSP to replace LW P&ter the tests using three different types of PSP at the first timestep,

the experiments then proceed to the following timesteps, respectitehour, 4 hours, 16 hours and

24 hours. For sample V2 it is also performed after 68 hours. By using all three PSP types at each
timestep, PSP prints reflectingontact areaand stress distributionalong the fracture surfacafter
subjecting to constant nonal stress for increasing timespare collected.

3.2.3.2 Data processing
Each experiment will result in a set of partly red stained pressure sensitive p@&pguse4). These
papersweredigitisedfor further analysis bgcannng themusing a scanner at 1200 dots per inch (dpi).
These scanned images are cropped and properly aligrasdiallyusing the image processing program
Fiji Image®. ImageJ can transform these cropped images into tables with results of RGB/3 values for
each pixel.A Matlab© script was developedwvhich reads these RGB/3 values feach pixel and
guantifies the stress values corresponding tosaeRGB/¥alues by referring to the standard colour

9



patches of varying stress intensitiegoevided by Fuji. This scriptttens anewtable containing stress
valuesof the same size as the input table with the RGB/3 valuegyielding a stress distribution matrix
with the same resolution of the scanned image of the PSP prints, equival@20t dpi Thisstress
matrixisagain imported into ImageJ, transformed intostress distribution mavith a colour scaling
and legend.

// P / | e
@HC? ‘,TW/IPL\;[)']W (Ube -2 ToMe LU DUbs 1 \‘;:\;.\

Figure4 - Red stained pressure sensitive papers (PSPs). Examples from sardpbd Bi6@pplie
stress of 7.0 MPa. PSP with high stress threshold (MS) on the left, medium threshold (L
middle and low threshold (LLW) on the right.

4. Results

4.1. Stress cycling data on intact samplealipration of mtact matrix compressibili}y
During the compressibility of intact samples, applied force and local I\tEBK Variable Differential
Transforme) data is collected. This LVDT data shows the displaceafght apparatus during the
experiments.

The uniaxial forceneasured in compressiotests on intact samplewere divided by the lengtiof
corresponding samplesuch thatmaking theforcesversus compaction dattor samples of different
lengthscomparable. Th@ormalized force per length datre plottedversus compaction ifigure 5A
which are hard to follow or see trend in. Therefpadinear fit is made to each set of data and replotted

Compaction vs. force/length Compaction vs. force/length

Compactioin [mm]
o

Q 0.05 0.1 0.15 0.2 0.25 0.3 0.35 —ag°
Force/length [kN/mm]
H1({0°) - H15-1{15°) = H45{45%) - H75{75%) « H90-1{90%) Force/length [kN/mm)
A. B.

J, o, ‘, o, J, o,

@ 0° 15° 45°
C. t

Figure5 - A) Data points from intact compression experimeB{sTrendlines taken from experimental data. C) Illustr
explanation of used samples including angle.

1 1
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in figure 5B that shows a more general trend. The slope of these trendlinepresent the
compressibility of each particular sampkgeeing fromfigure 5B, samplesfractured paralletto the
bedding (0) havea higher compressibilitwhile samplesfractured at a highangle relative to the
bedding (90) attaina lower compressibilityin generalcompressibility is decreasing with increasing
angle redtive to the beddingThe ompressibility values fazach sample as derived from slope of each
trendlinesare summarizedh table 2.

Note that the displacement measured contains not only the compaction of the sample, but also the
compaction of thewhole apparatus, sample holder and spacers used in each experiment. As all
experiments were performed using the same-ggt thisdata can be used as a benchmark of the total
deformation of the sample matrix plus the testing s, to distinguish the ap&ure deformation and
change in aperture width in similar compression tests on fractured samples.

Table2 - Compressibility of intact samples tested in compression experiments. The compressibility value is extracted from
the slopeof a linear fit to experimental data on displacement vs. force/length

Sample H1 H151 H45 H75 HO01
Bedding Angle 0 15 45 75 90
wrt loading

direction ()

compressibility | - 399, 0.3881 0.3698 0.3138 0.307
(mm</kN)

4.2. Tensilestrength andracture toughness

The tensile strength () and fracture toughness K of the four beddingperpendicularOpalinus
samples fractured using conventional Brazilian methedsderived followinglSRMstandard (978),
the main results are given table 3.

Tensile strengths as well as fractioeighnesgive similar values for each sampverall trend shows

that both tensile strength and fracture toughness decrease with increasing length. Only sample V17
03 differs from this trend, resulting ivalues, for both tensile strength and fracture toughness, that are
lower than predicted by this rough trend.

Table3 - Tensilestrength and fracture toughness values, dimensions of used samples and maximum applied

Sample Tensile Fracture Length () Diameter (D) | Maximum
strength toughness [mm] [mm] applied force
[MPa] [MN/M 9] [KN]

V16-01 3.782 0.56 27.8 24.8 4.1

V1701 4.004 0.59 11.4 24.8 1.78

V17-02 3.953 0.58 14 24.82 2.16

V17-03 3.532 0.52 20.4 24.8 2.81
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4.3. Results of ampression tests of fractured samples

Appendix B shows stress distribution maps for each sample used in this set of experfigaras

shows an example of these stress distribution mdmoking at the high stress bearing contact areas,
this corresponds to the bedding plane sticking out of the fracture surface. This is clearly visible for each
sample with a fracturéo-bedding angle‘() higher than O.

E. 10.0 MPa F. 15.0 MPa
.5 MP. 2

[] <0.5MPa B 32Mpa 1 cm
[0 0.9Mpa B 46MPa

1.3 MPa B 6.0MPa

0 1.7Mpa B 7.7Mpa

0 2.0Mpa B 10.0 MPa

B 2.4mMpa [ > 15.0 MPa

B 2.5Mpa

Sample H1

Angle fracture to bedding: 0°

Figure6 - Stress distribution map of sample H1 from the fractured sample compression experiments
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4.3.1.Results of multiplstresssteps tests on fractured samplesdifferent bedding angle

4.3.1.1. Fracture compaction
Figure7 shows three scattered data plots of fracture compaction data. Experiments were performed
on three samplesach with a different fracturerientations relativeto the bedding. In order to make
the scattered data plots a bit more structured, trendlines were implemented in the graph.

All three of these data plots show an increasing trend in fracture compaction with increasing force.
However, the slope of these trends differs and shows the lowest value for the sample which fractured
along the bedding (H1), the highest value for the skmwyith afracture-to-beddingangle of 18 (H20)

and shows a value in between these two for the sample witlaeture-to-beddingangle of 30 (H30

1).
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Figure 7 - Scattered data points including trendlines of fracture compactlata extracted from intact and fractur
compressibility experimentperformed on samples with different fracturbedding angles.

13



I wo! . 9! wibD {¢wo{{ +{d tt[L95 {¢wo{{
| Mma tl | Mwpa tl —| Homa t | —o—| Himpatl ——Ilommmatl —I| onyvepa tl

—Il cyHma tl —e—| cnynmpat! -~ Tpyomatl -+ Tpyompa tl —e—twHma t | —s—tMVHTEpa t |

M1

dn
yn
™
cn
pn
nn

AREA [%]

n H n c y M1 VH
I tt[195 {¢wo{{ @ t! 6

Figure8 - Free space and 15 Miearing contact areas as a percentage of the total area of the fracture plane plotted ¢
applied stressor all samples with differerftacture-to-beddingangles in a range from 0 to 90 degrees.

4.3.1.2. Effect of bedding aegbn the free space and MPPabearing contact areas
All samples ifigure 8 show a decreasing trend in free space (blueish colours) with increasing applied
stress. At lower applied stresses this decreise is more rapidthan for the higher applied stsses.
¢ KAA NBadzZ Ga -likeyshape withksyificadtdecréadeindrgesspace until 7 MPa applied
stress and a slight decrease from 7 MPa onward, almost reaching a steady state.

The>15 MPabearing contact area increases for all samples withieasing applied stresfrom ~0%
at 0 MPa to 4650% at 15 MPa applied stregst the low applied stress€s 5 MPa)the area increases
by 2.2%/MP4g butat higherapplied stress, the increase#5 MPabearing contact area seemear
linearwith ~3.5%/MPa increase

As there is no clear influence of tifiacture-to-beddingorientation on the free space and >15MPa
bearing contact area versus applied stredata pointsobtained at the same applied stressittfor
different bedding orientationsre taken together
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Figure9 - Plotted averaged datasets of all used samples for both free space area and U3ekiitey contact area. Conte
area is provided by subtracting the free space area of the total (100%) area.

All data from experiments with different samples was averaged and plotted as area over applied stress
with a rough interpretation of aredata in between datapoints from experimenSigure9). Contact

area was calculated by subtracting the free space area of the total area (1BG®%)bars in vertical
direction show the range of datapoints used for the averaging.

As visible in figur®, the increase in >15MPaearing contact area is notkang account for all of the
increase in contact aredherefore, the distribution of stress on the fracture plane was plotted per
increasing stress stefpigurel0). At the lower stress steps (0.5, 34Pa) the increase in contact area
was mostly accommaded by the increase in lower strebgaring contact area, whereas the increase

in contact area at higher stress stef#s0, 7.0, 10.0 & 15.0 MPajas accommodated by the increase
in higher stressdearing contact area
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Figure10 ¢ Column diagram of the distribution of stress on the fracture plane pegastress step. Values use:
diagram are average values for each stress step for all samples. These values do not include the errorba
visible in figure 6.

4.3.1.3. Bect of bedding angle on the Joint Roughness Coefficient
Fracture planes are scanned at Royal Dutch Shell in Amstetdattain Joint Roughness Coefficient
(JRC) datdn figure 11 the JRC data for each sample is plotted against its accompafmgctgre-to-
beddingangle.Roughly speakinghe higher thefracture-to-bedding angle, the higher the JRC. The
lower this angle, the lower the JRC.
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4.3.2.Results of creep testiEffect of time &racture offset
Stress distribution maps difne & offset dependent experiments are shown in Apperix

4.3.2.1. Effect of time
All experiments givejualitatively similar results.Visual inspection of the pressure sensitive paper
(LLW) used for the longer holding times, show wet patches aroundetthestains with high colour
densities. This visual feature was not captured during the scanning of the PSPs and can therefore not
be further included in the results.

With increasing time, a decrease in free space ar@bs$ervedfor all samples. The indti free space
area differs due to the influence dfacture offset and applied stressith ~37.5%lessfor a higher
applied stresgwith offset) and ~26% less for a sample with offset relative to a sample without offset
under similar stress conditionéfter asignificantdecrease in free space area after a shorter period of
time, the decrease starts slowing down, almost reaching a constant value, giving the graphisho
figure12l & K 2 O {-IBeshadpdcf biagk&urves ifigure 12, for 5MPa(solid squares) and 15 MPa
(solid triangles) applied stress)

The increase irl5 MPabearing contact area slows down with time rapidly resulting in just a slight
increase of contact areavenafter longer periods ofime (>4 hrs hold timg. Figureslt3and 14, and
table 4 show thisalmost constant percentage of contact area with increasing time forftieMPa
bearing contact area.

Table4d - Percentages of free space area arid MPabearing contact area at each given time

V3 @ 15 MPa V2 @ 5 MPa

Hours under Free space [%] | >15 MPabearing | Free space [%] | >15 MPabearing
stress area [%] area [%]

0.25 26.46 33.23 63.92 10.57

1.25 16.68 35.51 58.68 11.29

5.25 10.99 36.51 53.59 12.23
21.25 5.32 36.17 43.84 12.73
45.25 4.17 38.10 37.49 12.43
113.25 34.47 12.83
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Figurel2 - Area of free space and >15 MBearing contact area as a percentage of the whole fracture plane over
Samples used are from theséries, meaning #fracture-to-beddingangle is 90.
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Figure 13 - Column chart of the percentage of the contact area per defioedtact stress
Experiments performed on sampl8, \¢onstant applied stress &6 MPa.
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Figure 14 - Column chart of the percentage of the contact area per deficedtact stress
Experiments performed on sample V2, constant applied stress of 5 MPa.

4.3.2.2. Effect diractureoffset
Looking at sample V3 with an initial offset of 1.5 mm compared to the sampl®Y ¥hich had no

initial displacementbut both a constant applied stress of 15 MPa, the similarity of increasing contact

area with increasing time is visible. This increasarseless for VE1 as the initial contact area is
KAIKSN) RdzS (G2 (KS

AppendixC as every coloured pixel in the stress distribution maps contributes to the contact area

along he fracture plane.
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Both of the samples can be considered similar adrdmure-to-beddingangle is constant, the applied
stress is constant, resulting in one variable, which is the inittaebf This variable results in some
differences in the outcome of these two experiments. As is shiowiigure % the initial contact area

is less for the sample (V3) for which the offset was included, than for the sample without initial offset
(V1401).

< 0.5 MPa
0.9 MPa
1.3 MPa
1.7 MPa
2.0 MPa
2.4 MPa
2.5 MPa

BEEOOOOO

3.2 MPa
4.6 MPa
6.0 MPa
7.7 MPa
10.0 MPa
> 15.0 MPa

Figurel5- Legend for upcoming stress distribution me
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Figurel6 - Stress distribution on the fracture plane of Sample V3 versus Samp@ \&fiér subjecting to constant norn
stress of 15MPa for 15 minutes. Left figure: sample V3 tested with a including initial offset of 1.5 mm; the rightdigpte
V1401 without initial offset. White areas are areas bearing a stress less than <0.5MPa, hence considered as f
Legend for these stress distribution maps is shoviigime 15.

Sample V1401 shows an almost full contact after ~15 minutes and a ~128BMPabearing contact

area after 4 hourgFigurel?7). Whereas for sample V3, there is no full contact reached after the full
extent of the experiment as shown figure B. As showrin figure 13, thereis no large increase ¥l5
MPabearing contact area and most of the increase in contact area is accounted for by the increase of
2.5 MPabearing contact area along the sides of tHé& MPabearingcontact area, which is visible due

to the increase of blue coloured pixels (2.5 Mi#aring) along the sides of the orange aredb(MPa
bearing) inAppendixC

Figure T - Stress distribution map of sample V%
after 4 hours under constant stress of 15 MPa
coloured pixels cdribute to the total contact are
along the fracture plane, whereas the orange colol
pixels account for the >15 MMearing contact arei
Legend for stress distribution map is showfigare 15.

In order to distinguish the influence of applisttess on the contact area on a fracture plane including

an initialdisplacementthe experiment executed on sample V2, which was performed with an applied
stress of 5 MPa, can be taken into account. The only variable between the experiments performed on
sample V3 and sample V2 is the quantity of applied stress.
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Figure B - Stress distribution map of sam
V3 after the full extent (24 hours) of 1
experiment under constant stress of 15 v
All coloured pixels contribute to the tc
contact area, the orange coloured pixe
account for the >15 MRhearing contac
area. Legend for stress distribution may
shown infigure 15.

Both samples show an increase in contact area over time which isnsindigurel?2. Figurel2 shows

a decrease of free spa@rea with increasing time for both sample V2 as sample \V&hadven in figure

12, which was validated by figurd$8 and 14, there is no large increase in >15 MB&aring cotact

area with increasing time. The small increase at the beginning of the experiments reaches an almost
constant value after approximately 5 hours for both experiments. Showfighyes13 and 14 is that

the overall increase of contact area is accounteddy the increase of 2.5 MRzearingcontact area.

With time the percentage of ~2.5 MRgearing area increases significantly in comparison to the areas
that bear lower and higher stresses. For sample V2 there is a small decrease for the ZhBaviRg

area after ~45 hours, the decrease at this point is mostly compensated imcieease in 3.15 and 10
MPabearing contact areas as is shown in figlde

Figure B - Left figure shows the stress distribution map of sample V3 after 15 minutes under tnesright figure sho\
the stress distribution map for sample V2 after 15 minutes under stress. All coloured pixels contribute to the tote
area Both figures are snapshots from the more elaborated overview of the results of these experiniemi@rasshowrin
Appendix CLegend is shown in bothc Appendix C fgute 15.
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