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Abstract

In this study the presence of sulphate in seawsdsr examined from a mechanical point of
view. As test material an outcrop chalk from thdlétabaye area in Belgium called Liegé

was used. This is a high porosity outcrop challhvaih average porosity of approximately 40
%. To study the effect sulphate has on chalks nrechbstrength synthetic seawater (SSW)
and synthetic seawater without sulphate (SSW.{$Qwas used as saturation and flooding
fluids. Two different test temperatures (ambiemperature and 130 °C) was used to study if
reduction in mechanical strength caused by theepuss of sulphate in the brine would be
dependent on temperature.

Hydrostatic, deviatoric (with varying degree of iedsupport) and Brazilian tests were

conducted such that an estimate of the failure lepes for the different test parameters
(temperature and flooding fluid) could be obtainBgl.comparing such failure envelopes for

one can study how the resistance against sheardaind pore collapse is affected by the
presence sulphate and temperature. In total thesp dests at 130 °C were included to study
how the resistance against hydrostatic compresgese affected by the presence of sulphate
in the flooding fluid.

On the basis of the results obtained from the wifietriaxial tests it was shown that chalk
cores tested at 130 °C were weaker against bothr dadure and pore collapse in the
presence of sulphate. The largest overall redugtiamechanical strength was observed for
stress situations where pore collapse was the dorhifailure mechanism (deviatoric tests
performed with a high degree of radial support)e Breld points and Young's modeli for
tests performed without any presence of sulphatiearilooding fluid were a factor 1.3 higher
than for the tests performed with sulphate preflentling fluid. A reduction in mechanical
strength due to the presence of sulphate was regredd for tests performed at ambient
temperature. In fact a somewhat higher resistagest shear failure was observed when
sulphate was present in the brine. It was also shibzat the weakening caused by sulphate
was dependant on the test temperature, while festermed in the absence of sulphate
appeared to be unaffected by temperature. The yeldts and Youngs modeli for tests
performed at ambient temperature in the presensalphate were a factor 1.5 higher than for
the tests performed at 130 °C.

Results obtained from the creep tests at 130 °“@eathdhat the axial strain experienced was
to a large extent dependant on the sulphate infldoeling fluid. The axial creep strain
experienced during synthetic seawater flooding ($8M6 shown to be a factor 1.62 higher
compared to the axial creep strain experiencechdutooding of synthetic seawater without
sulphate (SSW-(S8)). It was also shown that introduction of sulphiatéhe flooding fluid
induced a significant increase in compaction. Renmgsulphate from the flooding fluid was
shown to have the opposite effect were a reductiomleformation rate was observed.
Chemical analysis performed on effluent samplesectdd during creep showed a large
reduction in magnesium concentration which was shdw most likely be a result of
precipitation of magnesium bearing minerals insitie core. A reduction in sulphate
concentration was also observed and which was showa dependent on the composition of
the prior flooding fluids.
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2 Introduction

Chalk is a very exciting high porosity sedimentaogk that can be found in the southern parts
of the Norwegian Continental Shelf (NCS). It iswg@sedimentary rock that mainly consists
of calcium carbonate (CaGp The high preserved porosity of chalk impliestthalarge
volume of oil may be present in such reservoirscwhmake them of great importance on a
local scale. But in fact as much as 61 % of theldgoknown hydrocarbon reserves are
located in carbonate reservoiRRoghl and Choquette, 198%n the Norwegian Continental
Shelf (NCS) the two most important chalk fields Bkefisk and Valhall.

During the primary production of the Ekofisk fielil production was a result of oll
expansion, solution gas drive, reservoir compacéind limited natural gas injectidGauer

et al., 2002) In 1987 seawater injection was started which designed as a production
enhancement mechanism. Voidage balance was achiei€®4 leading to a stabilization of
the reservoir pressure, and in the following yedins reservoir pressure started to increase
(Doornhof et al., 2006 An increase in reservoir pressure should irotphaeduce the
compaction due to reduction in effective stresst taspite a pressure increase high
subsidence rates were observed at the Ekofisk. fizloling the reservoir pressure increase
following the voidage balance in 1994 subsidentesraf 40 cm/yr was observed until 1998
when the rate sharply declined and stabilized rateaof 10 cm/y(Gauer et al., 2002)This
persistent compaction rate even after re-pressioizhas been shown to be a result of the
seawater flooding and is referred to as water waakeof chalk.

Since the water weakening effect was observedarl@80’s a vast amount research has been
conducted in an effort to understand the mecharbsimnd this water weakening effect
experienced on chalk. In the early phases it wheusel that the mechanical strength of chalk
was dependant on two parameters namely the sibictent and the porosifipa Silva et al.,
1985) But from flooding experiments performed on chiallvas shown that the mechanical
properties was in fact dependant on the floodinglflMechanical tests performed on water
saturated chalk were considerably weaker comparedll tsaturated and dry cha(Risnes,
2001; Delage et al., 1996 hese results pointed in the direction that thrarght be some
physical processes behind the water weakeningtedffgrerienced during seawater flooding.

One such physical process that was believed toheedtiving mechanisms behind water
weakening was capillary forces. Capillary forces physical forces working between fluids
of different composition at the grain surface. Hsabelieved that there were strong capillary
forces working between water as a wetting phase,célfgas as a non wetting phase. This
theory was disproved from flooding experiments talk with different water and glycol
mixtures Risnes et al., 2003; Risnes et al., 20@5lycol is fully miscible with water; hence
there will be no capillary forces working betwedrede two fluids. Similar mechanical
strength was observed for such tests indicating dhpillary forces could not be the main
driving mechanism behind water weakening of chalk.

Rinses and Flaageng (1998pncluded that when considering water effects lwakcfocus
should be on the properties of the chalk surfate. §cope of chalk research was changed to
also include physico-chemical effects like repudsferces from different dipole layers, van
der Waals forces and electric surface charges wduniehall processes related to the surface
properties of chalk. Further research concluded tiihese processes were not strong enough
to cause the significant water weakening observed.



In the resent years the water weakening effechafkchas been linked to chemical reaction
between chalk and the injected flukbrsnes et al. (200§)roposed that the weakening effect
observed when chalk was flooded with seawatergit témperatures could be a result of ion
substitution between calcium (€pand magnesium (Mg on the chalks surface in the
presence of sulphate ($Q. But from flooding experiments performed with pumagnesium
chloride brines (MgG) large chemical weakening was observed in theragsef sulphate in
the flooding fluid Madland et al. (2009a). Madland et al. (20kbHowed by calculations that
the amount of magnesium (K1Y lost during flooding experiments could not beesuit of ion
substitution alone and the enhanced weakening exped was described as a result of
precipitation of magnesium bearing minerals insidechalk.

Hiorth et al. (2008)showed that for a situation where chalk is flood#ith seawater (SSW) at
high temperature several minerals may be supeetaturwhich can precipitate as solid
minerals. Precipitation of supersaturated minermad&y result in enhanced dissolution of
calcium carbonate (CaGPwhich again may affect the mechanical strengtbhaiik. But due
to the complexity of the seawater (SSW) more thaa process affecting the mechanical
strength can take place at the same time. Themmes¥ sulphate (S) in the flooding fluid
has been shown to have quite a significant effaati@alks mechanical strengiHeggheim et
al., (2004); Megawati et al., (2011)Heggheim et al. (20Q4showed that the enhanced
weakening observed during flooding experiments \kih sulphate concentrations were a
result of precipitation of anhydrite inside the k&heore. From flooding experiments with pure
sodium sulphate brines (b#0,) brinesMegawati et al. (20113howed that sulphate may
adsorbed on the chalk surface. The chemical weage@bserved was described Mggawati

et al. (2011)as a result of a total disjoining pressure actihthe intergranular contacts. As
shown above there are several processes taking plaen chalk is flooded with seawater
which may contribute to the reduction in mechanstaéngth. All the different mechanisms
and the effect of these are not fully understoad,flom performing thorough studies on the
effect of the different ions present in seawatee can gradually build up a model which
includes the different processes affecting the rmedal strength.

The scope of this thesis was to study the effeduiphate from a mechanical point of view
by using synthetic seawater with and without sulelas saturation and flooding fluids. Tests
were conducted at two different temperatures (amti@mperature and 130) to also study

if any weakening caused by the presence of sulphat@ld be temperature dependant.
Hydrostatic, deviatoric (with varying degree of iedsupport) and Brazilian tests were
performed such that an estimate of the failure lepeeat the two different test temperatures
could be obtained.The basis for comparison wasigeovby a parallel master thesis by
@vstebg (2011) where similar tests saturated amobléd with synthetic seawater without
sulphate (S¢F) were performed. To fully study the effect of dge and temperature the
results provided by @vstebg (2011) will also bduded in this thesis. Creep tests will also be
conducted to study how the creep behaviour is tdtedy the presence of sulphate. By
performing chemical analysis on effluent sampledected during creep tests the chemical
reactions taking place between chalk and the flogpéluid can also be studied.



3 Theory

3.1 Chalk

Chalk is a sedimentary rock that belongs to théaaate family, which are recognized by
their high content of calcium carbonate (CaL@arbonates are consists mainly of calcium
carbonate (CaC# and dolomite (CaMg(C§),), and can be divided into two sub-groups;
limestone and dolomite on the basis of the minemmhposition. Usually carbonates are
found naturally as sediments or reefs in tropic amakine environments as a result of
biological, chemical and detrial proces¢abr, 2008).Unlike sandstone carbonates does not
owe its mineral composition to weathered parenkspand the structure is not a result of
sediment transport from rivers and streams (dgtr@rbonates consist mainly of skeletal
remains from microorganisms, but other sourcesaltfiem carbonate (CaGPmay be from
calcified algae or foraminifers.

Chalk is a type of limestone with a very high @ritof calcium carbonate (>90%), which is
a very important reservoir rock on the Norwegianmtiwental Shelf (NCS). It has been

estimated that as was much as 61% of the worlddrdoarbon reserves are located in
carbonate reservoirk0ehl and Choquette, 198&hich shows that these reservoirs are of
great importance both on a local and global scale.

The North Sea chalk is mainly build up from skdletabris from a calcareous nanofossil
called coccoliths, with a minor contribution fromraminifers, calcispheres and macrofossil
fragments(Hjuler and Fabricius, 2009) In Fig.3.1 an intact coccolith-ring is seen when
examining a chalk sample in a scanning electrorrosgope (SEM). Chalk will mainly
consist of fragmented parts of such coccolithsrastdntact rings.

Fig.3.1: An intact coccolith-ring found in a SteveninKoutcrop chalk sample from the Sigerslev
quarry in Denmark. The main building blocks forstlshalk are fragmented parts of coccolith rings
(from Laeknes (2009)).



Chalk has a very open and complex structure aseaseen irFig.3.1 Porosities in North
Sea chalk sediments range between 30-50%, whisigmsficantly higher compared to what
may be expected in chalk sediments 2000-3000 mwbeta level Klancock, 198ph High
porosity is preserved due to early invasion ofaoidl overpressure which is a result of the low
permeability found in chalkHabrizius 2003)

The main building block is small fragmented partscoccolith-rings which has a typical
dimension of lum. A consequence of this is that the pore throalisb& narrow making it
difficult for fluid to flow. Typical permeability dund in North Sea chalk is between 1-5 mD
which are very low compared to other reservoir sock



3.2 Rock mechanics

The science of rock mechanics was defined by ther@ittee on Rock Mechanics of the
Geological Society of America in the following wé&yRock mechanics is the theoretical and
applied science of the mechanical behaviour of ydadk that branch of mechanics concerned
with the response of rock to the force field opitysical environment{Judd, 1964).

General theory about rock mechanic is taken figaar et al. (2008).

3.2.1 Porosity

Porosity is defined as the volume occupied by thee fluid relative to the total volume or
bulk volume. By estimating both the pore volume dhd bulk volume for a given test
sample, the porosity can be determined by the Lidgeedollowing equation:

b = » (3.1)

Vb

where:

® = porosity [%]

V, = the volume occupied by the pore fluid [ml]
Vy = the total volume of the sample [ml]

Bulk volume for cylindrical test samples are foundfirst measuring the length and diameter
of the core. With the length and diameter as ingata the following equation can then be
used to calculate the bulk volume of the samples.

Vy = smLD? (3.2)

where:
L= length of the sample [mm]
D = diameter of the test sample [mm]

The pore volume can be determined by measuringithand saturated weight of each test-
sample. To be able to measure the dry weight @sts tsample all the fluid occupying the
pore space must be removed. This is done by plabmgdest-cores in a heating chamber at
130 °C for approximately 24 hours. The next stelb va to measure the saturated weight of
the test-cores. This is done by saturating thescwi¢h distilled water, which has a density
equal to 1 g/ml at ambient temperature. By usimggftilowing relation the pore volume will
be given as the difference in saturated and drghteadivided by the density]) of the pore
fluid.

V. = MsatTMdry (3.3)

p Pdistilled water

The porosity is usually presented as percent; hEgcg 1 has to be multiplied with 100%.



3.2.2 Stress
Stress §) is defined as a force working through a giveraaresurface:

o=t (3.4)

where:
F= total force [N]
A= area where the force is actinggm

In this thesis stress will be defined by using Biksiwhere stress is expressed in Pa or MPa
(10° Pa). In rock mechanics compressive stresses diredeas positive, while in solid
mechanics compressive stresses are defined asueeddtte reason for using this definition is
because rocks usually are exposed to compresseesss in the earth’s crust and; hence
these stress conditions are of most interest. Teessiesses will, following the definition
above, be denoted as negative stresses.

The orientation of the area (surface) where theefas acting is of great importance when
considering stress. On a tilted arbitrary surfa&e) stress will be decomposed into two
components, one component working normal to théaserand one component working
parallel to the surface like illustratedhiny.3.2

AJ

Fig.3.2: A cylindrical test sample exposed to aaxidl compressive stress, which can be decomposed
into a normal (F) and parallel (F) stress component for a diagonal surface A'.

By the use of the normal stress componen} (ke normal stress will be defined by the
following equation:

—
o= (3.5)



From the component working perpendicular to théeser (F) the shear stress will be defined
by:

T = ; (36)

Eq. 3.5andEq. 3.6will only be valid in homogenous solid materigedimentary rocks like
chalk will be inhomogeneous on a microscopic sdaie to its porosity. The response when
put under stress will be dependent on the contabudtom the non- solid part of the material.
In solid homogeneous materials the whole stressuised by the solid part of the material,
whereas in porous materials the total stress valleha contribution from both the forces
transmitted through the solid framework and thecdotransmitted through the fluid in the
pore spaceFig.3.3 illustrates how these different forces act in aops material such as
chalk.

Fig.3.3: lllustration of a porous material underass where the grains only experiences the eféectiv
stress. The effective stress will be the differdreteveen the total stresg)(and the pore pressuredp
working in the opposite direction. As the pore pres increased the effective stress is reduced.

As indicated inFig.3.3 the total stress experienced by the grain to geaimacts will be a
function of the pore pressure, and following th&altaleformation will be dependent on the
effective stress and not the total stress. Forysormaterials where there exist grain to grain
contacts effective stress will be defined by thefeing equation:

0, = 0p — apy (3.7)

where:

g, = effective stress

g, = total stress

a = Biot coefficient (also called the effectiveests coefficient)
pr = pore pressure.



The Biot coefficient will be defined by the follomg equation.

a=1-2L (3.8)

Ks

Where:
K# = bulk modulus of the framework
K< = bulk modulus of the solid

The inverse of the bulk modulus will give the coegsibility (C) for the framework and solid
respectively.

C,=— (3.10)

The compressibility of the solid C will be significantly higher compared to the
compressibility of the framework (, hence the Biot coefficient will be restricted ttoe
region 0< a > 1 where a value close to 1 represent a unconsedidack.

Chalk, as used in this present study, is oftenattarised as a weak rock where a Biot
coefficient close to 1 has been used to calcuteetfective stress. It has been has shown that
the effective stress coefficient for high porosityalk depends on the applied stress and the
pore fluid, a result of this is that the effectsteess coefficient can’'t be regarded as a constant
(Omdal et al., 2009) But for a pure strength perspective it has bskown that the
conventional effective stress concept=1) will be applicable for mechanical tests onhhig
porosity chalkMadland et al., 2009b)and will therefore be used consistently througtbis
thesis.



3.2.3 Strain

When a test sample is exposed to an external stresl$ start to deform. This deformation
leads to movement of the particles inside the sampFig.3.4a sample has been exposed to
an external stress and the position of an arbipaigt inside the sample has shifted.

(72

Fig.3.4: A test sample has deformed due to an agmiress, and the position of an arbitrary point
inside the sample has shifted

By introducing a displacement vector the movemérnhe point can be monitored. The shift
in x direction is denoted, the shift in y direction is denotedand finally the shift in z
direction is denoted.

u=(uv,w) (3.11)

By using the same sign convention as for stressesjew position of the point will be given
by the following equations:

xX'=x—-u (3.12)
y=y-—v (3.13)
7 =z —w (3.14)

In a situation where the displacementy andw have a constant value, the displacement is
said to be a translation of a rigid body. But i tfelative position of all the particles inside a
sample changes, and position of a given point ch@'treturned to its initial position the
sample has been strained.Hig.3.5 a test sample has been put under stress and exqeui
strain.

—_— = —_——

A
vamZa

Fig.3.5: A test sample has deformed and the redginsition of every particle inside the sample has
shifted.




By measuring the change in length the subsequeait sin percent, can be calculated by the
use of the following equation.

L—-Lr

where:

€ = strain [%)]

L= initial length [m]

L’= length after deformation [m]

To be consistent with the definition of stress @urdion in length, due to compaction, will be
denoted as positive. An elongation of a test samvpleéhus result in negative strain.

Rock mechanical tests are usually performed oretm@mensional samples which will deform
in all three directions. It is therefore conveniemtexpress the deformation with respect to a
change in volume or volumetric strain. The volumeestrain can be found by adding up the
strains experienced in the different orthogonadions.

& =A7V= & teteg, (3.16)

where:

gy = volumetric strain
&x = strain in x-direction
gy = Strain in y-direction
g, = strain in z-direction

In this present study cylindrical test samples whased in all performed tests. Due to the
samples symmetrical shape there will be deformaliott in axial and radial direction like
indicated inFig.3.6.

i
w

Fig.3.6: When a cylindrical test sample is strairtedre will be a relative change n both radial and
axial direction. The volumetric strain is found dgding up strain from axial and radial direction.

Due to the external stress the core has been expgoséhere has been a reduction in both

length and diameter. The axial strain is determimgdse of£q.3.14 while the radial strain is
determined by the following equation.

10



& = — (3.17)
The equation for volumetric strain will simplify duo the radial symmetry.
&y = &g + 2¢, (3.18)

where:
ga=Strain in axial direction
g = strain in radial direction.

For a pure isotropic material the deformation Wil equal in all direction during isotropic
loading; hence the volumetric strain can be deteechiorm the axial deformation directly.

&y =3 & (3.19)

In a situation where no radial measurements argaée, the volumetric strain is calculated
by usingEQq.3.18. By using this simplification one has to assuna the material behaves as
an isotropic material. The assumption of isotrapyot completely correct for a sedimentary
material like chalk because there can be largeatran in physical properties within one test
sample. Such variations in physical properties read to different stress responses for
different areas in one sample. This in-homogensiglso known as anisotropy.

11



3.2.4 Stress Strain relations

When test samples are put under stress, they ystiait to deform. A method of treating data

obtained from such tests is to plot the appliedsstiversus the resulting strain like illustrated
in Fig.3.7. In this case the core is first loaded isotropisp called a hydrostatic phase, to a
predetermined stress level. Following this phasetéist sample is loaded in axial direction,

keeping the confining pressure constant, until ghmple yields. This period of increasing

axial load is known as a deviatoric phase. Byywhglthe stress strain response from such
tests valuable information about the materials ragial strength can be obtained.

F N
a

Yield Point

Elastic reqion Plastic region
- 4

Hydrostatic - Deviataric phase £
phase

Fig.3.7: lllustration of a standard triaxial testhere the test sample first is loaded hydrostatyctdl a
predetermined stress level. Following this phaskldwad is applied until the sample yields. The
yield point will be a critical limit between theastic and plastic region.

In Fig.3.7 a hydrostatic phase and a deviatoric are illustkaThe elastic region is the area
where there is a linear relationship between agpdigess and the resulting strain. In the
following plastic region there will be a non lineatationship between stress and strain. This
transition point between the elastic and plastgia® is known as the materials yield point.
The yield point is determined as the point wheeedtiess strain curve starts to deviate from a
linear trend

In the elastic region the stress and strain radatigp can be expressed by using the theory of
linear elasticity. This theory will be valid as tpras there is a linear relationship between
stress and strain. For the non linear stress sted@tionship experienced in the plastic phase
the mathematical treatment will be much more cooapdid compared to linear elastic
behaviour.

12



In this present study the theory of linear elastis used to describe the behaviour before the
test sample yields or goes into failure. The agiedin experienced due to external stress can
be found by using Hooks law:

Ex = 7 0x (3.20)
where:
& = axial strain
E =Young’'s modulus [GPa]
oy = axial stress [MPa]

Young's modulus is an elastic parameter that indghe materials strength against uniaxial
compression.

By rearrangind=qg.3.19the Young’s modulus can be expressed with regpetial stress and
strain respectively.

F=% (3.21)

Ex

The Young’s modulus is found from the linear slopé¢he stress strain curve in the deviatoric
phase and the result is expressed in GPa.

Another important strength parameter is the mdsebalk modulus (K). The Bulk modulus is
defined as a materials resistance against hydiostaimpression. Unlike the Young’'s
modulus the bulk modulus is determined from theadattained in the hydrostatic phase.
Since the sample is loaded uniformly in all direns the strain experienced in all directions
have to be included. For a hydrostatic test, @sphthe bulk modulus will be defined by the
following equation.

K= (3.22)

&y

where;
on =hydrostatic stress [MPa]
&, =volumetric strain [MPa]

The bulk modulus is determined in the region whéexe is a linear relationship between
stress and strain and is usually expressed in GPan axial stress strain plot the bulk
modulus can be found as 1/3 of the slope duringdsjdtic loading before yield is initiated.

3.2.5 Failure mechanisms

In mechanical tests core samples are put undezasirg stress and at a sufficient stress level
the test sample will eventually start to yield.Hig.3.7 the materials yield point was defined
as critical limit between the elastic and plasti@age. At this point the test material will have
experienced a permanent deformation, and will etirn to its initial shape during pressure
depletion. A consequence of going into failure ieeduction in the materials ability to carry
external stress; hence the material will deformerfor a given stress increase compared to
pre-yield conditions.

The process of failure in its self is a very compfgocess which is not fully understood.
Methods used to describe mechanical failure aredas mathematical descriptions of the

13



observed behaviour during increasing stress. Wihsrusking a materials yield strength, or
failure strength, it is therefore important to spethe different test parameters used. This
because the type of failure will be dependent entype of test performed.

The most important tests, when estimating the nagestrength, are uniaxial and triaxial
tests. InFig.3.9the main difference between these two types ¢ ta® illustrated.

| !

I I

d) L)

Fig.3.9: lllustration of the main difference betweg) a uniaxial tests and b) a triaxial test. Loiad
only applied in axial direction for the uniaxialdts while for the triaxial tests there will be aests
component in all of the orthogonal directions

For the uniaxial test presentedhig.3.9 a)the stress will be applied in only axial direction
and there will not be any stress component in fFatiraction. Such a test is also called an
unconfined compression tedtig.3.9 b) illustrates a triaxial where there will be stress
components in all orthogonal directions. The maffedence between a uniaxial and triaxial
test will be the degree of radial support, i.e. fdnkire mechanism will depend on the degree
of radial support the test is performed with. le tests performed in this study the effective
radial stress component will be given by the défere between confining pressure and pore
pressure for the given test.

Shear failure

In uniaxial compression and triaxial tests with lowno radial support the test samples will
fail in shear failure. This type of failure is asu#t of high shear stresses, which is the
difference between effective axial and radial str&hear failure in general is a result of high
shear stresses along a failure plane inside thelsamasulting in relative movement of the

bodies opposite to the failure plane like illustchtinFig.3.1Q
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Fig.3.10: Core sample loaded axially with no radsaipport until shear failure occurs a long a fagur
plane.

These two bodies separated by the failure plarkagr8.10will move in a frictional process.
The frictional force acting against this relativevement will be dependent on the total force
pressing these bodies together.

Pore collapse

In hydrostatic and triaxial tests with a large degrof radial support, a second failure
mechanism called pore collapse can be obse(®B&hton 1981) This type of failure is
mostly seen in high porosity materials such askcl@halk has a relative open structure were
the grains can be forced into the pore spaceuatsiins where no excessive shear stresses are
present such as during hydrostatic loading. Oncaoscopic level pore collapse quite similar

to shear failure, because pore collapse is actaatbsult of excessive shear stresses between
grains resulting in shear failure at the grain tairg contacts. This motion can be a result of
breakage of frictional bonds between the graingluar to sliding on frictional contacts inside
the material Risnes 2000)
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3.2.6 Mohr Coulomb criteria

In Section 3.2.5t was shown that the frictional forces workingaagt shear failure was
dependent on a normal stress componentworking over the failure plane. In other words
there will be a critical shear stress where sha#urt is initiated. This critical shear stress
will be a function of the normal stress \ working over a failure plane and will be giveyr b

|Tmax| = f(O'/) (3.23)

where:
Tmax=Ccritical shear stress
o =effective normal stress component working

The relation inEq.3.23is also known as the Mohr’s hypothesis. Sheaurfailike defined by
Mohr’'s hypothesis will depend solely on the minimamd maximum principal stresses and
not the intermediate principal stress. In a sitrativhere cylindrical tests samples are used
there will not be any intermediate stress comporleat to the radial symmetry around the
circumference. Iirig.3.11the stress situation for a compression test oriadrical sample

is illustrated. Here normal and shear stresseswoitk on an arbitrary failure plane inside the
sample.

Fig.3.11: lllustration of the different forces angj on an arbitrary failure-plane inside a cylindaic
test sample during triaxial compression. There W#la normal stress componeat)(working on the
failure plane pressing the two bodies together.afal to the failure plane there will act a shearde

(z) which trying to initiate shear failure. The faikuangle is defined as the angle between the normal
(¢") force and the largest effective stresg)(

Where ;" and o3” from Fig.3.11 will be the maximum and minimum principal stresses
respectively. On the diagonal failure surfaceFig.3.11 there will work a normal stress
component ¢”) which presses the two bodies together. The séteass component)( will

try to separate the two bodies by initiating shigdlure. The angled between the normal
stress componelit’) and the largest effective stress componeri) (s known as the material
failure angel.
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The Mohr Coulomb criterion is based on the asswmngptiat the function given iBq.3.23is
a linear function with respect to the normal stes®ponent;

|t| =S, + uo’ (3.24)

where:
S, = the materials cohesion or inherent shear stress
U = coefficient of internal friction,

The cohesion ($ will give information about the cohesive forcaggent in the test material.
This force reflects the shear stress needed tatmishear failure in a case where no normal
force is present. The coefficient of internal fioct (1) is a measure of the strength against
shear failure at an incipient failure surface. Tjpgsameter will be dependent on the strength
of intact areas and the resistance against frigtisiding in damaged areas along the failure
plane.Savage et al. (199&howed that the coefficient of internal frictianin fact related to
the strength against friction sliding in areasha test sample that are damaged.

The linear line given b¥q.3.24is also known as the failure line. When used inca space
this line represent a critical limit between ansétaarea and a plastic area. For a stress
configuration below the line given big.3.24 failure occur for any plane inside the test
sample. Stress configurations outside the elasgmon will result in permanent deformation.
In Fig.3.12a Mohr circle is drawn by using the maximusa'} and minimum principle stress
(o3") obtained from a mechanical test. The failure lgiven byEq.3.24is drawn such that in
tangents the Mohr circle as shownFig.3.12. The anglep of the failure line is known as the
angle of internal friction or simply the frictiomgel while the point of intersection with the
ordinate will give the materials cohesion)S

1 [MPa]

5

o o'[Mpal

Fig.3.12: lllustrates a Mohr circle drawn with resgt to the maximums{) and minimum «5°)
principle stresses with failure line drawn accorglito the Mohr-Coulomb criteria in Eg.3.24. From
the inclination of the failure line the friction gle (p) can be determined. The point of intersection
with the ordinate will give the materials cohesi@j). The Mohr circle drawn by using the uniaxial
compressive strength {Owill start in the origin and tangent the failuliae.
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For the case illustrated irig.3.12the material will behave as an elastic material reheo
permanent strain will occur for stress configunasionside the elastic area. But for complex
structure like high porosity chalk this will not lige case. Permanent strains and even creep
deformation may occur inside the elastic giiRsnes and Nygaard 2001Strain experienced
inside the elastic area may be a result of friciatiding between the grains, while failure as
given by the yield point in Fig.3.7 will be a resof breakage of grain to grain bonds. The
stress strain response will be linear inside thstel area for tests performed on chalk; hence
the theory of linear elasticity and the Mohr Couboariterion will be valid and can be used.

The material friction angle is related to the intdrfriction (i) by the following equation:
tangp = u (3.25)
In Fig.3.12 the failure line tangents the Mohr l@rat a point with coordinates,§”). This

point represents the stress configuration at thatpad failure. The shear stress) @t the
failure plane as failure occurs will be given bg following equation:

7| = %(01' — g3)sin2p (3.26)
The normal stress() at the failure plane will be given by the follmg equation:
o' == (0] + 03) + 2 (0] — 03)cos2p (3.27)

The friction given by the inclination of the faikitine will be related to the failure angl®) (
by the following equation:

+ (3.28)

B =

S
[NEES

Another strength parameter that can be determigedeouse of the Mohr Coulomb criteria is
the materials uniaxial compressive strengt)(d’he uniaxial compressive strength is the
axial stress needed to initiate failure in a cabere@ no radial support is present. In this case
the minimum principle stress4) would be equal to zero, and the maximum effectitress
(o1") would be the stress value where failure wasait@tl. The corresponding Mohr circle for
this situation and how the failure line tangentss thircle is shownFig.3.12 Uniaxial
compressive strength can also be determined byg tisenfollowing equation;

C, =25, —2_ =25, tanp (3.29)

01-sing

Due to the relation between the friction angle #malfailure angle showed i6.q.3.28 the
value of the uniaxial compressive strength couldi&erment by using the materials cohesion
and failure angle like shown iBg.3.29 It must be emphasized that the expression for the
uniaxial compressive strength is only valid in caaere the failure mechanism is pure shear
failure; hence it will not be applicable in situats where pore collapse is the dominant
failure mechanism.
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If both the materials cohesion and failure angl&riewn the Mohr Coulomb criteria, with
respect to the maximum and minimum principle stregdl be given by the following
equation:

o, = S,tanf + ojtan?p (3.30)

The Mohr Coulomb criterion is only valid in casebese the failure mechanism is pure shear
failure. As the degree of radial support incredbese will be a transition from shear failure to

pore collapse as the dominant failure mechanisme\onsidering the failure envelope for a
high porous material like chalk, it can be exprddsg the use of the Mohr Coulomb with an

end cap like presented iig.3.13 Jones et al., 1988howed that a high porous material like

chalk will have a failure envelope with an end cap.

I | Shear slress
¥imld curva
Mohr-Coudamis ‘ f
|l o
P
T

e, (\ *Elaslics, region

Mermal sfaiyive Siress

Fig.3.13: lllustration of how the failure envelof a high porous material with an end cap will ibe
ther-o” plane (from Risnes, (2001)).

The type of plot inFig.3.13is not very practical when considering the end te&gause it is
difficult to analyse the end cap behaviour in a Mplot. Mohr plots are therefore mostly
used to analyse data where shear failure is therdminfailure mechanism. Another plotting
technique is therefore needed to be able to analyeshear failure and pore collapse in the
same plot.

3.2.7 g-p’ plot

When determining the mechanical properties forv@mirock, several series of triaxial tests
with varying degree of radial support are perform@d mentioned inChapter 3.2.6it is
difficult to analyse end cap data in a Mohr ploheQvay to analyze such data is by plotting
the obtained strength data in what is called a pkpt. This plotting technique is originally
from another technical discipline called soil mewhs, but it has been shown that it can also
be used in the case of weakly cemented sedimentaks like chalk(Jones and Leddra,
1989)In this type of plot the generalized effective ahstress (q) is plotted against the mean
effective stress (p”) given by the following eqoas:

1 1A ! ! ! ! !
q= \/_3\/(01 —0,)% + (0, — 03)* + (0] — 03)? (3.31)
p'=5(cl+0y+05) =0¢ (3.32)

where:
o1 = maximum principle stress
o, = intermediate principle stress
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o3 = the minimum principle stress.

For cylindrical cores tested under triaxial corati8 the equations above will simplify. This
because there will be an isotropic stress fieldrdixe circumference as a result of the
cylindrical shape, ensuring that the intermediatd the minimum principle stresses will be
similar:

o, = 03 (3.33)
The equations for the generalized shear stresthamtiean effective stress will then become;

q =0, — 03 (3.34)

p’ = (0} +20%) (3.35)

The test cores are first loaded hydrostaticallya toredetermined stress level, and then axial
load is applied until failure occurs..During thisgse with increasing axial load the confining
pressure, or the radial stress, is kept constdmd.stress path for each of the triaxial tests can
be plotted in the g-p” plane like presentedrig.3.14 where the endpoint will represent the
stress configuration at failure. Stress paths Far different triaxial tests will all have a
constant slope of 3:1. These stress paths willl ifire plotted in the same q p” plot, make up
the materials failure envelope as illustratedrig.3.14 This failure envelope can be regarded
as a critical limit between the elastic and thesitaarea. For an elastic material stress
configurations inside the failure envelope will ri@use any permanent deformation while
stress configurations outside the failure envelopk cause permanent deformation as
pressure is depleted.
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Fig.3.14: lllustration of the failure envelope farporous material like chalk. Shear failure will the
dominant failure mechanism at the failure line, l@tpore collapse will be the failure mechanism at
the end cap. The failure envelope will be a critibait between the elastic and plastic region. The
failure line is limited by a line with a slope edjtia 3:1.

Tests performed with low degree of radial suppalit give points that fall on or close to the
failure line. Here the dominant failure mechanisitt be pure shear failure. As the degree of
radial support increases with higher confining puees the points will fall on what is called
the end cap. In this end cap section the domirahiré mechanism will be pore collapse
which is shear failure on a microscopic level ligeesented inChapter 3.2.5The Mohr
Coulomb criteria can be translated so that is eésobe used in the g-p” plot. In the g-p” plot
the failure line will be given by the following egtion:

1= () + (Go) (3.36)

where:
¢ = friction angel
S = cohesion of the material
Eg.3.36is a linear equation that can be written in tHeWing form:
q=A4p' +B (3.37)
Where A will be the slope of the failure line:

6sing
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B will be the point of intersection with the ordiean the q p’ plot:

B = 550¢05¢ (3.39)

3—sing

By rearrangingeq.3.38andEq.3.39an estimate of the friction angle and the cohesambe
determined directly from the q p’ -plot. These \&dwcan then be used in the Mohr Coulomb
criterion which will give an expression for a cdlted failure line that can be compared to a
drawn failure line such as kig.3.12

The failure line will be limited by a line that st®in the origin with a slope equal to 3:1 like
shown inFig.3.14 This limiting line is found by elimination the mianum principle stress
(o1") from Eq.3.34andEqg. 3.35resulting in the following equation:

p'= gq + 03 (3.40)
Eq.3.40 shows why this limiting line will have anstant slope of 3:1.

By performing tensile strength tests data pointsel to the ordinate can be obtained. The
failure line will then no longer be limited by tiae given fromEq.3.4Q resulting in a better
estimate of the point of intersection with the aate axis and the materials cohesion. In the
following chapter such a method for measuring treemals tensile strength, and how this
relates to the maximum and minimum principle stresis be presented.

3.2.8 Indirect measurement of tensile strength - Br  azilian tests

The triaxial apparatus used in this present studgent difficult to perform deviatoric tests
resulting in data points close to the ordinate axith in the Mohr and g-p” plots. A result of
this has been the development of different indireethods to determine the tensile strength
of the material. Such methods are called indibettause they do not create a homogeneous
state of tensile stress inside the test sample, dug& to the experimental setup an
inhomogeneous state of stress will be created wisi¢ensile in some regions of the sample
(Jaeger et al., 2007)In this present study a method called a Brazitest is used as an
indirect measurement of the tensile strength ofkcha

The tests are performed by using an apparatusthi&eone illustrated ifrig.3.15 A small
cylindrical test sample is placed between two Ingdglates. The thickness of the test sample
Is between the length of the radius and the diandt¢he test samples used in the triaxial
cell. Load is then applied in axial direction udigiilure is initiated as shown kig.3.15
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Fig.3.15: An illustration of the Brazilian apparauand how the different forces will act as load is
increased. At failure a fracture will propagate wertical direction as a result of the tensile sgas
horizontal direction.

By studying the stresses for a point close to thetre of the test sample the following
relationship between horizontal and vertical sessasill be valid:

o = ——— (3.41)

DL

oy = — (3.42)
where:
F = applied force [N]
L = thickness of the test-sample [m]
D = diameter [m]

The reason why the horizontal stress componeBgiB.41has a negative sign in front of the
expression is because this stress component witt bension. The vertical stress component
will thus be in compression. IRig.3.16the stress situation for an arbitrary point clas¢éhe
centre of the test sample is illustrated:

Fig.3.16: lllustration of the stress situation fan arbitrary point close to the centre of a testngpée
during a Brazilian test. The relation between tbenpressive and tensile stress will be equal to 3:1.

23



As shown inFig.3.16there will be a 3 to 1 relationship between thezumtal and vertical
stress components for a point close to the cetfittieecsample. In a Brazilian test the sample
is loaded until failure is initiated and a fractuwvél propagate in vertical direction. This type
of failure will be a result of the tensile stressésse to the centre of the sample. The tensile
strength measured from a BraziliandjTtest will be found from the maximum force of the
peak force at failure ¢J-by the use of the following equation.

Typ = — -2 (3.43)

DL

Where:
Fc = peak force at failure

In fact the horizontal and vertical stress comptsen Eq.3.41and Eq.3.42will give the
minimum @E3) and maximum ;") principle stresses. By including the Braziliaangile
strength (Ty) obtained from the Brazilian tests, the maximurd amnimum principle stresses
will be given by the following equations:

01=3Typ (3.44)

03 = —Top (3.45)
By using the principle stresses calculated fromdfeations above, the data obtained from
the Brazilian tests can be included in Mohr and glpts. It has been shown that there is a

close connection between the cohesiag) &8d the Brazilian tensile strength,gl(Madland
et al., 2002).

So ~ ‘/§Tob (346)
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3.2.9 Creep Behaviour

Creep tests are defined as time-dependant defanmegsts performed under constant stress.
These types of tests are often used to study tlehanéal behaviour of rocks post failure i.e.
after the material has yielded. Fig. 3.17it is illustrated how a creep tests may look likeai
strain versus creep time plot. The creep phaséealivided into three different sub phases, a
transient creep period, a steady state period arteelerating creep period.
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Fig.3.17: lllustration of a creep test with a peadiof transient creep, a period with steady statepr
and a period with accelerating creep.

As indicated inFig.3.17 the deformation rate during a creep test will ineetdependant. In
the transient period the deformation rate will @ase with time. This period is then followed
by a steady state period where the rate of defeomawill be constant with respect to time.
As a result of chemical weakening the deformatite may start to increase with time such
as when synthetic seawater (SSW) is introduced ¢hadk core that has been flooded with
distilled water (DW). As the synthetic seawaterptises the distilled water present in the
pore space a significant increase in creep stsaobserved which can be regarded as a period
of accelerating creep.

The creep strain data obtained from creep testbearsed to estimate the creep rate. This is
done by plotting the axial creep strain data velsgarithmic time as illustrated in Fig.3.18.
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Fig.3.18: Creep deformation plotted against lobamit time. The creep rate of the material can be
determined from the tangent in the steady stateger

The creep rate is determined from the tangent difaevn a steady state period like shown in
Fig.3.18. By choosing two data points;(;) and €i,t1)) close to each other the creep rate
will be given by the following equation:

— £2—&1
™ = fogle)—log(t) (3.47)

where:

m= creep rate [%/decade]
€ = strain [%)]

t= creep time [min]
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3.3 Chemical aspects

3.3.1 Dissolution and Precipitation

The solubility of a mineral will be temperature dagant and usually increase as the
temperature increases. This is not the case faiutalcarbonate (CaG{) here the overall
solubility will decrease as temperature is incrdasén Fig.3.19 the solubility of calcium
carbonate (CaC#)is plotted against temperatuf€] for a system that has reached chemical
equilibrium. As the temperature increases thegensduction in overall solubility of calcium
carbonate (CaC¥) (from Miller 1952)

T T L

Fig.3.19: Solubility of calcium carbonate (CagQas a function of temperaturéQ) at a CQ
pressure equal to 0.987 atm (from Miller, (1952)).

A reduction in the overall solubility for an eqbitium solution may lead to re-precipitation of
CaCQ as a solid material. In fact for complex brinekelisynthetic seawater (SSW)
precipitation of several supersaturated mineraly mnarease the dissolution of calcium
carbonate (CaC#$) (Hiorth et al., 2008) One way to determine if a mineral is supersatarat
in a solution is by studying the ratio between tbeic product (Q) and the equilibrium
constant (K):

“ (3.48)

If the ratio from Eq.3.48 is larger than one for a given mineral, the mihewdl be
supersaturated in the solution and may precipdéata solid mineral. Calculations performed
for seawater injection in chalk at 130 °C show tbeweral minerals will be supersaturated
which may precipitate as solid minerg@l$iorth et al., 2008 The results for the calculations
performed on seawater and Ekofisk formation brig€)(flooding are shown in Fig.3.20
(from Hiorth et al. (2009).
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Mineral Logy, QK

Seawater |EF
Dolomite
CaMg(CO;), 2.16 0.7
Dolomite{ordered)
CaMg(COs) 2.17 0.7
Dolomite(disord.)
CaMg(CO3), 1.18] 020
Huntite CaMg;(CO;), 108 24
Brucite Mg(OH), 1.37 -0.1
Magnesite MgCO; 1 -0.46
Anhydrite CaS0, 022 -
Caleite CaCOy; 0 0

Fig.3.20: Table over minerals that may be superattd when chalk is flooded with seawater and
Ekofisk formation brine (EF) at 130 °@om Hiorth et al., 2008

As seen from the table iRig.3.20 several of the minerals that may precipitate dosta
calcium, which will reduce the overall concentratiaf calcium (C&” present in the solution.
In an effort to reach equilibrium more calcium aarhte (CaCg) must be dissolved from the
core material. It is reasonable to assume thatitisi®ased dissolution of calcium carbonate
(CaCQ) will take place at the intergranular contactsahhwill be in a higher state of stress
(Hiorth et al., 2008. This increased dissolution of calcium carbon@aCQ) may again
lead to an increased weakening of the material.

Increased solubility of calcium carbonate (Caf@Quring seawater flooding has been linked
to the removal of one of the common ions,?Cand CQ?%, in the solution due to
precipitation.Heggheim et al. (20043howed that the presence of sulphate in the fimpdi
fluid at high temperatures may lead to precipitatmf anhydrite (CaS). This removes
calcium (C&"), which is a common ion from the solution, whiahcieases the overall
dissolution of chalk. It has been shown that threcypitation process is temperature
dependant and related to the solubility of anhgd(€aSQ) (Heggheim et al., 2004As
temperature is increased the solubility of anhedist reduced hence a lower concentration
dissolved anhydritean be present in the solution. As anhydrite (CA®@ecipitates calcium
(C&") is removed from the solution increasing the dissmfuof calcium carbonate in an
effort to reach chemical equilibrium.
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3.3.2 Surface processes

Dissolution and precipitation is not the only preses that may affect the mechanical strength
of chalk. Other mechanisms, which are related téasa processes, may also have an effect
on the strength. In the following sections soméhete processes will be briefly introduced.

lon substitution

One process that has been proposed as a possibkenieg mechanism for chalk is an ion
substitution process between magnesium4{Mand calcium (C4). From experimental tests
at high temperatures (130 °C), where outcrop chalk flooded with seawater, it was shown
that magnesium from the flooding fluid could sutogé calcium in a one to one relationship
on the chalk surface creating dolomite (Mg{f@orsnes et al., 2008uch a substitution
process would lead to structural changes on th& chaface due to difference in ion size
(Ca?* > Mg®*) which may affect the mechanical strength. For akwmaterial like chalk, the
mechanical strength will be related to the stabibit the intergranular contacts between the
chalk grains. It has been shown that for a matékialchalk that these intergranular contacts
are weakly cemente(Risnes et al.,, 1999hence a reduction in mechanical strength due to
ion substitution will be a result of a substitutiprocess at the intergranular contgétersnes

et al., 20086). In Fig.3.21this process is illustrated for a situation whewéphate (SG¥) is
present in the solutiofirom Korsnes et al., 2006).

Chalk grain

Positive surface charge

Fig.3.21: lllustration of the ion substitution presses where calcium (€ substitute magnesium
(Mg?*) on the chalk surface in the presence of sulpt®@”) (from Korsnes et al., 2006).

When chalk is flooded with seawater the surfacergdhaof the grains will be positive
(Korsnes et al., 2006s indicated irFig. 3.21 Divalent magnesium ions from the solution
will also have positive charges which prevent iabstitution due to repulsive. Adsorption of
sulphate on the chalk surface will reduce the pasisurface charge which reduced the
repulsive forces. This makes it possible for magmesto substitute calcium on the chalk
surface. But from chemical analysis of effluent @vatamples collected during creep tests a
larger reduction in magnesium concentration thalccbe explained by pure ion substitution
process was observed. These results indicate tmatsubstitution can not be the only
processes causing a reduction in the magnesiunentaton.
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Intergranular Pressure Solution (IPS)

Another possible mechanism that can reduce the améxdd strength of chalk is intergranular
pressure solution (IPS). This weakening mechansrbased on three material transfer
processes occurring in series; first dissolutiomaterial from stressed intergranular regions,
diffusion or transport of material along stresseairgto grain boundaries and precipitation of
solid material in the pore spafidellmannet al., 2002).The slowest of these three processes
will control the overall deformation.

The increase in solubility which eventually leads dissolution of a solid material at
intergranular regions with high effective stressiprocess which is driven by the difference
in chemical potentialHellmann et al. (2002showed that the chemical potentials for an
interphase subjected to high compressive normasstand an interphase subjected to high
hydrostatic stress will be given by the followinguations.

Uy = F; + (3.49)
Upore = Fpg + PrVps (3.50)

where:

pn= chemical potential

F=Helmholtz free energy

o = normal stress at interphase

V= molar volume of the normal stressed interphase
P: = hydrostatic stress (or pore fluid stress)

Vyt= molar volume hydrostatic stressed interphase

The variation in the molar volumes of the stresséelphases are usually very small and can
be neglected; hence the difference between the ichkmpotential for these two stressed
interphases can then be written as:

Ap = (0 — PV + (F, + Fyp) (3.51)

This difference in chemical potential is in face tthermodynamic driving force behind the
increased dissolution of solid material in the IR8del. As can be seen frogg.3.51an
increase in the compressive normal stress willease the difference in chemical potential.
This will again lead to an increase in the ovedadlsolution of material at the interphase in
compression.

The structure of the interphases between graimsuisial when considering the IPS model
because it will affect dissolution and diffusionatisport) of minerals. Two different models
have been proposed which are the “thin film” argldinds and channels” mod@hang and
Spiers, 2006)The difference between these two models is ptedenFig.3.22(from Zhang
and Spiers, 2006)n the “thin film” model there is a small waterrfilbetween the two grains.
This thin water film is trapped between the graansg can’'t be squeezed out by increased the
effective normal streséRutter, 1983) In the “channel and island” model the interphase
between the grains will be naturally roughened Wwhieeans that there will be solid-solid
contacts or “islands” which is surrounded by a mekwof “channels” with fluid(Schutjens
and Spiers, 1999)The dissolved material will be diffused throughstthin water film or the
channels and out in the pore space where it wdtipitate due to a reduction in chemical
potential.
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Fig.3.22: Figure illustrating the main differencetlween a) the “thin film model” and b) the “islands
& channel model” (fronZhang and Spiers (2006))

Experimental studies performed on different malemxposed to the same differential stress
deform with different rates. A more correct apmtoto the IPS mechanism will be to express
the grain to grain convergence as a function adraef flux relation(Hellmann et al., 2002).
The dissolution process at a stressed interphasbecaxpressed, by using a linear force-flux
relation, by the following equatiom.¢hner, 1995)

1 o« K[Au] (3.52)

where:

m = mass flux

K = rate constant

Ap = difference in chemical potential between therigtanular surface and the pore space

A similar linear force-flux relation can also beitten for precipitation of the dissolved
material in the pore space by performing an apjeitrreduction to the difference in
chemical potential.

Diffusion of the dissolved material can also beresped by using a force-flux relation as for
the dissolution and precipitation processes. Thoine on the basis on Fick’s law which will
lead to the following equation.

C,DIPs

m &
a?[Au]

(3.53)

Where:

C, = reference concentration for the solubility of golid matter
D% = grain boundary diffusivity

&= main grain boundary thickness,

a = grain radius boundary

A= difference in chemical potential for the system.

In Eq.3.52andEq.3.53there are two so called rate-determining paramethrsh are the rate

constant (K) and the reference concentration fer sblubility of material (¢). These
parameters vary with material and will determine tthte for the difference processes.
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Sulphate adsorption

As indicated inChapter 3.3.1sulphate (S@) present in the flooding may precipitate as
anhydrite (CaSg) which reduces the overall concentration of sulphathe solution. But the
reduction in sulphate (S©) can also be a result of adsorption on the chatfase. This
type of process will depend on the materials sertdwarge. Chalk will have a positive surface
charge when seawater is present due higher coatens of divalent cations compared to
anions ([C&'] + [Mg?'] > [SO4*]) (Korsnes, 2007)Negative charged sulphate ions can create
surface complexes with calcite sites at the chatkase, which reduces the positive charge of
the surface. The concentration of negative chasgighate ions in the vicinity of the surface
will decrease exponentially as the distance froendirface increases following a Boltzmann
type of distribution(Hiort et al., 2010) Hiorth et al. (2010)showed that this adsorption
process will be dependent on temperature and theésfipH. The adsorption will be largest
when the pH is between 8-11. The adsorption wsibahcrease as the temperature increases.
In a present study bylegawati et al. (2011¥%uch adsorption was detected when chalk was
flooded with pure sulphate brines (Brines with wagyamounts of N&5Oy). The presence of
sulphate also reduced the mechanical strengtheofetst material which was explained as a
result of a disjoining pressure working at the gtancontacts. This disjoining pressure is a
result of interactions between charged surfaces tuelectrical double layers in the
intergranular contacts.
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4 Test material and preparation

4.1 Liegé chalk

The chalk used in this present study is an outctwdk from Lixie near Liege in Belgium,
which will be called Liegé chalk in this study. $hs a pure outcrop chalk with a carbonate
content measured to 95 @degawati et al., 2011)[he non-carbonate content for Liege chalk
mostly consists of quartz and clinoptilolitdjgler and Fabrizius, 2009

The age of this outcrop chalk is late Campanierchvisorresponds to an age of 83.5 million
years. This makes this chalk formation somewhagrotdmpared to the chalk found on the
Norwegian Continental Shelf (NCS). Other main chemastics of this type of chalk are the

porosity and permeability usually exhibited. Patiesi usually range between 40-43 %, and
permeability between 1-2 mD. This low permeabilitya result of low average grain diameter
(1.3 um) Hjuler and Fabrizius, 2000
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4.2 Core preparation

4.2.1 Dirilling

All tests in this study were performed on cylindticores from the same block of outcrop
Liege chalk. The first step in preparing these savas to drill out cylindrical samples from a
rectangular piece of the chalk by the use of themme inFig.4.1

Fig.4.1: Machine used to drill out cylindrical satep from a block of outcrop chalk. Water was used
as cooling fluid to prevent the drill bit from overating.

The machine has an oversized drill bit that cal dtit tests samples with a diameter of
approximately 40 mm and with a typical length of018im. To prevent the bit from
overheating during drilling water is used as a apfluid. A result of using water is that the
samples have to be dried in a heating camber b#fesecan be shaped. On each sample the
drilling direction was marked ensuring that alttsesere performed with the same orientation.

4.2.2 Shaping

The triaxial cells require that the test samplegeha uniform diameter such that an isotropic
stress field will be created around the radialuoméerence. A lathe like the onefing.4.2was
used to uniformly shape the diameter of the indiaiccores.

Fig.4.2: The lathe used to reduce the diameter poeletermined value, to ensure a uniform diameter
that will give an isotopic stress field in radidfelction during testing.

34



Before shaping the samples have a diameter of appately 40 mm. The diameter of the
samples is then reduced in two steps, first dowdtonm and finally down to 37 mm. Some
of the samples had a length between 160-200 mmhwmade it difficult to reduce the
diameter of the entire sample in one run. If sumlyd samples are mounted in the lathe
slightly off centre this may cause the specimeffiatbas rotation is started. Therefore such
large samples are shaped in two runs. This is Ogrgst measuring the length of the sample
and marking of the centre. This point indicates mehie stop when the first part of the sample
has been shaped. The sample is then turned araahdtisat the next half section can be
shaped. A result of using this method is that the half sections are shaped with a slightly
different centre axis. This will not cause any peob because the samples have to be cut into
the desired length before being tested. Cuttingoke® any effect that different centre axis
may have.

4.2.3 Cutting

To cut the samples into desired lengths a cuttiaghime like the one ikig.4.3 was used.
This machine has a diamond blade that can easilyheusoft chalk and ensure that the cut
angle is exactly 90 degrees.

Fig.4.3: Cutting machine used to cut the chalk soir@o desired lengths. The cutting machine is
equipped with a diamond blade which can cut trobghd materials like flint which often occur in
outcrop chalk.

When cutting one have to keep in mind that chakk \&ry soft sedimentary rock which may
break if two much force is applied to the bladesItherefore recommended to cut with low
applied force and with a gentle movement of thaimgtarm. Flint is a very hard quartz-
mineral that is often found in outcrop chalk. Thandond blade, which the cutting machine is
equipped with, is hard enough to cut trough anylispieces of flint that may be in the cores
without causing any damage to the cores. For quegsared for the creep tests a small piece
of the top and bottom section was cut off. Thesesamples will be used later as a reference
to study the chemical effect of flooding brine thgh the cores.
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4.2.4 Estimating porosity

The porosity of the test samples where estimatedhbyuse of a simple weight analysis
described irChapter 3.2.1The cores where first placed in a heating charabé&30 °C for
approximately 24 hours to remove any water that fnayin the cores. To get a proper
estimate of the bulk volume a digital vernier qal was used to measure both diameter and
length. The cores were then placed inside the vactassel irFig.4.4, and pressure was then
reduced to approximately 2-4 Pa absolute pressure.

Fig.4.4: Apparatus used to saturate the cores. €ame placed inside the vacuum vessel and pressure
is reduced to 2-4 kPa absolute pressure by theofiske compressor. Water is then poured into the
water reservoir and injected into the vacuum vessel

After reaching the desired pressure the water veseis filled with distilled water, and air
present in the flooding line is bleed off at the tof the vacuum vessel. Slowly water is
injected into the vacuum vessel preventing anyram entering. The water will imbibe into
the pore space displacing any air inside the pdkter the cores are fully submerged in the
injected water, they are left to rest in the fléicat approximately 15 minutes before being
remove. By measuring the saturated weight of thiescthe porosity of each sample could be
calculated. After measuring the saturated weiglet ¢bres where placed inside a heating
chamber at 130 °C to dry. The cores could now heat@d with brine and tested.

When saturating the cores with the respective hitieesame procedure as described above

will be used. The only difference is that brinefilled in the water reservoir instead of
distilled water.
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4.3 Saturation fluids

To study the effect of sulphate two different bameere used; synthetic seawater (SSW) and
synthetic seawater without sulphate (SSW-QD Preparation of the SSW was done
according to the recipe presentedlable 4.1while SSW-(S@) was prepared according to
the recipe inTable 4.2 To ensure that the ionic strength of SSW+{90s the same as for
SSW the amount of sodium chloride (NaCl) was medifas seen when comparingble 4.1
andTable 4.2

Table 4.1: Recipe for SSW

Salt Mixing Mass | Concentration
order [a/1] [molfl]
NaCl 1 23.38 0.4000
Na, SOy 5 3.41 0.0240
NaHCO; 6 0.17 0.0020
KCI 2 0.75 0.0100
MgCh-6H,0 3 9.05 0.0045
CaC}-2H,0 4 1.91 0.0130
Table 4.2: Recipe fd8SW-(SQ?)
Salt Mixing Mass | Concentration
order [o/1] [mol/l]
NaCl 1 27.58 0.4000
NaHCO;, 5 0.17 0.0020
KCI 2 0.75 0.0100
MgChk-6H,0 3 9.05 0.0045
CaC}-2H,0 4 1.91 0.0130

As solvent nanopure distilled water was used, wiiak a toxicity of approximately 3 ppb.
Some of the distilled water is first added in aicahflask, and then the salts are added
according to the mixing orders &fable 4.1and Table 4.2for SSW and SSW-(SP)
respectively. Sodium sulphate (#$8,) reacts strongly with water, and it is often cameat

to dissolve the salt before adding it to the cdrilesk. This prevents the salt from clumping
which increases mixing time. The conical flask igcpd on a magnetic stirrer like shown in
Fig.4.5 The magnetic stirrer has a small magnetic elemémth rotates inside the conical
flask due to an alternating magnetic field. Aftérsalts have been added the solution is left to
mix for approximately 2 hours before being filtrdt& his removes any impurities that may
contaminate the solution.
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Fig.4.5: The conical flask is placed on a magnsticrer. A small magnetic element is placed inside
the flask which will rotate due to a alternating gnatic.

The filtrate-apparatus used consist of a filteeadsy by Millipore as presented iig. 4.6 A
vacuum pump creates a small under-pressure bloviltee plate which reduced the time
needed to filtrate the solution. All brines premhreere filtrated with 0.65 pm filter from
Millipore.

Fig.4.6: Filtrate-apparatus from Millipore used ftfiltrate the brine. A 0.65 um filter was used
consistently for all the brine prepared.

After being filtrated the pH of the brine was measuto ensure that the brine was prepared
correctly with a pH similar to that of seawater.
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4.4 Aging

All the cores tested at high temperature were aged in a heating chamber at 130 °C for
three weeks. The reason for aging the cores poidegting was to let the brine equilibrate
with the. When these cores are flooded the eqiuhbrbetween the brine and chalk is
disturbed further increasing any chemical reactioetsveen chalk and brine. First the cores
were saturated with the respective brine followting same saturation procedure described in
Chapter 4.2.4and then placed in the aging cell, also calledw@toclave, presented kig.4.7.
The same aging cell was used to age cores satwiitte8&SW and SSW-(SO).

A

Fig. 4.7: The autoclave used to age cores saturatgld both SSW anSSW-(SGf') in a heating
chamber at 130 °C for three weeks. A back presstie7 MPa was used to prevent the brine from
evaporating.

By using an aging cell as large as the autocla@gmt.7 one can age as much as 20 cores at
the same time. After being saturated with the @brioeine the cores where placed inside the
autoclave and brine was added until all cores wiidig submerged. To prevent the brine
from evaporating at high temperature, a back pressas applied through a vent on the side
of the cell. The laboratory is equipped with a gesssure of 0.7 MPa, which is beneath the
design pressure of 1.5 MPa for the autoclave.

After three weeks the cores were removed from thectave and placed in individual core

holders. The cores were then placed in a refriget4£C until being tested. This was done
to slow down any chemical reactions which againic¢atfect the mechanical strength.
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5 Test equipment and procedure

5.1 Test equipment

5.1.1 The Triaxial cell

All the triaxial and creep-tests were performedaispecially designed HP/HT triaxial cell
frequently used to perform mechanical tests. Therailding blocks of such a triaxial cell
is the piston assembly, a confining chamber anohdihg frame as illustrated Fig.5.1 In
total six steel bolts are used so that the appau@n withstand high internal pressures inside
the confining chamber.
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Fig.5.1: The same triaxial cell model was usededqrm both triaxial and creep-tests. The apparatus
consist of three main segments; the piston assethigl\confining chamber and the loading frame. Six
steel bolts are used to ensure a closed systehigbmpressure tests.

This robust testing cell is designed so that it panform high pressure tests over a long
period of time. Heat resistant o-rings are useen&ure that the system remains closed during
high temperature tests. Inside the piston assethblg is a piston that is placed between two
small oil chambers, as indicatedkig.5.2 This makes it possible to move the piston up and
down by simply pumping oil into the upper or lowpiston chamber. There is also a
connection between the confining chamber and te®mpichambers, which makes it possible
to perform hydrostatic test with only a small agtial axial pressure ensuring contact
between the piston and the test sample. The axaakment of the piston is measured by the
use of a linear voltage displacement transduce™which is mounted on the top of the
piston assembly (Sekig.5.1). This measures the axial movement of the pisttichvis
related to the axial deformation of the test samplee LVDT has an uncertainty in the
measurements of £0.05 mm.
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Fig.5.2: lllustration of the triaxial cells interna&omponent. The picture also shows how the diftere
pumps are connected to the test cell.

The test core is placed between two small pistortls &an internal flooding system which
make it possible to perform both drained and um~éxdh tests. To pressurize the system a
synthetic oil is used in the confining chamber.sTail is pumped into the confining chamber
trough the valve marked inlet pump #2Fig.5.2 The pressure in the confining chamber can
be bleed off through the confining pressure bleledabtve. To prevent this confining oil from
intruding into the core when pressure is increaseplastic shrinking sleeve is used around
the test sample. This ensures a closed system laidcan be flooding through the test
sample without any contamination from oil.

5.1.2 Pumps

There is in total three pumps connected to thaitiapparatus as seenkig.5.2 One pump

iIs used to regulate the confining pressure, oneppigrused to pump oil into the piston
chambers and one pump is connected to the flodoiagThree different experimental setups
(test cells) were used in this study. Which puni aare connected to the different cell is
shown inTable 5.1

Table 5.1: Overview of what type of pumps thabisnected to the different tests cells

Pumps Test cell #1 Test cell #2 Test cell 43
Piston pump Quizix Qx Teledyne ISCO 260 D  Gilson 30}
Confining pump Quizix QX Gilson 307 Gilson 307
Flooding pump Gilson 307 Gilson 307 Gilson 307
Back pressure | Teledyne ISCO 260 D Gas Pressure Gas Pregsure
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All the deviatoric tests performed in this studyrevéested with the set up described Test
cell #1in Table 5.1 The creep test flooded with SSW-(8Pwas performed with the set up
described fofTest cell #2while the creep tests flooded with SSW were peréa with the
set up forTest cell #3For all the creep tests a manual regulated bessspre regulator was
used while for the deviatoric tests a Teledyne ISZEBD D pump was used to regulate the
back pressure (pore pressure).

The Gilson 307 pump, shown ig.5.3 is a constant rate pump which can deliver a eortst

flooding rate between 10 ml/min and 0.01 ml/minisTimakes the pump ideal as a flooding
pump where a constant flooding rate is needed. marimum flooding pressure for such
pumps is 60 MPa.

Fig.5.3: Picture of the Gilson 307 pump connectedhie flooding line. The pump can pump with a
constant flooding rate between 0.010 and 10.0 ml/iaximum pressure for this pump is 60 MPa.

For Test cell #1a Quzix Qx pump, shown iRig. 5.4 is used to control and regulate the
piston and confining pressures. This pump can ra@rd constant pressure by pumping and
retrieving oil from the different oil chamber. Tfieoding rate of such pumps is between 10
ml/min and 0.001 ml/min. It is also possible tofpan ramping operations on such pumps,
which makes it possible to perform loading phasik aqual loading rates. This ensures that
the isotropic loading phases for all the deviattegts are performed with the same stress rate.
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Fig.5.4: Picture of the Quizix QX pumps used toutate the confining and piston pressures. This
pump can flood with a constant rate and maintagoastant pressure.

A pump with similar specifications as the Quzix @¥mp is the Teledyne ISCO 260 D
syringe pump irFig.5.5

Fig.5.5: Teledyne ISCO 260 D syringe pump usecetulate the back pressure. This type of pump
can also pump with constant flooding rate and nainéa constant pressure

The Teledyne ISCO 260 D syringe pump can pump &itbnstant flooding rate, retrieve oil
and maintain a constant pressure much like theiQQ@X pump.

5.1.3 Pressure gages

Digital pressure gauges were used to measure tifenicq pressure, the piston pressure and
the differential pressure over the test sample. tAk pressure gauges were Emerson
Rosemount 3051 pressure gauges like showRigrb.6. These pressure gauges send an
analogue signal to the logging card on the compdenected to the test apparatus.

Fig.5.6: Pressure gauge used to monitor confining iston pressures. Pressure data is sent from
the gauges to the logging card on the computer.
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The analogue signals are a series of electric otgr®r representing the different pressure
values. In fact as much as ten thousand signalsentto the logging card each second,
where the average value is presented in the satwWare uncertainty of such pressure gauges
is 0.0075% of the maximum pressure the gauge casune.

5.1.4 Heating system

Some of the tests are performed at high tempematlience a heating system is needed to
increase the temperature and maintain a constamet@ture. This is done by using a PT 100
heating element. A heating jacket is mounted onotltside the confining chamber which is
regulated by an Omron control box. Due fluctuationthe room temperature, there will also
be some small fluctuations in the temperature edide test cell. These temperature
fluctuations will be approximately + 0.02.

5.1.5 Software

The different tests are controlled by a computeough a software called LabVIEW.
LabVIEW is a programming code used to design safigdor experimental use. In this case
the program is specially designed to run triaxésts. By using the program one can easily
control flow rates and change maximum pressuressidt logs all changes in pressures, axial
movement of piston and the temperature. The syselasigned so that any logged value can
be displayed on the ordinate and abscissa in appéstented in the software. For example
during a deviatoric test it is preferred to monititie piston pressure versus the axial
movement of the piston. Live values of the différ@nessures, which are updated every
second, are also displayed. This makes it poss$dvlehe operator to register any sudden
changes in pressures. Data logged by the prograwitien to a data file that can be opened
in Microsoft Excel The amount of data written to this data file amicolled by the logging
rate. During a short test like the deviatoric daigh resolution is desirable which is obtained
by a frequent logging rate. A typical logging rébe such test is every 30 seconds. In creep
tests which can run for several thousand minutegiaesolution is needed. For such test a
typical logging rate is every third minute.

Another software is used to control the Quzix Qxnps. This program makes it possible to
control flooding rates and pressures. Hydrostaiping operations can also be designed in
this program ensuring that all operations are edrout with similar loading rates.

5.1.6 Brazilian cell

The indirect tensile strength measurements ar@peeld by using what is called a Brazilian
test cell. This cell is build after a design Kprsnes (2000)In Fig.5.7 a picture of the
experimental apparatus is presented. The test sammlaced between two loading frames
inside the housing. On the front and back covetihga&lements are attached which makes it
possible to perform high temperature tests as agelésts at ambient temperature.
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Fig.5.7: Brazilian test cell equipped with a hegtielement making it possible to perform tests gih hi
temperatures. The test cell is placed in a tesk raith a hydraulically operated piston.

A steal rod is fitted through a bore in the toghed housing. A load cell is placed on the top of
this steal road which measures the axial load eggliom a hydraulically operated piston in
the test rack. The piston is driven by a Gilson dp controlled by a similar software
introduced inChapter 5.1.5When performing high temperature test a backspresof 0.7
MPa is used to prevent the brine in the test sairfinpie evaporating as the test cell is heated
up.
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5.2 Test procedure

5.2.1 Mounting test

The saturated core is first placed between the rugppe lower flooding piston like illustrated

in Fig.5.8 Between the pistons and the core a paper fikeplaced ensuring that any

impurities inside the core do not enter the flogdimes. Around the upper and lower
flooding piston small rubber seals are used. Thrabber seals are greased with vacuum
grease to ensura closed system when the sleeitached.

‘lﬂ
Up r flooc

Fig.5.8: The core is placed between the upper ameket flooding piston. Between the core and the
pistons paper filters are used to prevent any intjgs from entering the flooding line. Rubber seals
are placed above and below the core ensuring agrspal with the sleeve.

The sleeve is a Teflon plastic sleeve which shradkéeat is applied. The sleeve is cut into a
length of approximately 110 mm so that it reachedl wver core. Heat is gently applied
around the bottom so that the sleeve first is h#dqroperly at the bottom. The process is
then continued from the bottom and up until thererdieeve is properly attached.

The next step is to tighten the flooding lope atidch the steal jacket which makes up the
confining chamber. For high temperature tests #egtihg element must be mounted on the
outside of the confining chamber before attachimggiston assembly. Confining oil is purred
into the confining chamber until the core is fuybmerged in confining oil. The piston

assembly is attached to the loading frame by saldiolts which is tighten in an alternating

manner. After tightening the bolts the linear vgéadisplacement transducer (LVDT) is

attached at the top of the piston assembly asiaddag.5.1.

The confining pump is then started with a constimatding rate equal to 2.0 ml/min with the

confining pressure bleed of valve open. Beforedig any confining pressure it is important
to remove any air that may be in the confining chamAfter all air has been removed the
confining pressure bleed off valve (SE&.5.2) is closed and the confining pressure is
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increased to 0.5 MPa. This is done to apply sesthe sleeve which reduces the chance for
any influx of confining oil into the closed floodirsystem. After reaching the predetermined
stress level of 0.5 MPa the confining pump is puttonstant pressure cycle which keeps the
confining pressure constant at 0.5 MPa.

5.2.2 Increasing pore pressure

When increasing the pore pressure a differencesoMPa is kept between the confining and
pore pressure. The flooding pump is started wito@stant flooding rate of 3.0 ml/ min and
distilled water is flooded into the upper chambethe flooding cell as illustrated Fig.5.9.
This makes the piston inside the flooding cell m@@mvnwards. Brine inside the lower
chamber will then be pushed out with the same aatelistilled water is pumped into the
upper chamber. The reason for using such a floockiigs to prevent any precipitation of salt
inside the piston chamber in the Gilson 307 pumglwmay damage the pump.
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Fig.5.9: lllustration of the flooding cell used timod brine. Distilled water is pumped into the epp
chamber which pushes the piston downwards. Bringghed out from the lower chamber with the
same rate as distilled water enters the upper clamb

The brine is pumped through the flooding line bwiag the core. In other words brine will
not flow through the core but be deflected at tileti This makes is possible for a more rapid
pore pressure increased compared to a case whadeidl flooded through the core. A
pumping rate of 3.0 ml/min is kept until all airremoved from the flooding line. Then the
rate is reduced to 2.0 ml/min and the pump condetciehe back pressure regulator is put on
a constant pressure cycle at 0.4 MPa. Pore preswside the system will increase gently up
to the pre set pressure of the back pressure tegulas the pore pressure increases the
confining pressure is increased maintaining a difiee of 0.5 MPa between the confining
pressure and the pore pressur. After reaching (P4 khe flooding rate is reduced to 1.0
ml/min and the pump connected to the back presmgelator is increased to a constant
pressure cycle of 0.7 MPa. When the pore pressaaehes 0.7 MPa the confining pressure
will be equal to 1.2 MPa. The flooding rate is reeld to 1 PV/day which usually corresponds
to a flooding rate of 0.021 ml/min. Flooding is tianed for 24 hours before the next step in
the test procedure can be started.
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5.2.3 Increasing temperature

The next step in the test procedure is to incrédasdest temperature for tests that should be
performed at high temperatures. All high tempemti@sts were performed at 130 °C. For
tests performed at ambient temperature the negtistéhe test procedure will be introduces
Chapter 5.2.4 The temperature is increased by the use of @ingeelement attached to the
outside of the confining chamber. Inside the canfinchamber a temperature sensor
measures the temperature close to the core whecbaitrol box uses to regulate the effect of
the heating element.

As the temperature increases the oil inside thdéirdiag chamber will start to expand due to
thermal expansion. This oil expansion will leadajaressure build-up inside the confining
chamber if oil is not bled off. A spring pressuadve is connected to the confining pressure
bleed of valve (seBig.5.2) which is set to bleed off excess pressures abhd&1Pa. During
this time period the Quizix Qx pump is switched off

5.2.4 Lowering piston

After flooding the core for 24 hours, which corresds to one pore volume displaced, the
piston could be lowered. The piston is lowered bgnping oil into the upper piston chamber
as presented ifrig.5.10 Oil is pumped into the upper piston chamber wvatlconstant
pumping rate equal to 2.0 ml/min with the bleedailve open.

Lower piston
chamber
N\

Fig.5.10: QOil is pumped into the upper piston chamihich increases the pressure on the top of the
piston. This pressure pushed the piston downwdaoddys Piston pressure is depleted by opening the
upper bleed of valve

When oil flows continuously out the bleed of vala# the air has been removed from the
system and the valve can be closed. The uppemptstamber is a small closed volume and a
high pumping rate may cause a very sudden pregstrease; hence a low flow rate of 0.3

ml/min is used. As oil is pumped into the pistoraiber the pressure will start to increase
slowly. When the frictional force between the pistnd the cylinder is overcome the piston
will start to move. The pressure needed to initratezement of the piston will be the friction

pressure and used to correct the axial stress. eMent of the piston is measured by the
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linear voltage displacement transducer (LVDT) armdpiotted against piston pressure in
LabVIEW. When contact is established between tiséopiand the upper flooding piston a
sudden increase in piston pressure can be seempréebMent any damage to the core the
maximum pressure that can be reached in the pestamber is set 0.3 MPa above the friction
pressure. After contact is established the Quzixp@mp is set on constant pressure cyicle
which keeps the piston pressure constant at 0.8 MPa

5.2.5 Increasing stress

With contact between the piston and the lower pistssembly the test can be started. All
tests that require a higher degree of radial supgpen 0.5 MPa, need to be loaded isotropic
to the desired stress level. This is done by irgngathe confining pressure with a constant
loading rate. The stress rate used for all isotrégading phases are based on the loading rate
during hydrostatic tests. Hydrostatic tests araldolaisotopic 2-3 MPa above the materials
yield point, which in this case equals a confinprgssure of 12,7 MPa. The hydrostatic tests
performed in this thesis where loaded to 12.7 MP430 minutes which correspond to a
loading rate of 0.0295 MPa/min. This type of rangpaperation could only be performed on
the tests cells that were connected to a QuizixpQIXp.

The creep tests were performed in a different 4esits compared to the triaxial tests. Here a
Gilson 307 pump was used to regulate the confipiegsure and this pump can only pump
with a constant flooding rate. A constant floodnadge of 0.050 ml/min was used to increase
the confining pressure to 12.0 MPa. This floodimgergives a loading rate close to the
loading rate for the ramping operations performgdhie Quizix QX pumps.

In all loading phases the piston pump was set tmistant pressure cycle 0.2-0.3 MPa above
the friction pressure for the different test cellss the confining pressure increases this
frictional pressure sometime increases which magedhe piston to get stuck. This is solved
by increasing the piston pressure 0.1-0.2 MPa ablwveurrent piston pressure.

After reaching the desired level of radial suppiont the triaxial tests, axial load can be

applied until failure is initiated. Axial load iscreased by slowly increasing the pressure
inside the piston chamber. This is done by puttirgpiston pump in constant flow rate cycle

with a constant flooding rate of 0.010 ml/min.

5.2.6 Dismantling test

When the test is finished the cell is dismantlee Tirst thing that is done is to move the piston
up to its initial position. This is done by firsepleting the piston pressure by opening the
upper bleed of valve if¥ig.5.2 Then the inlet valve to the upper piston chamberiosed
while the inlet valve for the lower piston chamhgropened. As for lowering the piston
(Chapter 5.2.4)any air present in the chamber must be removedardehe pressure can be
increased. This is done by pumping oil into thenchar with the lower bleed of valve open.
When a continuous flow of oil is exits the bleedvaflve the valve is closed. A constant
flooding rate of 1.0 ml/min is used to move thegisback up. When the piston is back to its
initial position the confining pressure is reduséalvly to 1.2 MPa.

For high temperature tests the temperature mustebmwved before the test cell can be
dismantled. This is done by turning off the heathgment. As the temperature decreases the
volume of oil inside the confining chamber will dease, which leads to a reduction in
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confining pressure. To cope for the reduction ihvolume the confining pump is put on
constant pressure cycle which allows the floodiate rto increase as much as needed to
maintain a constant pressure. As mentioned eatisrcan only be done on the test cells
connected to a Quizix Qx pump. When a Gilson 30Mpuis used to regulate the confining
pressure, a constant flooding rate of 2.0 ml/mirused to cope for the reduction in oil
volume.

When the temperature inside the test cell reachdBeat temperature the pore pressure can
be depleted. This is done by reducing the backspresfrom the Teledyne 260 D syringe
pump to 0.7 bars which is the lower limit for tipemp. The fluid inside the flooding line is
then allowed to pass freely through the back pressegulator removing the pore pressure.
The next step is then to deplete the remainingicmgf pressure and drain the oil from the
confining chamber. By applying air pressure throtighconfining bleed off valve drainage of
confining oil will be faster. When all oil insidée confining chamber has been removed the
piston assembly is lifted off.

The core is then removed and any excess oil isietbaip. To prevent any corrosion in the
flooding lines distilled water (DW) is pumped thgiuremoving all SSW.

5.2.7 Brazilian test

All the Brazilian tests were performed by the u$¢he apparatus presentedrig.5.7. The
samples are prepared from cores which have a lesfgit® mm and a diameter of 37mm.
Each core is divided into three smaller samples witlength between the radii and the
diameter (18.5-37 mm) by the use of the cuttingmree presented ikig.4.3 Before cutting
the core a vertical line is drawn on the core. Time will be used to ensure that each sample
Is tested with the same orientation. The prefemachber of samples which is needed to
obtain a good estimate of the indirect tensilergjtie is around 10.

Test samples that should be tested at ambient tatope were prepared from cores that were
un-aged, so after cutting the samples the length chameter was measured and the bulk
volume is calculated. The samples were then platedheating chamber at 138G for 24
hours and saturated with distilled water so thabgity could be determinedsée Chapter
4.2.4. After porosity had been determined the coresewsaced in a heating chamber and
saturated with brine (SSW of SSW-($9) 24 hours before the tests should be performed.

Test samples tested at 130 °C were prepared froges ¢bat already had been aged for three
weeks at 130 °C. These cores were already satuvatbdbrine so porosity could not be
determined in the same manner as for the un-ages.co

Ambient test were performed by placing a saturaachple between the loading frames
which then was placed inside the housing. Thedastples were placed inside the loading
frame with the marked line facing up. Then the gnsin the external loading frame was
pumped gently down to a point right above the Isadsor by the use of a hand pump.
LabVIEWwas then started and the flooding rate of the @il807 pump was set to 0.5
ml/min. These types of tests are very short; hesndégh data resolution is needed. The
program was set to log values every 0.001 minulesisile failure is recognized by a sudden
drop in piston pressure which terminates the td3tmk load at failure is then used to
calculate the indirect tensile strength)T
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Test samples that should be tested at 130 °C whstelaced inside a small aging cell in a
heating chamber at 130 °C the day before the stsiald be performed. The next morning
the aging cell was removed from the heating chanaberallowed to cool down before the
tests were started. When the temperature in the ted had stabilized at 130 °C the front
panel was removed and the loading frame was takerBelow the loading frame there is a
small beaker that was filled with brine before tbading frame with the test sample was
placed back in the housing. The front panel waa theunted back on and a gas pressure of
0.7 MPa was applied. The air pressure in comlmnatiith the brine in the small cup below
the loading frame will prevent the sample from dgyas temperature increases and stabilizes.
After temperature is stabilized the system is tefequilibrate for 30 minutes before the tests
were started following the same procedure as fdyiam tests.

5.2.8 Chemical analysis of water samples

Water samples of the effluent were collected dailying the creep tests. These samples were
analysed so that any chemical processes insideotieecould be detected. The water samples
are placed in a refrigerator &iGtuntil the day chemical analysis is performedstFar small
fraction of the effluent sample is diluted 200 tsniey a Gilson Gx-271 diluter shown in
Fig.5.11 By using this apparatus a higher degree of acgusobtained compared to a case
where the dilution is done manually. The reasordftuting the effluent prior to the chemical
analysis is to get the ion concentration within tieéection range of the ion chromatograph
(1C).

Fig.5.11: A Gilson Gx-271 diluter was used to diltihe effluent samples 200 times. This was done to
ensure that the ion concentrations are within te&edtion range of the IC.

The diluted samples are then filtrated by the usa  ml syringe with a PALL filter. This
filter removes any impurities that may be in saatiThe filtrated solution is injected into 1.5
ml glasses that are used in the IC.

Chemical analyses of effluent samples were perfdriyethe use of the Dionex ICS-3000 ion
chromatograph by Dionex Corporationkig.5.12
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Fig.5.12: A Dionex ICS-3000 ion chromatograph bgrizx Corporatioris used to measure the
concentration of cations and anions in the efflusamples.

The IC can measure the concentration of both anamts cations present in the effluent
samples. By comparing these concentrations tonitialiconcentration of anions and cations
in the brine prior to flooding one can study anamfify the chemical reactions taking place
inside the core.
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6 Results

In the following chapters the first results thatlwe presented are the data obtained from the
stress strain plots like the yield points, the Yggarmoduli and the bulk moduli. The data
from the stress strain plots are then used to m@terthe cohesion (pand the friction angle
(¢) from a Mohr plot and finally to draw the full fare envelope in a qp”-plot.

In total 57 cores were prepared and tested acaptdithe procedure described@mapter 5
The cores are named LK followed by a number. LEnsabbreviation for Liegé chalk and the
name of the person that drilled out the cores sasndlhe number represent in which order
the cores were prepared.The first core preparedhgatumber 1 and the last 99. Of these 57
cores 29 cores were used for synthetic seawatéh)$&ts.Table 6.1shows an overview of
these 29 cores where 17 cores were used for t£480a°C while the remaining 12 cores
were tested at ambient temperature.

Table 6.1: Table of all cores used SSW test

Core Diameter| Length| Pore Volume| Bulk VVolume | Porosity TestoTemp.
[mm] | [mm] [m] [m] [%] [C]

LK4 36.96 | 72.70 30.97 78.00 39.71L Ambient tefp.
LK71| 36.97 | 70.08 30.03 75.23 39.92 Ambient terhp.
LK75]| 37.00 | 70.17 28.61 75.45 37.92 Ambient terhp.
LK80| 36.95 | 70.32 28.85 75.40 38.26 Ambient terhp.
LK82| 36.95 | 70.19 29.24 75.27 38.8b Ambient terhp.
LK84| 36.97 | 70.16 29.76 75.31 39.501 Ambient terhp.
LK85| 36.99 | 69.93 29.59 75.15 39.38 Ambient terhp.
LK87| 36.97 | 69.90 29.18 75.04 38.89 Ambient terhp.
LK89| 37.03 | 70.09 30.05 75.48 39.8L Ambient terhp.
LK96| 37.01 | 70.05 29.88 75.36 39.6b Ambient terhp.
LK97| 36.98 | 70.22 30.13 75.42 39.95 Ambient terhp.
LK99| 36.99 | 70.1§ 30.08 75.42 39.88 Ambient temnp.

LK7 37.04 | 70.00 29.95 75.43 39.71 fan
LK11| 37.05 | 70.07 29.42 75.54 38.9¢4 fap
LK15| 36.99 | 69.86 29.33 75.07 39.0y7 fan
LK17| 37.02 | 70.11 29.59 75.46 39.211 fan
LK18| 36.96 | 70.07 29.97 75.18 39.8)7 fap
LK19| 37.05 | 70.25 30.12 75.74 39.7)7 fan
LK20| 36.97 | 70.15 29.27 75.30 38.8)7 fap
LK21| 37.03 | 70.11 29.73 75.51 39.3)7 fap
LK25| 36.99 | 69.98 29.79 75.20 39.61 fap
LK26| 37.09 | 70.17 29.95 75.81 39.5D fap
LK28| 36.93 | 69.41 29.20 74.35 39.2)7 fap
LK29| 37.00 | 69.98 30.18 75.24 40.11L fap
LK32| 36.98 | 69.78 29.95 74.95 39.96 fap
LK34| 37.10 | 70.30 29.34 76.00 38.6[1 fap
LK35| 36.99 | 69.95 29.54 75.17 39.3D fap
LK94| 37.00 | 70.18 29.52 75.46 39.1p fap
LK95| 36.98 | 69.91 29.73 75.09 39.5P fap
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All cores tested at 130 °C were aged for three wedkhe same temperature prior to testing
as described ifChapter 4.4 The cores tested at ambient temperature weusasatl with
brine the day before being mounted in the test cBlch core was flooded with a flooding
rate equal to 1 PV/day for 24 hours before thewest started.

The 28 cores ifTable 6.2were used for synthetic seawater (SSW-3Qests. Of these in
total 18 cores were tested at high temperaturelewthe remaining 10 cores were tested at
ambient temperature.

Table 6.2: Table of all cores used for SSWx{J@ests

Core Diameter| Length| Pore Volume|Bulk Volume | Porosity TestoTemp.
[mm] | [mm] [mi] [mi] [%] [C]

LK38| 36.99 | 68.28 29.49 73.38 40.19 Ambient temp.
LK46| 36.99 | 66.34 28.16 71.29 39.5p Ambient ternp.
LK48| 36.97 | 70.12 29.89 75.27 39.7L  Ambient ternp.
LK64| 37.01 | 70.22 30.38 75.54 40.2P Ambient temp.
LK66| 37.02 | 68.84 29.77 74.10 40.18 Ambient ternp.
LK67| 36.99 | 70.32 30.20 75.57 39.96 Ambient ternp.
LK68| 36.96 | 68.99 29.48 74.02 39.88 Ambient ternp.
LK92| 36.99 | 70.19 29.49 75.43 39.10 Ambient terp.
LK93| 37.01 | 70.05 30.11 75.36 39.96 Ambient ternp.
LK98| 37.00 | 70.15 30.12 75.43 39.98 Ambient tefnp.
LK27| 37.13 | 68.93 29.39 74.64 39.38 £80
LK41| 37.00 | 65.81 28.55 70.76 40.35 130°C

LK47| 37.03 | 70.03 29.47 75.42 39.0f7 £80

LK49| 37.01 | 68.85 29.32 74.07 39.5P £80
LK50| 36.96 | 69.53 29.49 74.60 39.58 f80
LK51| 37.03 | 70.01 30.30 75.40 40.1p £80
LK52| 37.00 | 70.10 30.23 75.37 40.11L £80
LK57| 36.99 | 70.18 30.17 75.42 40.0p f80
LK58| 36.97 | 70.13 30.21 75.28 40.18 £80
LK59| 37.02 | 70.10 30.02 75.45 39.79 £80
LK62| 37,00 | 70.36 30.43 75.65 40.2p f80

LK63| 36.96 | 70.24 29.41 75.36 39.08 £80
LK65| 37.03 | 70.22 29.70 75.62 39.2)7 £80
LK69| 36.97 | 70.17 29.45 75.33 39.1p f80
LK70| 36.94 | 70.16 29.89 75.19 39.7b £80
LK72| 36.92 | 70.16 30.22 75.11 40.23 £80
LK74| 36.96 | 70.13 29.78 75.24 39.58 £80

LK79| 38.08 | 70.03 32.07 79.76 40.21L £80

The average porosity based on all cores preparsdcalaulated to 39.57 % with a standard
deviation of 0.51 %
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6.1 Synthetic Seawater (SSW)

6.1.1 Ambient temperature

By performing a lot of different triaxial tests @ohydrostatic and deviatoric tests with
varying degree of radial support) one can obtaigoad estimate of the materials failure
envelope. This failure envelope is regarded asitecalrlimit between the elastic and the
plastic region.

Mechanical results in tables

In total 12 different triaxial tests with varyin@glree of radial support was performed and the
results of these tests are listedT@mble 6.3 Brazilian tests were included so that a datatpoin
closer to the ordinate axis could be obtained.

Table 6.3: Table over the mechanical result obtdiaeambient temperature

Unaged/Ambient Porosity| ¢ c' q p' |E-modulus| K-modulus
1 B8 = =
TeSthpe | TeSIeOn  edisoec | P81 |MPallmPa) [MPall(vPal| [GPal | [GPal
Brazilian Unaged/Ambient 1.88 -0.1 243 0.20
0.3 MPa Dey. LK80 | Unaged/Ambienf 38.26 5.60 O0.80 5|30 2.071.465
0.5 MPaDey. LK71 | Unaged/Ambienf 39.92 5.80 0.0 530 2.271.320
0.8 MPa Dey. LK87 | Unaged/Ambienf 38.89 6.80 0.80 6/00 2.801.302
1.0 MPa Dey. LK82 | Unaged/Ambient 38.85 7.00 1.p0 6{00 3.000L.597
1.5MPaDey. LK89 | Unaged/Ambient 39.81 7.40 150 5{90 3.471.394
2.0 MPa Dey. LK75 | Unaged/Ambienf 37.92 8.40 20 6/]40 4.131.450
3.0 MPa Dey. LK85 | Unaged/Ambienf 39.38 9.50 3.p0 6|50 §.171.622
4.0 MPa Dey. LK84 | Unaged/Ambienf 39.51 9.50 4.p0 5|50 §.831.534
7.0 MPa Dey. LK96 | Unaged/Ambienf 39.5 12|00 7.00 500 7§.6 1.349
8.0 MPa Dey. LK99 | Unaged/Ambienf 39.88 12|30 8.00 430 39.4 1.540
Hydr. LK97 [Unaged/Ambient| 39.9 10.30 10.20 0.10 10.23 8.7
Hydr. LK4 |Unaged/Ambient| 39.71 10.10 9.60 0.50 9.[/7 0.9q7

The yield points for the different tests are liskedable 6.3as the maximum effective stress
(01") while the minimum effective stresss() will be the difference between the confining
and the pore pressure.

The tensile strength () for the material is found by using the peak fofeg obtained for
each individual test and found Eyj.3.43 Based on the average tensile strendth, (), from

in total 10 individual tests, the maximum and miammprinciple stress can be calculated by
using Eq.3.44 and Eq.3.45respectively. InTable 6.4the results from the Brazilian tests
performed on SSW saturated samples at ambient tatape are listed.
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Table 6.4: Results from 10 Brazilian tests perfatime SSW saturated Liegé chalk samples
at ambient temperature

. Pore Bulk .
Diameter| Length Porosity| Peak force| Tob
Core mm] | (mm Volume|Volume (%) (kN) [Mpa]
(ml) | (ml)
LK (1.1)] 37.00 | 21.60 9.21| 23.22 39.66 0.82 065
LK (1.2)] 37.00 | 20.43 8.71| 219 39.66 0.64 0p4
LK (1.3)] 37.00 | 22.00 9.55| 23.65 40.37 0.83 065
LK (2.1)] 36.96 | 21.0§ 8.95| 22.60 39.48 0.68 056
LK (2.2)] 36.96 | 2249 9.66| 24.183 40.03 0.82 063
LK (2.3)] 36.96 | 20.7§ 8.93| 22.29 40.0b 0.71 09
LK (3.1)] 36.93 | 19.80 8.40{ 21.21 39.61 0.67 0p8
LK (3.2)] 36.93 | 20.7q 8.86| 22.24 39.84 0.72 00
LK (4.1)] 36.95 | 23.30 9.92| 2499 39.70 0.91 07
LK (4.2) | 36.95 | 20.34 8.68] 21.81 39.80 0.74 03

The average tensile strengtfi,¢ ) was calculated to be 0.61 MPa with a standavéhtien
of £0.04 MPa.

Example of determination of yield and elastic model

The maximum principle stress;() is found by studying stress strain plots forteexividual
test. InFig.6.1the stress strain plot for 0.5 MPa deviatoric testhown. The yield-point will
the point where the stress-strain relation stavtsl@viate from a linear like presented in
Chapter 3.2.4

LK71, 0.5 MPa, Ambient
8,00

7,00
Yol \

6,00 «

/

/ Yield Point = 5,8 MPa |

4,00
3,00

//
2,00 /
1,00 /

0,00

=4—-1LK71,0.5 Mpa

Axial Stress [MPa]

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
Axial Strain [%]

Fig.6.1: Stress strain plot for a deviatoric testrfprmed with 0.5 MPa in difference between the
confining pressure and the pore pressure at aml@mperature. The yield point for is determined as
the point where the stress strain curve startsdwiate from a linear trend. For this case the yield
point was determined to 5.8 MPa.
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Another parameter that can be found from stressinstplots is the materials Young’s
modulus. The Young’s modulus is determined fromgiope of the stress strain curve before
yield is initiated. InFig.6.2a small section of the stress strain curveim6.1is shown. The
Young's modulus is determined from the slope byfqrering a linear regression on the
chosen data points.

LK71, 0.5 MPa

6,00

S

4,00
/ y=13,203x+0,1831
/ R2=0,9973

/ ——LK71,0.5 Mpa

Axial Stress [MPa]
w
8

1,00

0,00
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

Axial Strain [%]

Fig.6.2: A section of the linear stress strain tada is used to estimate the Young’'s modulus. By
performing a linear regression on the chosen daiangs the Young’'s modulus will be given as the
slope of the regression line. Thé\Rllue give information on how good the curvesfit i

Since the strain is expressed in percent the \@b@ned from the linear regression must be
multiplied with 100 to get the Young’s modulus esgsed in MPa. Usually the Young’'s
modulus is expressed as GPa which means that e kas to be divided by 1000 to get the
values presented ihable 6.1 An equivalent method will be to just divide thalue of the
slope found by the linear regression with 10 totgetYoung’s modulus expressed in GPa.

The bulk modulus is determined from stress versalgmetric strain plots from hydrostatic
loading phases as shown kig.6.3The stress increase is plotted against volumstrain
given byEQ.3.19 A linear regression is performed on a sectiothefstress strain curve prior
to yield. From the slope of this regression lihe bulk modulus can be found. The slope is
divided by 10 (as for the Young’'s modulus) so thatvalue of the bulk modulus is expressed
in GPa.
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LK97, Hydr. Ambient
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Fig.6.3: A section of the stress versus volumetrigin plot for the hydrostatic loading phase ofaK
The bulk modulus is determined by performing aalinegression on a set of data points prior to
yield.

Mohr and g-p” plots

The hydrostatic tests are not plotted in theplane due to the small difference between the
maximum and minimum principle stress. Mohr circtbawn for hydrostatic tests will be
small circles to the right of the failure line. Ftothe maximumd;’) and minimum ¢3")
principle stress the corresponding Mohr circles bandrawn in the o-plane as shown in
Fig.6.4where the Mohr circles for all the different dewiat tests are drawn. A linear line is
drawn in such a manner that it tangents the firehiMcircles which will be regarded as the
failure line. From this line the materials cohesifd) and friction angle (f) can be
determined as shown Kig.3.12
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Mohr circle plots, Ambient temperature

Brazilian test
7.00 pd
/X =330 —LK80, 0.3 MPa
o0 —1K71,0.5 MPa
- —1K87,0.8 MPa
5,00 LK82, 1.0 MPa
T s —LK89, 1.5 MPa
S / —LK75,2.0 MPa
Moo e LK85, 3.0 MPa
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Fig.6.4: Mohr circles drawn on basis of the resuitsm the deviatoric tests performed at ambient
temperature. A failure line is drawn manually subht it tangents the first Mohr circles. Cohesien i
determined as the point of intersection with thdimate axis while the friction angle will be the
inclination of the failure line.

Another way of plotting the data obtained from thierent deviatoric tests is by using a g-p°
plot (Chapter 3.2.Y. g-p” values are calculated on basis of the marinfs;) and minimum
(o3") principle stress and are calculated by the Us&g 3.34and Eq.3.35 By plotting
enough deviatoric tests one can obtain a good astiof the entire failure envelope as shown
in Fig.6.5

A linear regression is performed on the data pdimas fall on or close to the failure line. On

the end cap side a second order polynomial regmessiused to obtain an expression that
gives the shape of the end cap. By plotting thegeession lines in the g-p” plot as shown in
Fig.6.5 one obtains an estimate of the critical limit be¢w the elastic and plastic region.

Brazilian tests are indirect tensile strength téiség give a point close to the ordinate axis.
The failure line will therefore not be limited byline from the origin with a slope equal to 3:1

(chapter 3.2.Y. Hydrostatic tests are included to obtain daiatgalose to the abscissa.
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g-p' plot, SSW, Unaged/ambient temp.
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Fig.6.5: g-p” plot for the data obtained from dedwidc tests at ambient temperature. The failurelin
is found by performing a linear regression on tlesults from the five first tests. On the end cap a
second order polynomial regression is used on #meaining data points to give an estimate of the
shape of the end cap curve. THevRlue gives information about the quality of tegnession.

From the linear regression performed on the figagboint’s one obtain an expression for the
failure line. By using the slope of the line aneé tioint of intersection with the ordinate axis
the cohesion ($ and friction angle ) can be determined by the use ©d.3.38 and
Eq.3.39The materials internal friction is found by usigg. 3.25 These values can be used in
the Mohr Coulomb criterion given iyqg.3.24to draw a new failure line in the Mohr plot as
shown inFig.6.6 where both the calculated failure line from th@ gplot and the drawn
failure line fromFig.6.4 are included.
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Mohr circle plots, Ambient temperature

8,00 Brazilian test
— K80, 0.3 MPa
—LK71,0.5 MPa
6,00 —LK87,0.8 MPa
e LK82, 1.0 MPa
- — K89, 1.5 MPa
—LK75, 2.0 MPa
LK8S, 3.0 MPa
—LK84, 4.0 MPa

LK96, 7.0 MPa
=—=LK99, 8.0 MPa

\ Failureline

-1,00 0,00 1,00 2,00 3,00 4,00 500 600 700 800 9,00 10,00 11,00 12,00 13,00
o [MPa]

N\

T [MPa]

\
}),\}\\
—— /%/ ,

AN
)

- \\

Fig.6.6: Mohr plot for all deviatoric tests perfoed at ambient temperature. The black failure line
will be the drawn failure line from Fig.6.3 whilbe grey line will be the calculated failure lineifn
the g-p” plot in Fig.6.5. Both lines give a vergnsar point of intersection with the ordinate buithv
different inclinations.

As can be seen frofig.6.6 there is some difference between the failure direavn from the
Mohr plot in Fig.6.4 and the calculated failure line from the g-p” plot-ig.6.5 Table 6.4
shows the main difference between the calculatddl@ manually drawn failure line.

Table 6.4: Table over the main differences betwherdrawn failure line from the Mohr plot
in Fig.6.4 and calculated failure line from the ggot in Fig.6.5

Mechanical| Failure fine drawn| T21Ure ine
calculated
parameters| from Mohr plot ;
from g-p"plot
S, [MPa] 1.10 111
¢° 36 33
b 0.73 0.64
p° 63 61

The main difference between these two method8aible 6.4will be in the friction angle.
Cohesion is very similar for these two methods Whscmostly a result of the Brazilian tests.
FromFig.6.6it is evident that calculating the cohesion anctit’n angle from the g-p” plot in
Fig.6.5is an applicable method which in this case givéetter estimate of the mechanical
parameters ifable 6.4compared to the drawn failure line from the Molatin Fig.6.4.
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6.1.2 130 C

Mechanical results in tables

The cores tested at 130 °C were aged at the sanpetature for three weeks prior to testing.
In total 12 different triaxial tests (including Ihotleviatoric and hydrostatic) were performed.
Table 6.5show the results obtained from the tests performed30 °C on Liegé chalk
saturated and flooded with SSW.

Table 6.5: Table over the results obtained from thsts performed at 130 °C on chalk
saturated and flooded with SSW

Unaged/Ambient Porosity| ¢ c' o} p' |E-modulus|K-modulus
1 3 = =
Testtype | Test corg Age di30°c | [0 | MPal | MPa] | MPa] |MPal| [GPa] | [GPal
Brazilian test. Aged/130 °C 0.80 -0.47 1.1p 0.p9
0.3 MPa Dey, LK28 Aged/130 °C 39.27 3.4( 0.30 3.10 1|33 94.7
0.5 MPa Dey LK17 Aged/130 °C 39.21 4.2 0.50 3.70 1}73 4D.9
0.8 MPaDey LK11 Aged/130 °C 38.94 5.2( 0.80 440 2/27 10.8
1.0 MPa De LK29 Aged/130 °C 40.11 5.4( 1.0 440 2{47 98.9
1.2 MPa Dey LK26 Aged/130 °C 39.50 5.6( 120 440 2|67 93D.
1.5 MPa Dey LK7 Aged/130 °C 39.71 6.1( 150 4.60 3|03 ©.93
2.3 MPa Dey LK15 Aged/130 °C 39.07 6.5( 230 420 3}70 14.1
4.0 MPa Dey LK18 Aged/130 °C 39.87 8.1( 400 410 537 091.
6.0 MPa Dey LK21 Aged/130 °C 39.37 9.2( 6.00 3.20 710 50.1
6,5 Mpa Dev|  LK19 Aged/130 °C 39.77 8.8( 6.0 2.30 7|27 022.
Hydr. LK20 Aged/130 °C 38.87 7.60 714 046  7.29 0.47B
Hydr. LK34 Aged/130 °C 38.61 7.40 6.8Y 0.58 7.05 0.55p

Yield points, Young’s modulus and bulk modulus aketermined according t&ig.6.1,
Fig.6.2andFig.6.3.

The average tensile strengtfi,{ ) is used to calculate the maximusi§ and minimum ¢z")
effective stress. IMTable 6.6the results for in total 9 individual tests areowh. A back
pressure of 0.7 MPa was used to ensure that thplesuremained saturated during the test.
This made it necessary to correct the peak foréerdealculating the tensile strength. The
correction factor was determined individually andbtsacted from the total peak force giving
the load values presented Tmble 6.6 Porosity for each sample could not be determined
individually since these tests samples were prepaen aged cores already saturated with
brine. The porosities for these samples are thexefesumed to be similar to the porosity of
the core that the samples were prepared from.
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Table 6.6:

Results from in total 9 Brazilian testsSSW saturated samples at 30
Core Diameter| Length |Porosity|Peak force] Tob | Correction
[mm] [mm] [%0] (kN) [Mpa] factor
LK25 (1) | 37.02 22.42 39.61 0.15 0.13 0.277
LK25 (2) | 37.02 22.23 39.61 0.21 0.14 0.241
LK25 (3) | 37.02 23.01 39.61 0.36 0.27 0.261
LK32 (1) | 36.89 23.53 39.96 0.59 0.44 0.25(
LK32 (2) | 36.89 18.74 39.96 0.24 0.24 0.289
LK32 (3) | 36.89 25.36 39.96 0.54 0.34 0.26(0
LK35(1) | 36.97 22.77 39.30 0.51 0.39 0.241
LK35(2) | 36.97 23.71 39.30 0.23 0.17 0.265
LK35 (3) | 36.97 21.23 39.30 0.33 0.27 0.268

The average tensile strengtff, ) was calculated to be 0.27 MPa with a standawiatien
of £0.10 MPa.

Mohr and

On the basis of the maximura,() and minimum §3”) effective stress values in Table.6.5 the
Mohr circles for the tests can be drawn as showRign6.7. The hydrostatic tests are not
included. A failure line is drawn manually in suahmanner that it tangents the first four
Mohr circles. From the point of intersection wittetordinate axis the cohesion is determined

g-p” plots

while the friction angle will determined from theclination of the drawn failure line.

Mohr circle plots, 130°C
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Fig.6.7: Mohr circles for all the deviatoric tegt@rformed at 13UC. A failure line is drawn manually
so that it tangents the first four Mohr circles.@sion is found from the point of intersection wité
ordinate axis while the friction angle will be deténed from the inclination of the failure line.
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In Fig.6.8the results from Table 6.5 are shown in a g-pf. plo

Brazilian test

A LK28,0.3 MPa
A LK17,0.5 MPa

LK11,0.8 MPa
LK29, 1.0 MPa
LK26, 1.2 MPa
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LK15, 2.3 MPa

A LK18,4.0 MPa
A LK21,6.0 MPa

LK19, 6.5 MPa
LK20, Hydr.
LK34, Hydr.

—Failure line

End cap
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Fig.6.8: g-p” plot of all the tests performed aO1IZ. A Linear regression is performed on the rssul
from the first 4 tests to obtain an expressionh#f failure line, while the shape of the end cap is
obtained by performing a second order polynomigression on the results from the remaining tests.

A linear regression of the first four data poirgsised to find an expression for the failure
line. The shape of the end cap is found by perfiognai second order polynomial regression
on the results from the remaining tests.

The cohesion and friction angle can be determimenh fthe slope and point of intersection
with the ordinate axis for the failure line Kig.6.8 These values are used in the Mohr

Coulomb criterion to give an expression for thecgkdted failure line. InFig.6.9 the

calculated failure line from the g-p” plot Kig.6.8 is compared to the drawn failure line in

Fig.6.7.
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Mohr circle plots,130 °C
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Fig. 6.9: Mohr plot of all the tests performed &0C. The gray failure is the calculated failure line
from the g-p” plot in Fig.6.8, while the black lietdrawn failure line from the Mohr plot in Fig.6.7

Due Brazilian tests the cohesion will be quite amior the two failure lines ifrig. 6.9 The
main difference between these two lines will béhia inclination. InTable 6.7the influence
that this difference in inclination has on mechahgarameters like cohesion, friction angle,
coefficient of internal frictiony() and failure angle) are shown.

Table 6.7: Table over the main differences betwbencalculated failure line from the g-p”
plot in Fig.6.8 and the drawn failure in Fig.6.7

Mechanical] Failure line drawn| T2iure line
calculated
parameters| from Mohr plot ’
from g-p’plot
S [MPa] 0.47 0.52
¢’ 40 36
H 0.84 0.72
p° 65 63

As for the tests performed at ambient temperatugeriction angle for the calculated failure
line from the g-p” -plot in Table 6.7 will be highthan the drawn failure line from the Mohr
plot. The friction angle calculated from the g-pdtan Fig.6.8is more realistic compared to
the drawn failure line from the Mohr plot iig.6.7. These results also confirm that using the
g-p” plot to estimate cohesion and friction anglem applicable method which also here give
more accurate results compared to the drawn faitare a Mohr plot.
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6.1.3 Creep tests

In total two cores were prepared for creep testsravlsSW should be used as saturation and
flooding fluid. These cores were not aged priotigsbut the tests were performed at 430
The first creep tests performed on LK94 was floodéth SSW through the entire test while
the creep test performed on LK95 was first floodatth SSW after 9602 minutes. This was a
result of a closed valve on the flooding cell whiolst was detected after 9602 minutes. As
soon as this was detected SSW flooding was startezl DW flooding affected both the yield
point and the strain experiences as creep stressemahed as seen in Table.6.8.

Table 6.8: Table of the mechanical parameters deitged from the hydrostatic phase up to
the creep stress of 12MPa for LK94 and LK95

Core Porosity|Yield Point| K-modulus|Strain at creep stres
[%6] [MPa] [GPa] [%]

LK94 39.12 8.40 0.655 0.85

LK95* 39.59 9.60 0.814 0.52

* Flooded with distilled water (DW) due to a mistake

Yield points were determined in the hydrostatic ggsaat the point where the stress strain
curve starts to deviate from a linear trend as shawFig.6.1 The Bulk modulus was
determined from the slope of the stress versuswelric strain curve prior to yield as shown
in Fig.6.3 When comparing the yield points for the two testSable 6.8a clear difference in
strength is observed. LK95 which was flooded witW Qields at a higher stress level and is
stronger against hydrostatic compression (K-modutompared to LK94 which was flooded
with SSW. The strain experienced as the creepsstfes2.0 MPa was reached is a factor 1.64
higher for LK94 compared to LK95. The results irblea6.8 gives a strong impression of the
impact SSW has on the mechanical strength of chalk.

The test procedure for the second creep testsnitasly to flood with SSW until steady state
creep was obtained and then introduce SSWAB® see how this affects the creep curve.
Because if the presence of sulphate £30n the flooding fluid has a weakening effect on
chalk during creep deformation the deformation sdteuld decrease if sulphate is removed.
During the experimental work with this thesis is@lbecame interesting to study the effect
dissolution of calcium carbonate (Cagi®@as on the creep behaviour. If creep deformasion
solely a result of increased dissolution of calcicanbonate a significant increase in calcium
concentration in the flooding fluid should decreds® deformation rate considerably or even
cease it. The plan was therefore to introduce a 88W-(SQ*) solution with ten times the
concentration of calcium after a period of pure S@®,%) flooding to see how this affected
the creep behaviour. The reason for flooding syithg&eawatemwithout sulphate was to
remove sulphate from the synthetic seawater presenhe pore space. Sulphate reacts
strongly with calcium which results in precipitatiof anhydrite (CaS§). Such precipitation
can block the pore throats making it difficult todd fluid through the core. But due to the
flooding of distilled water and time limitationswas decided to continue the creep tests on
LK95 with a short period of SSW followed by SSW-(8PDto see what effect this would
have on the creep behaviour. Fig.6.10 the creep phases for both the tests performed on
LK94 and LK95 are included.
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Creep tests, Unaged, 130°C
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Fig.6.10: Creep curves for LK94 and LK95 floodethvé constant flooding rate equal to 1 PV/day at
130 °C. Due to a mistake LK95 was flooded withiltidt water until SSW flooding was started after

9602 minutes. SSW flooding was continued BBW-6Q7?) was started after 16811 minutes. The

test performed on LK94 was terminated after 32040utas when the outlet was blocked due to
precipitation of anhydrite (CaS{ This core was initially flooded with a constdioioding rate equal

to 1 PV/day, but due to precipitation of anhydtie® pumping rate was reduced to 0.5 PV/day after
19 447 minutes in an effort to flood the core amylas possible.

The test performed on LK94 was terminated afterO8P minutes when the outlet was
blocked due to precipitation of anhydrite (Cap@ the outlet. Evidence of precipitation of
anhydrite was seen after approximately 18 000 remuthen the differential pressure started
to increase significantly. In an effort to continine tests as long as possible the flooding rate
was reduced to 0.5 PV/day 19 447 minutes into teep FronFig.6.10it appears that the
reduction in flooding rate did not have any visafiects on the creep behaviour.

When comparing the two creep curves for LK94 and®®Kn Fig.6.10 it is visible that
flooding with distilled water had a significant ett on the overall creep behaviour for LK95.
The overall creep deformation for LK94, which wadsotled with SSW during the whole
tests, is significantly higher compared to LK95 @rhiwas flooded with distilled water. As
SSW flooding was started a significant increasergep strain is visible which also can be
regarded as a period of accelerating creep. As §8W) is flooded through the core the
deformation rate decreases which indicate an iseréa the resistance against hydrostatic
compression. By plotting the axial creep strainimgfdogarithmic time one can estimate the
creep rate for the given tests as showkim6.11 The creep rates are found from the slope
of the last data points. One requirement for edtimgathe creep rate is that the core
experiences steady state deformation.
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Creep tests, Unaged, 130°C
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Fig.6.11: The axial creep strain experienced forodkand LK95 plotted against logarithmic time.
From the slope of the last data points the credp far the material can be determined. For LK95
three different flooding phases was included anel ¢heep rate was estimated for each of these
phases.

The creep rate is determined from the slope oflabepoints in the steady state period. For
the test performed LK95 three different floodingaples were included. For each of these
phases the creep rate is determined from the kst pbints before changing the flooding
fluid. In Table 6.9these calculated creep rates are shown with tbheechcreep time at end
point. The second data point needed to calcul&erndeps rates were chosen at a logged data
point which was somewhat earlier than the end Ehotvn inTable 6.9

Table 6.9: Overview of the calculated creep ratbtamed for the tests performed on LK94
and LK95 with the end point used in the calculatimeiuded

Creep time Creep rate
Flooding fluid | at end point
Core g flut [min']o [%/decade]
LK94 |SSW 31 086 0.98
DW 9 006 0.36
LK95 |SSW 16 416 1.46
SSW-(S042- 29910 0.81

From the results in Table 6.9 the effect of chagdlaoding fluids for the test performed on
LK95 is very clear. The lowest creep rate is ol@dinvhen distilled water (DW) is flooded
trough the core, when SSW is introduced the credp increases significantly. As SSW-
(SQy) is flooded through the core is the creep ratesadeses to almost half the deformation
rate seen during SSW flooding. When comparing teegrates for the SSW flooding phases
for LK94 an LK95 inTable 6.9it is seen that the creep rate for LK95 is lowempared to
the creep rate for LK94. This indicates that stesidye creep behaviour for LK95 is not that
well defined as for LK94. Had the SSW flooding beemtinued for a longer period of time
such a large difference in creep rates may not baee seen.
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6.2 Synthetic Seawater without sulphate SSW-(S042-)

The results from the tests saturated and floodeti $BW-(SG?) were provided from a
parallel master thesigdstebg, 2011 Since the only difference between these twoethes
the presence of sulphate (8 the data obtained b@vstebg, (2011rould be used to
thoroughly study the effect sulphate has on thehawical strength of Liegé outcrop chalk.
The results frongvstebg (2011will be presented in following chapters.

6.2.1 Ambient temperature

Mechanical results in tables

In total 9 different deviatoric tests were perfodna ambient temperature. Brazilian and
hydrostatic tests were included to obtain datatpaitose to the ordinate and abscissa in the
Mohr and g-p” plots. The mechanical results obthinem these tests are listedTiable 6.10.

Table 6.10: Table over mechanical results obtaiaedmbient temperature

Test type Test core Unagecjolfmblenl Porosity] ¢'1 c'3 q p' |E-modulus|K-modulus
Aged/130 °C [%] [[MPa]|{[MPa]|[MPa]|[MPa]| [GPa] [GPa]
Brazilian test Unaged/Ambiefit 138 -046 184 O0.A5
0.3 MPa Dev. LK68 Unaged/Ambient 39.83 5.20 00 4{90 1.931.376
0.5 MPa Dev. LK48 Unaged/Ambient 39.71 4.20 00 3{70 1.731.480
0.5 MPa Dev. LK46 Unaged/Ambient 39.50 4.80 00 4{30 1.931.234
avg(0.5 MPa Dev.)f LK48/LK46 Unaged/Ambiepnt 4490 0.50 0@ 1.83
1.0 MPa Dev. LK38 Unaged/Ambient 40.19 6.20 100 5[20 2.731.262
1.2 MPa Dev. LK93 Unaged/Ambient 39.96 6.20 1p0 5|00 2.871.299
2.3 MPa Dev. LK67 Unaged/Ambient 39.96 8.40 20 6|10 4.331.577
4.0 MPa Dev. LK64 Unaged/Ambient 40.22 9.30 400 5|30 5.771.508
7.0 MPa Dev. LK92 Unaged/Ambient 39.20 11}40 7/00 4]40 7§.4 1.907
8.0 MPa Dev. LK98 Unaged/Ambiept 39.93 12J50 8)00 4{45 09.5 1.805
Hydr. LK66 Unaged/Ambiert  40.18 10.Y0 10.p0 0.0 1037 9.68

* Average value calculated from the two 0.5 MPa deviatests performed at ambient temperature

Yield points for the different triaxial tests areepented as the maximum principle stress) (
in Table 6.10while the minimum principle stressess() are the difference between the
confining pressure and the pore pressure. YielchtppiE-moduli and bulk moduli are
determined according t&ig.6.1, Fig.6.2 and Fig.6.3 respectively The results from the
Brazilian tests presented Trable 6.10are determined from an average tensile strengjp )
calculated on the basis of 12 individual tests grered on SSW-(S§)) saturated cores at
ambient temperature shownTiable 6.11
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Table 6.11: Overview of the result obtained fromridividual Brazilian tests performed on
SSW-(S@) saturated samples at ambient temperature

Diameter| Length Pore | Bulk Porosity| Peak forcg Tob
Core Tl e volume|volume [96] kN] [MPa]
[mi] [mi]

LK (5.1) 36.98 | 24.30 10.2% 26.1p 39.27 0.614 0.435
LK (5.2)| 36.96 | 24.89 10.7¢0 26.70 40.07 0.801 0.554
LK (5.3) 36.95 | 21.62 9.40] 23.1B 40.5p 0.67¢ 0.%38
LK (6.1) 36.98 | 22.83 9.75 24.5p 39.7p 0.737 0.552
LK (6.2)| 36.97 | 24.04 10.30 25.81 39.91 0.754 0.%43
LK (7.1)| 36.99 | 22.04 9.54| 23.71 40.24 0.414 0.323
LK (7.2) 36.98 | 19.91] 8.48] 21.3B 39.6p 0.494 0.428
LK (7.3)] 36.98 | 21.19 8.92] 22.76b 39.21L 0.564 0.458
LK (8.1) 36.96 | 21.90 9.10] 23.50 38.7B 0.46( 0.362
LK (8.2) 36.97 | 20.39 8.30] 21.89p 37.9p 0.46( 0.388
LK (8.3)] 37.00 | 20.43 8.63] 21.9F 39.2p 0.454 0.383
LK (9.1) 36.96 | 22.84 9.62| 2450 39.2p 0.76( 0.573

The average tensile strengtiTy, ) for these tests were calculated to be 0.46 MR av
standard deviation of +0.08 MPa.

Mohr and g-p” plots

By using the yield point values ifable 6.10the Mohr circle for each individual test can be
drawn in thet o-plane like shown irFig.6.12 The failure line is drawn manually so that it

tangents the Mohr circles for the Brazilian te#itg, 0.5 MPa deviatoric test and the 1.0 MPa
deviatoric test.
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Mohr circle plots, Ambient temperature

an

[ [#=33

u

t[MPa]
H

4%}

Brazilian test
——LK68, 0.3 MPa
—avg(LK48/LK46), 0.5 MPa

LK38, 1.0 MPa

LK93, 1.2 MPa

LK67, 2.3 MPa
——LK64, 4.0 MPa

LK92, 7.0 MPa

\%)iO.SSMPa . r
SZ 7\ D=
AT T XN
L
10 1” 2 3 4 5 6 7 8 9 10 11 12 13
o [MPa]

LK98, 8.0 MPa

N

Fig.6.12: Mohr circles for tests performed at ammtiemperature. The failure line is drawn manually
so that it tangents the Mohr circles for the Braailtests, the 0.5 MPa deviatoric test and theMRa
deviatoric test. The Mohr circle for the 0.3 MPaviddoric tests is neglected as it appears to deviat
from the linear trend which the other deviatoricstee up to 1.0 MPa follows. Cohesion,)(@nd
friction angle @) is determined from the drawn failure line.

The failure line inFig.6.12in such a manner that it does not tangent thevilRd@ deviatoric
test. This because core LK68 appears to be somesttwatger than the other cores which
makes is difficult to compare the results obtaifredh this test with the other tests performed
with low effective radial stress. The result foret.3 MPa deviatoric test is therefore
neglected and will not be used further in this ithes total two 0.5 MPa deviatoric tests were
performed and the Mohr circle Fig.6.12is the drawn on basis of the average yield paint f
these two tests.

The results infable 6.10can also be plotted in a g-p” plotlike showrig.6.13such that the

entire failure envelope for the material can bewiraHere the hydrostatic test is also included
to obtain a data point close to the abscissa.
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g-p' plot, Ambient temperature
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Fig.6.13: g-p~ plot for all the tests performed &derti temperature. The failure line is found by
performing a linear regression on the results frtma four first tests while the shape of the end cap
section is found by performing a second order pamtyial regression on the results from the
remaining tests.

A linear regression is performed on the first fdata points irFig.6.13 From the expression
obtained from this regression the failure line bandrawn in the g-p” plot. The shape of the
end cap is found by performing a second order motyal regression on the results for the
remaining tests. From the slope and point of itetien of the failure line in the g-p” plot the
cohesion (§ and friction angle¢) can be determined. These calculated values @nlib
used in the Mohr Coulomb criterion such that anreggion for the failure line can be
obtained. InFig.6.14this calculated failure line from the g-p” plotkig.6.13is compared to
the drawn failure line from the Mohr plot iig.6.12
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Mohr circle plots, Ambient temperature
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Fig.6.14: Mohr plot for tests performed at ambi¢enperature with both the calculated failure line
from the g-p” plot in Fig.6.13 (grey line ) and thewn failure line from the Mohr plot in Fig.6.12
included (black line)

As can be seen iRig.6.14there is only minor differences between the calea failure line
found from the g-p” plot ifrig.6.13and drawn failure line from the Mohr plot kig.6.12
This is a result of neglecting the 0.3 MPa deviatdest which appear to be somewhat
stronger than the other deviatoric tests with Idfeative radial stress. Cohesion which is
determined from the point of intersection with threlinate will be very similar for the two
failure lines inFig.6.14 The main difference will be in how these lineagants the Mohr
circles which again affect the inclinatiohable 6.12shows how mechanical properties like
cohesion, friction angle, coefficient of internaicfion (u) and failure anglep) are affected
by the inclination of the failure lines.

Table 6.12: Overview of the main differences betvibe calculated failure line from the g-p°
plot in Fig.6.14 and the drawn failure line frometMohr plot in Fig.6.13

Mechanical| Failure line drawn| F2iure fine
calculated
parameters| from Mohr plot i
from g-p’plot
S, [MPa] 0.85 0.81
i 33 3
W 0.65 0.60
B° 62 61

As for the SSW tests the calculated friction arfgben the g-p” plot in Table 6.12 are lower
than the drawn failure line from the Mohr plot. THiéference between the two methods in
Table 6.12 are not that significant as for the Si8%¥s but the calculated failure line from the
g-p” plot inFig. 6.13appear to give a failure line that tangents the Moitles inFig.6.14
somewhat better than the drawn failure line fiéign 6.12
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6.2.2 130 C

Mechanical results in tables

In total 12 triaxial tests were performed on at 280 11 of these tests were deviatoric tests

with varying degree of radial support while thet leest was a hydrostatic test. Brazilian and

hydrostatic tests are included such that data paluise to the ordinate and abscissa can be
obtained. InTable 6.13he results from all the tests performed at 13@r€listed.

Table 6.13: Table of the mechanical results obtaifue tests performed at 130 °C

Unaged/Ambleml Porosity| ¢'; c'3 q p' |E-modulus|K-modulus
Testtype | Test corg or [%] |MPaj|MPa]| MPa] [ MPa]| [GPa] | [GPal
Aged/130 °C
Braziian test Aged/130 °C 156 | -0.52] 2.08( 0.17
0.3 MPa De\. LK50 Aged/130 °C 39.53 | 440 | 0.30 4.10 1.67 1.155
0.5 MPa De\ LK62 Aged/130 °C 40.22 | 490 | 0.50 4.40 1.97 1.277
0.8 MPa De\. LK69 Aged/130 °C 39.10 | 5.40 | 0.80 4.60 2.33 1.378
1.0 MPa DeV,. LK57 Aged/130 °C 40,00 | 6.20 | 1.00 5.20 2.73 1.346
1.2 MPa DeV. LK70 Aged/130 °C 39.75 | 6.70 | 1.20 5.50 3.03 1.094
1.5 MPa Dey} LK65 Aged/130 °C 39.27 | 740 | 1.50 5.90 3.47 1.169
1.8 MPa Dev. LK74 Aged/130 °C 39.58 | 8.30 | 1.80 6.50 3.97 1.172
2.3 MPa De\ LK58 Aged/130 °C 40.13 | 7.10 | 2.30 4.80 3.90 1.186
3.0 MPa De\y LK59 Aged/130 °C 39.79 | 8.10 | 3.00 5.10 4.70 1.355
4.0 MPa Dey Lk47 Aged/130 °C 39.07 | 9.00 | 4.00 5.00 5.67 1.134
7.0 MPa Dey LK51 Aged/130 °C 40.19 | 11.80( 7.00 4.80 8.60 1.360
Hydr. LK52 Aged/130 °C 40.11 | 10.80| 10.30 | 0.50 | 10.47 0.587

Yield points were determined according F@.6.1 The yield points are presented as the
maximum principle stresss{) in Table 6.13 Minimum principle stressog’) will be the
difference between the confining and pore presals@ known as the effective radial stress.
The results for the Brazilian tests are calculdredn an average tensile strengtify, )
determined from in total 10 individual tests penfied on SSW-(S§3) saturates samples at
130 °C as shown ifiable 6.14

Table 6.14: Table of the results obtained fromatak 10 individual Brazilian tests on SSW-
(SQ%) saturated sample at 130 °C

Diameter] Length| Porosity| Peak forcel Tob |Correction
[mm] [mm] [%0] (kN) |[Mpa]| factor
LK27 B 36.95 | 24.3§ 39.38 0.65 0.46 0.23]
LK41 B 36.96 | 21.82 40.35 0.70 0.55 0.27(

Core

LK41 M| 36.96 | 20.66 40.35 0.61 0.5]L 0.239
LK41 T 36.96 | 20.95 40.39 0.58 0.4f7 0.254
LK49M | 36.94 | 20.12 39.59 0.67 0.5 0.242
LK49 T 36.94 | 22.54 39.59 0.80 0.60 0.223
LK63 B 36.95 | 22.68 39.03 0.87 0.6p 0.208
LK63M | 36.95 | 22.51] 39.03 0.52 0.3p 0.248§

LK63 T 36.95 | 22.79 39.03 0.64 0.48 0.255
LK72 B 36.95 | 23.47 40.23 0.62 0.45 0.23§
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The average tensile strength from these 10 testyewnbalculated to be 0.52 MPa with a
standard deviation of + 0.08 MPa.

Mohr and g-p” plots

From the results ifable 6.13Viohr circles can be drawn for each individual g&stshown in
Fig. 6.15 A failure line is drawn manually so that it tangethe first six Mohr circles. From
the point of intersection with the ordinate axis thaterials cohesion can be determined while
the friction angle is determined from the incliatiof the drawn failure line.

Mohr circle plot, 130 °C

Brazilian
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Fig.6.15: Mohr circle plot for all the tests perfoed at 130 °C. A failure line is manually
drawn such that it tangents the firs sixt Mohr @ From this line the cohesion (So) is
determined at the point of intersection with thelioate and the friction angleg) is
determined from the inclination

The data fromTable 6.13can also be plotted in a g-p” plot like shownFig.6.16 The

hydrostatic test is included such that a point €lts the abscissa is obtained, while the
Brazilian tests gives a data point close to thenaite.
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g-p' plot, 130 °C
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Fig.6.16: g-p” plot for all the tests performed 280 °C. The failure line is found by performing a
linear regression on the results from the firstrgigests while the shape of the end cap is found by
performing a second order polynomial regressiortl@results for the remaining tests.

As can be seen iRig.6.16all the data points up to the 1.8 MPa deviat@gts appear to fall
on or very close to the failure line. Between th& WMPa deviatoric tests and the 2.3 MPa
deviatoric tests there is a quite significant diroptrength which makes it difficult to draw the
shape of the end cap. If the results of the testfopned on LK58, LK59 and LK47 are
regarded as abnormally weak the whole end caposeetbuld be lifted up towards the results
from LK74. This recognition increases the uncettaiior the shape of the end cap section.
The end cap curve presentedFig.6.16is the best curve fit that can be obtained from th
current dataset.

The failure line is found by performing a lineagression on the first eight data points. From
this line the cohesion {Hand friction angle can be determingd. (By using these values in
the Mohr Coulomb criterion an expression for thidufa line is obtained. This calculated
failure line base on the results from the g-p” joFig.6.16 can be compared to the drawn
failure line in the Mohr plot ifFig.6.15as inFig.6.17.
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Mohr circle plots,130°C
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Fig.6.17: Mohr plot for all the tests performed 230 °C where both the calculated failure line from
the g-p” plot (gray line) and the drawn failure dirfrom the Mohr plot in Fig.6.17(black line) are
included.

The main difference between the two failure line&ig.6.17will be in the inclination. Due
to the Brazilian test the point of intersectioniwihe ordinate axis will be quite similar for
both the failure linesTable 6.15lists the main difference between the calculaselife line
from the g-p” plot irFig.6.16and the drawn failure line for the Mohr plotkig.6.15

Table 6.15: Table over the main differences betvwikercalculated failure line from the g-p”
plot in Fig.6.17 and the drawn failure in Fig.6.16

Mechanicall Failure line drawn Fal:urel Itmfi

parameters| from Mohrplot | “@°H2'€
from g-pplot

S, [MPa] 0.93 0.97

¢ 32 29

B 0.62 0.55

B 61 59

Also in Table 6.15the calculated failure line based on the g-p” pldfig.6.16 will have a
lower friction angle compared to the failure lineawn in the Mohr plot inFig.6.15 As
expected the cohesion will be quite similar for tve failure lines irFig.6.17 The reason for
the lower friction angle for the calculated failunee is a lower inclination compared to the
drawn failure. Fronfig.6.17it also appears that the calculated failure lmoenfthe g-p” plot
tangents the first eight Mohr circles in a moreusate way compared to the drawn failure
line from the Mohr plot irFig.6.15 These results conclude that calculating the ¢goheand
friction angle from g-p” plots is a more accurataywcompared to solely determining these
parameters from Mohr plots.
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6.2.3 Creep test

One creep tests was performed with a period of $S@Z) followed by a period of SSW
flooding. The test was performed to study the meidah behaviour of Liegé chalk post
failure. Flooding of SSW was included to see hoe theep behaviour was affected when a
fluid containing sulphate (S©) was introduced. The test was performed on LK7&wivas

not aged prior to testing but the entire creep tem$ performed at 130 °C. Mechanical
parameters determined during the hydrostatic l@admto the predetermined creep stress of
12.0 MPa is shown iable 6.16

Table 6.16: Table over the mechanical parametetsrdéned from the hydrostatic phase up
to the creep stress at 12.0 MPa for LK79

Core Porosity|Yield Point|K-modulus|Strain at creep stres
[%0] [MPa] [GPa] [%0]
LK79 40.21 8.20 0.924 0.55

Yield point and bulk modulus was determined accaydoFig.6.1andFig.6.3

The creep curve for the tests performed on LKZ&hiswn inFig.6.18 SSW-(SQ) flooding
was performed until the flooding water was change8SW after 50 110 minutes.

Unaged, 130 °C
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Fig.6.18: Axial creep strain versus creep time tiog test performed on LK79 at 130 °C. The creep
test had two different flooding phases. In thet filsase SSW-(S® was flooded through the core.
After 50 110 minutes the flooding fluid was chantge8SW. A significant increase in axial strain was
detected immediately after SSW flooding was started
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A significant increase in axial creep strain kig.6.18 as SSW flooding was started.
Comparing the steady state creep deformation rateshe two flooding phases it can
observed that a higher deformation rate is foundthe SSW flooding phase. These

differences are clearer when comparing the two gshas the axial creep strain versus
logarithmic time plot shown iRig.6.19

Unaged, 130 °C

Logarithmic creep time [min]
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Fig.6.19: Axial creep strain versus logarithmic &mlot for the creep test performed on LK79 at 130
°C. The entire test was performed with a constiuding rate equal to 1 PV/day. The creep rates
were determined by choosing two of the last datatpdor each of the two flooding phases.

The creep rates are calculated on the basis ofofwihe last data points for each of the
flooding phases irFig.6.19 In Table 6.17the calculated creep rates for the two flooding

phases for the tests performed on LK79 is showh Whié end points used in the calculation
included.

Table 6.17: Overview of the creep rates calculdtedhe two different flooding phases with
the end point chosen for the calculation included

Creep time
. . ) Creep rate
Flooding fluid | at enql point [%/decade]
[min]
SSW-(SQ?) 45 016 1.15
SSW 84 306 3.21

When comparing the creep rates obtained for the ftamding phases infable 6.17a
significant difference is observed. The creep fatethe SSW flooding phase is almost a
factor 3 higher than the creep rate obtained inSB&V-(SQ”) flooding phase. The data in
Table 6.17show that the presence of sulphate in the flooflund for creep tests performed
in Liegé chalk has a significant effect on the allezreep behaviour.
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6.3 Chemical results

6.3.1 Chemical changes during aging

Chemical analysis was performed on samples takebotf SSW and SSW-(S© brine
before and after aging. hable 6.18the measured ion concentrations for the SSW sample
are listed.

Table 6.18: Table over measured ion concentratiefot® and after aging for SSW

lon lon concentration [mol/l] | Difference ratio

Before aging| After aging| ion concentraion
Na 0.450 0.455 1.010
K" 0.010 0.010 1.000
cd”’ 0.013 0.035 2.692
Mg | 0.045 0.020 0.444
CI 0.525 0.545 1.040
so’ | 0.024 0.015 0.625

When studying the results ifable 6.18there are three ion concentrations that appear to
remain unchanged. Sodium (Napotassium (K) and chloride (C) concentrations remain
constant and do not appear to react with the clalkng the aging process. While
magnesium (M§) and sulphate (S®) concentrations are significantly reduced indivgta
reaction between these ions and the chalk. Inrfamre than half the amount of the initial
magnesium concentration is removed from the soiut©alcium concentration increases
significantly during the aging process and is almibsee times larger than the original
concentration of calcium in the SSW.

Also aging chalk cores in SSW-($0 resulted in changes in ion concentrations as sHaw
Table 6.19

Table 6.19: Table over measured ion concentratiefote and after aging for SSW-($P

lon lon concentration [mol/l] | Difference ratio
Before aging| After aging| ion concentraion
Na 0.474 0.491 1.036
K" 0.010 0.010 1.000
cd’ 0.013 0.042 3.231
Mg?* 0.045 0.020 0.444
Cr 0.597 0.629 1.054

Also for the results infable 6.19it appears that sodium, potassium and chlorideamem
unchanged in the brine during aging. The smallat@m shown in the difference ration for
these ions ifrable 6.19is within the uncertainty of the ion chromatogragpded to analyse
samples. The calcium concentration measured afiagavas more than three times higher
than the original concentration of calcium in SS8G). Magnesium concentration
measured after aging is less than half the iniiafjnesium concentration before aging.
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6.3.2 Chemical analysis of water samples collected during creep tests

In total three creep tests were performed, whefteesit water samples were collected daily.
These water samples were analysed to study anyichlereactions that might take place
inside the chalk cores during flooding.HRig.6.20the result of the chemical analysis from the
water samples collected during the creep testsK®vlis presented. This core was flooded
with SSW throughout the test.
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Fig.6.20: Results of the chemical analysis perfatrae water samples collected during the creep test
performed on LK95 which was flooded with SSW thougthe test.

During the first 10 000 minutes of the creep tekitaf magnesium (Md) is lost inside the
core as seen iRig.6.2Q At the same time a lot of calcium (Cpis produced. The minimum
magnesium concentration measured at the starieafrfep tests is 2.25 times lower than the
original concentration of magnesium in the briner Ealcium the maximum concentration
measured at the start of the creep tests is 2.@éstilarger compared to the original
concentration of calcium in SSW. Sodium {INaPotassium (K and chloride (C)
concentrations remain constant during the entieertests indicating that there are no
reactions taking place between these ions and trak.c Measured sulphate ($Q
concentration remains below the original concemnabf sulphate in SSW throughout the
creep test indicating that a lot of sulphate igiregd in the core. When the flooding rate was
reduced to 0.5 PV/day after 19 447 minutes, in Harteto reduce the precipitation of
anhydrite (CaSg) in the outlet, it appears to affect the ion conaions of magnesium,
calcium and sulphate as seerfig.6.2Q A reduction in the measured ion concentratioms fo
magnesium and sulphate and calcium are observed thihdlooding rate was reduced.

Due to a mistake core LK95 was flooded with distlwater (DW) the first 9602 minutes of
the creep test. Following this phase flooding ofA6®as started. After 16811 the flooding
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fluid was changed to SSW-($9. In Fig.6.21 the chemical results from the efflusamples
collected during the creep tests performed on LK@5shown.
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Fig.6.21: Chemical results obtained from the anislyd water samples collected during the creep test
performed on LK95. This core was flooded with thitgferent fluids. First distilled water (DW) was
flooded followed by a period of SSW flooding whicis started after 9602 minutes. SSW,{30
flooding was started after 16811 minutes.

Core LK95 was initially saturated with SSW and &sikled water displaced the initial SSW
present in the pore space the concentrations diffezent ions reduce as shownkig.6.21
After seawater injection was started a large jumpli ion concentrations are observed.
Calcium, chloride and sodium concentrations in@daster than the concentrations for the
remaining ions indicating earlier breakthrough. ibgrthe period of SSW flooding a lot of
calcium is produced from the core while magnesium sulphate are removed. The largest
reduction in ion concentration is seen for magmasauring the whole period of SSW
flooding. As SSW-(S@) start to break through the core an increase diuso and chloride
concentration is observed. This increase is atrefuhe higher content of sodium chloride
(NaCl) in SSW-(S@). As SSW-(SG) displaces the SSW in the pore space the sulphate
concentration will gently reduce as shownFig.6.21 The reduction in calcium production
observed at 20 000 minutes kig.6.21 can be related to the reduction in deformatioe rat
observed at the same creep tim&im6.10Q

The creep test performed on LK79 consisted of twoding periods with different flooding
fluids. In the first period the core was floodedBSW-(SG) which was changed to SSW
after 50 071minutes. The chemical results fromwiager samples collected during the entire
creep period for the tests performed on LK79 isnshim Fig.6.22.
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LK79, 130 °C
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Fig.6.22: Chemical results from the water sampleiected during the creep test performed on LK79
at 130 °C. The core was flooded with SSW,{$0ntil the flooding fluid was changed to SSW after
50 110 minutes.

During the period of SSW-(S®) flooding in Fig.6.22 a significant increase in calcium
concentration is observed. At the same time aflshagnesium is removed from the brine.
The measured calcium concentration decreases thrtug course of the SSW-(FQ
flooding phase. An opposite behaviour is seen fagmesium where the concentration
increases trough the course of the SSW,{$@ooding phase. At approximately 42 000
minutes a peak in the calcium concentration anéar ceduction in both sodium and chloride
concentrations. This deviation is most likely aute®f an unexpected error in the diluting
process. After 50 110 minutes SSW flooding wadetiarThe sulphate concentration starts to
increase as SSW starts to break through at oltiehe same time a reduction is sodium and
chloride concentrations are observed as a resatlaiver content of sodium chloride (NaCl)
in SSW. As the concentration of sulphate increasescrease in calcium concentration is
also observed. After reaching a maximum conceptmatit approximately 60 000 minutes
both these concentration start to decrease withasitrends as shown IRig.6.22
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7 Discussion

7.1 Effect of temperature

7.1.1 SSW

Results in tables

One method for studying the effect of temperatarbyi comparing the yield points for tests
performed with similar degree of radial supportirdable 6.3andTable 6.5 In Table 7.1the
results from such tests both ambient temperatuleafad30 °C are listed. Please note that all
listed values are obtain from one tests unlesswtbe is stated.

Table 7.1: Table over the differences in yield poifor similar tests performed with at
ambient temperature and 130 °C

Testtype o1’ [Mpa] Difference|Difference
Ambient |13d°C [MPa] ratio
Braziian 1.83 0.81 1.02 2.26
0.3 MPa Dev, 5.60 3.40 2.20 1.65
0.5 MPa Dev, 5.80 4.20 1.60 1.38
0.8 MPa Dev, 6.80 5.20 1.60 1.31
1.0 MPa Dev, 7.00 5.40 1.60 1.30
1.5 MPa Dev, 7.40 6.10 1.30 1.21
4.0 MPa Dev. 9.50 8.10 1.40 1.17
Hydrostatic 10.20* | 7.50f 2.70 1.36
Average 1.46

*Average value based on two hydrostatic tests

As can be seen frorfiable 7.1the yield stress for tests performed at 130 °C laveer
compared to tests performed at ambient temperallre.average difference ratio between
test performed at 130 °C and ambient temperatuled, i.e. the yield point is on average
1.47 times higher for test performed at ambientperature compared to tests perform at 130
°C. This same temperature dependency is also sken eomparing the Young’s modulus as
shown inTable 7.2

Table 7.2: Table over the differences in Young'slutidor similar test performed at ambient
temperature and 130 °C

Effective iggiiurl:cjs [GPa] Difference| Difference
radial stress temperature 13¢c| [GPa] ratio
0.3 MPa 1.465 0.794 0.671 1.845
0.5 MPa 1.320 0.94fr 0.373 1.394
0.8 MPa 1.302 0.810 0.492 1.607
1.0 MPa 1.597 0.998 0.599 1.60(
1.5 MPa 1.394 0.930 0.464 1.499
4.0 MPa 1.534 1.097 0.437 1.398
Average 1.557
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When comparing the Young's modulus for the différeeviatoric tests infable 7.1no
dependency on the degree of radial support is leistbr tests performed at similar
temperature. But when comparing the results froeneists performed at the two different test
temperatures a clear temperature dependency islevishmbient temperature tests have a
higher Young's modulus compared to the tests peror at 130 °C. In fact the Young’'s
modulus at ambient temperature will on average l@ctor 1.557 higher than for the tests
performed at 130 °C. This gives a direct indicattbat the mechanical strength of Liegé
chalk flooded with SSW will be significantly redutas temperature is increased to°C30

Similar temperature dependency is also visible wbemparing the bulk modulus for the
hydrostatic tests infable 7.3 The data inTable 7.3are average values based on two
hydrostatic tests performed at both test tempezatur

Table 7.3: Table of average bulk modulus for thdrbgtatic tests performed at ambient
temperature and at 130 °C

K-r_nodulus 1E17E) Difference| Difference
Ambient

GPa ratio
temperature 130°C [ ] '
0.805* 0.517* 0.288 1.557

*Average value based on two hydrostatic tests

From Table 7.3it is clear that the tests performed at ambiemipirature are more resistant
against hydrostatic compression compared the pestermed at 130 °C. The average bulk
modulus for the hydrostatic tests at ambient teatpee will be 1.557 times higher compared
the hydrostatic tests at ambient temperature. diffisrence ratio is in fact the same as for the
Young’s modulus imrable 7.2

Mohr and g-p” plots

By comparing the data obtained from the calculd#@dre lines inFig. 6.6 andFig.6.9 one
can study if temperature has any effect on mechbhmooperties like cohesion {Sand
friction angle ¢). Table 7.4show the mechanical properties found from theutated failure
line for the tests performed at ambient temperaaackat 130 °C

Table 7.4: Difference in mechanical properties daieed from the calculated failure line for
tests performed at ambient temperature and at €30 °

Mechanical] Ambient 130°C
parameters| temperature

S, [MPa] 1.11 0.52
o’ 33 36
n 0.64 0.72
B’ 61 63

When comparing the mechanical propertieFable 7.4it is clear that the temperature has an
effect on the cohesion. The cohesion found at amblbemperature is 2.14 times larger than
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the cohesion found at 130 °C. This same trend is@en when comparing the friction angel.
In fact the friction angle for test performed at013C is somewhat higher compared to the
friction angle found at ambient temperature.

By comparing the failure envelopes for tests pentt at ambient temperature and 130 °C
one can get a clear impression of the effect agimgj temperature has on the mechanical
properties of Liegé chalk. Irrig.7.1 the failure envelopes obtained for the two test
temperatures are shown.

g-p' plots SSW
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Fig.7.1: Failure envelopes for tests performed atbéent temperature and at 130 °C. The failure
envelope for the tests performed at 130 °C falblwethe failure envelope for tests performed at
ambient temperature indicating that high temperattgsts are weaker against both shear failure and
pore collapse. The largest separation between theseurves is found on the end cap indicating that
the larges reduction in strength will be againstgoollapse.

The failure envelope for high temperature testslalow the failure envelope for the test
performed at ambient temperature as showhiga7.1 This in combination with the results
from Table 7.1andTable 7.2give a clear impression of the effect of tempertior tests
saturated and flooded with SSW. Tests performedgau cores tested at 130 °C are weaker
against both shear failure and pore collapse. @rgest separation between these two failure
envelopes is found on end cap indicating thatdhgelst reduction in mechanical strength will
be against pore collapse. The data presentdeigrY.1 gives a strong indication that the
weakening effect caused by SSW flooding will be genature dependant and appears to be
quite significant at high test temperatures (130 °C
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7.1.2 SSW-(S0,%)

Results in tables

The yield points for tests performed with the sadegree of radial support at ambient
temperature and at 130 °C with SSW-¢&)as saturation and flooding fluid are shown in
Table 7.5.Please note that all listed values are obtaineoh fone test unless otherwise is
stated.

Table 7.5: Table over the difference in yield pgsifdr similar tests performed at ambient
temperature and at 130 °C

Test type o1 [Mpa] Difference| Difference
Ambient  |13d°c [MPa] ratio
Brazilian 1.38 1.53 -0.15 0.89
0.5 MPa Dev 4.50* 4.9( -0.40 0.92
1.0 MPa De\ 6.20 6.20 0 1.00
1.2 MPa De\ 6.20 6.70 -0.50 0.93
2.3 MPa De\ 8.40 7.10 1.30 1.18
4.0 MPa De\ 9.30 9.00 0.30 1.03
7.0 MPa DeV 11.40 11.40 -0.40 0.97
Hydrostatic 10.70 10.8D -0.10 0.99
Average 0.99

* Average value based on results from two 0.5 M@aatoric tests

When comparing the yield points irable 7.5n0 clear temperature dependency is observed
due to a lot discrepancy in the data. On averaggitid points for tests performed at 130 °C
are higher compared to the ambient temperaturs. t€ke difference ratio between the yield
points for the two temperatures were calculate@.99, i.e. the yield points for the ambient
temperature tests are on average 0.99 times lowepared to the tests performed at 130 °C.
Based on these data alone it is difficult to seefe is any temperature effect for the SSW-
(SO2) tests. InTable 7.6the difference in Young’s moduli for similar tegierformed at
ambient temperature and at 130 °C is listed.

Table 7.6: Table over the difference in calcula¥eming’s moduli for similar tests performed
at ambient temperature and at 130 °C

Effective igg;urtjs [GPa] Difference| Difference
radial stress temperature 13c| [GPa] ratio
0.5 MPa 1.357* [ 1.27f 0.080 1.063
1.0 MPa 1.262 1.346 -0.084 0.934
1.2 MPa 1.299 1.094 0.205 1.187
2.3 MPa 1.577 1.186 0.391 1.33(
4.0 MPa 1.508 1.134 0.374 1.33(
7.0 MPa 1.907 1.360 0.547 1.404
Average 1.208

* Average value based on results from two 0.5 M@a&atoric tests
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Unlike the results fronTable 7.5there is only one test that appears to be stroag&80 °C
(based on the Young's modulus) Table 7.6 On average the Young’s modulus for tests
performed at ambient temperature are 1.206 timgedahan the Young’s modulus for tests
performed at 130 °C. The calculated Young’'s moduiws tests performed at ambient
temperature appear to increase with increasinglradpport, while for the tests performed at
130 °C such dependency is not observed. Basedeoviding’s modulus the tests performed
at ambient temperature appear to be somewhat rasigant against shear failure compared
to the tests performed at 130 °C. The calculatddd lmodulus for the hydrostatic tests in
Table 7.7also show a similar picture where a lower bulk olod is observed for the test
performed at ambient 130 °C.

Table: 7.7: Table over calculated bulk modulushgdrostatic tests performed at ambient
temperature and at 130 °C

K-r_nodulus Chcl] Difference| Difference
Ambient

GPa ratio
temperatur 130°C [ ] '
0.689 0.587 0.102 1.174

Table 7.7shows that the bulk modulus for hydrostatic testambient temperature is 1.174
times higher than the bulk modulus for tests pentxt at 130 °C. The resultsTrable 7.7are
only based on one tests performed at both temperailore data is needed to be able to
determine if temperature affects the bulk modutusSSW-(S@) tests. Based on the data in
Table 7.5-7.7it is difficult to determine if the discrepancy the data is from naturally
variations in mechanical strength from core to aoran effect of temperature.

Mohr and g-p” plots
Mechanical parameters obtained from the calculééddre lines inFig.6.14 and Fig.6.17
shown inTable 7.8show little variations the two test temperatures.

Table 7.8: Table over the mechanical parametergsrdahed from calculated failure lines in
Fig.6.14 and Fig.6.17

Mechanicall Ambient 130°C
parameters| te mperature

S, [MPa] 0.81 0.97
0° 31 29
u 0.60 0.55
B° 61 59

Unlike the results inTable 7.4the cohesion appears to increase slightly as tenpe
increases. The cohesion for the tests perform&8@&EC is 1.13 times higher compared to the
cohesion found at ambient temperature. This isansitgnificant difference and may be a
result of natural variations in mechanical strenfgthnd in chalk blocks, because samples
from the same block of chalk may vary in strengtpehdant on which area in the block the
samples are prepared from.
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In Fig.7.2 the failure envelopes for SSW-(8Ptests performed at ambient temperature and
at 130 °C are shown.

q_p' plots SSW_(SO42—) Brazilian tests, 130°C
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Fig.7.2: Failure envelopes for tests performed atbeéent temperature and 130 °C. The failure
envelopes for the two test temperatures appeaetquite similar but some difference in the shape of
the end cap is observed. This shape is obtained &golynomial regression on a limited amount of
data points which gives a high uncertainty for thigve. It is therefore difficult to see any clear
temperature dependency.

When comparing the failure envelopes for testsqoeréd at ambient temperature and at 130
°C in Fig.7.2 no significant differences are observed. The failines for the results obtained
at the two different temperatures follow the saneed with some difference in the point of
the intersection with the ordinate axis. This défere in point of intersection with the
ordinate is mainly a result of the difference inximaum principle stressof’) obtained from
the Brazilian tests. Tests performed at low effectadial stress appear fall in a cluster where
it is difficult to distinguish between the resuttistained at the two different test temperatures.
The end cap for the tests performed at 130 °Eigm7.2 falls below the end cap for the
ambient temperature tests, but if the results ftbentests performed on LK58, LK59 and
LK47 are regarded as abnormally weak the wholecapdsection for the 130 °C tests would
be lifted up towards the result from the 1.8 MPdia®ric tests and above the end cap for the
ambient temperature tests.

A general trend observed is that the mechanicahgth of chalk reduces as the temperature is
increased, but for the results Fg.7.2 this is not completely the case. Here the failure
envelopes are almost un-separable indication thehamecal strength is quite similar for the
two test temperatures.
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7.2 Effect of sulphate

To study what the effect of removing sulphate £90in seawater will have on the
mechanical strength of chalk one can compare pestermed with similar tests parameters
where the only difference is the presence of suéphln this study two different tests
temperatures were used and by comparing the reshthied for the for tests performed with
the different brines (SSW and SSW-(8Y) one can study if sulphate affects the mechanical
strength and if any weakening effect will be tenapere dependant.

7.2.1 Ambient temperature

Results in tables

In Table 7.%he yield points for the tests performed with shene degree of radial support at
ambient temperature is listed. If sulphate has akering effect at ambient temperature this
should have an impact on the yield points for teatsrated and flooded with SSW.

Table 7.9: Table over the difference in yield psifar SSW and SSW-(gPtests performed
at ambient temperature

61 [Mpa] Difference| Difference
Test type .
S SW—(SQZ_) SSW [MPa] ratio
Brazilian 1.38 1.83 0.45 1.33
0.5 MPa De\y 4.50* 5.80 1.30 1.29
1.0 MPa De\ 6.20 7.00 0.80 1.13
4.0 MPa De\y 9.30 9.50 0.20 1.02
7.0 MPa DeVy 11.40 12.00 0.60 1.05
8.0 MPa De\ 12.50 12.30 —-0.20 0.98
Hydrostatic 10.70 10.20** -0.50 0.95
Average 1.11

* Average yield value calculated from two 0.5 MRavidtoric tests
** Average value calculated from two hydrostatistte

When comparing the yield points Trable 7.9it is observed most of the yield points for the
SSW tests are higher compared to the SSW{B@sts. Only for the 8.0 MPa deviatoric and
hydrostatic tests a higher yield point is obserf@dSSW-(SQ?) tests. On average the yield
points for the SSW tests will be a factor 1.11 kigthan the SSW-(S@) tests. This is not a
significant difference indicating that there is cltemical weakening taking place at ambient
temperature. The difference observed in the yieldtpare therefore most likely a result of
natural variations in mechanical strength which loarseen in a block of outcrop chalk.

Little difference in the results for the two diféat flooding fluids is also observed when
studying the results imable 7.10
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Table 7.10: Table over the differences in calcudat®ung’s moduli for tests performed at
ambient temperature

Effective E-modulus [GPa] Difference| Difference
radial stress |SSW—(SQ*)| SSW [GPa] ratio
0.5 MPa Dev 1.357* 1.320 0.037 1.02§
1.0 MPa Dev 1.262 1.597 -0.33% 0.79
4.0 MPa Dev 1.508 1.534 —0.02¢ 0.983
7.0 MPa Dev 1.907 1.349 0.558 1.414
8.0 MPa Dev 1.805 1.540 0.265 1.1773
Average 1.077

* Average Young's modulus calculated from the tesiutwo 0.5 MPa deviatoric tests

The Young’s moduli for SSW-(SP) tests inTable 7.10are on average higher than for SSW
tests. These results indicate that the SSW,{$@sts were somewhat stiffer or more resistant
against uniaxial compression, but the differencena$ significant. From these results it
appears that the presence of sulphate{%i the flooding fluid at ambient temperature does
not have any direct effect on the materials Youmgésiulus.

The calculated bulk modulus values for the hydrastaests performed at ambient
temperature iMable 7.11show a somewhat higher resistance against hydimstanpression
for SSW tests.

Table 7.11: Table over the differences in bulk nhoflor tests performed at ambient
temperature

K-modulus [GPa] Difference | Difference
SSW—(SQ*)| SsSw [GPa] ratio
0.689 0.805* 0.116 0.856

* Average bulk modulus calculated from the resultsvofhydrostatic tests

The difference in bulk modulus frofiable 7.11is not a significant difference which makes it
difficult to determine if it is related to sulphatg just a result of natural variation in
mechanical strength. Had a second repetition ofhgrerostatic with SSW-(S£) flooding
been conducted the difference in bulk modulus cawen be further reduced. More tests
could also have the opposite effect where an iser@athe difference could be seen, but from
the available data no clear sulphate effect at antliemperature is seen. From the yield
points in Table 7.9 and the calculated elastic patara inTable 7.10and Table 7.11it
appears that the presence of sulphate does notamgvsignificant effect on the mechanical
strength. The difference observed in mechanicahgthefor SSW and SSW-(S6) tests are
most likely a result of naturally variations in rhanical strength.
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Mohr and g-p” plots

In Table 7.12the mechanical properties from the calculatedufaillines inFig.6.6 and
Fig.6.14 are compared to study if the presence of sulphate had any effect on these
properties.

Table 7.12: Table over the mechanical propertiggeined from the calculated failure lines
for SSW and SSW-($Q tests performed at ambient temperature

Mechanical )
parameters SSW-(SQ%)[ SSW
S, [MPa] 0.81 1.11
o’ 31 33
n 0.60 0.64
B’ 61 61

The main difference between the result§able 7.12will be in the estimated cohesiony)S
The cohesion for the SSW tests is a factor 1.37¢hnigiman the estimated cohesion for the
SSW-(SQ?) tests. For the other mechanical propertie3able 7.12only minor differences
are observed. By comparing the failure envelopestfie SSW and SSW-(S® tests
performed at ambient temperature in a g-p -pla likFig.7.3 one can get a better picture of
how the mechanical behavior is affected by theges of sulphate.
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Fig.7.3: Failure envelopes for tests saturated dhded with SSW and SSW-(50at ambient
temperature. The failure line for the SSW-5Qtests seems to fall below the SSW failure line
indicating that these cores were less resistantirsjashear failure. Strength against pore collapse
which is given by the end cap appears to be quitéas for the SSW and SSW-(SPtests.
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FromFig.7.3it is observed that the failure line for the SS®B{*) tests fall below the failure
line for the SSW tests which indicates that the S&®,*) tests were somewhat weaker
against shear failure. For increasing degree aéradpport the difference in strength reduces
which can be seen when comparing the end cap ssdto the failure envelopes kig.7.3
(comment end cap behaviour)

7.22 130 C

Results in tables

From the chemical analysis performed on SSW and -$SW) samples before and after
aging indicated that there was a strong interadietveen the chalk and the brine at 130 °C.
The results fromTable 6.18and Table 6.19show that there are chemical reactions taking
place during the aging process which may affectnieehanical strength of chalk. Trable
7.13 the vyield points for the SSW and SSW-(&Ptests performed with similar degree of
radial support performed at 130 °C are listed.

Table 7.13: Table over the difference in yield poiior SSW and SSW-(8®tests performed
with similar degree of radial support at 130 °C

61" [Mpa] Difference| Difference
Test type .
SSW—(SQZ_) SSW [M Pa] ratio
Brazilian 1.53 0.81 0.72 1.89
0.3 MPa DeVy 4.40 3.40 1.00 1.29
0.5 MPa De\ 4.90 4.20 0.70 1.17
0.8 MPa De\ 5.40 5.20 0.20 1.04
1.0 MPa Dey 6.20 5.40 0.80 1.15
1.2 MPa Devy 6.70 5.60 1.10 1.20
1.5 MPa Dey 7.40 6.10 1.30 1.21
2.3 MPa De\ 7.10 6.50 0.60 1.09
4.0 MPa Dey 9.00 8.10 0.90 1.11
Hydrostatic 10.80 7.50* 3.30 1.44
Average 1.26

* Average yield value from two hydrostatic tests

FromTable 7.13one can observe that the largest difference il yieint will be between the
hydrostatic tests, where the yield point for cdmded with SSW-(SE) has a vyield point
that is a factor 1.44 higher than for the hydrostadsts flooded with SSW. On average the
yield points obtained for the SSW-($Q tests will have a yield point that is a factod..
times higher compared to the SSW tests. The ladjifstence ratio is found for the Brazilian
tests where largest effective stresg)(is a factor 1.89 times higher than the valueatetd
from the SSW test. Results frohable 7.13give a strong indication that there is a significa
reduction in strength due to the presence of stp{80Q7) at 130 °C.

In Table 7.14the calculated Young's moduli for SSW and SSW-£9Qests performed at
130 °C are listed. As for the yield points Trable 7.13there is a significant difference
between the Young's modulus for SSW and SSWi{$®@ests. On average the Young's
moduli for SSW-(SG) tests will be a factor 1.298 higher comparedh® $SW tests. The
difference between the Young’s modulus for SSW 864V-(SQ?) tests appear to decrease
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slightly as the degree of radial support increates general view the data Fable 7.14
indicates that resistance against uniaxial commmessill be higher when sulphate is not
present in the seawater at 130 °C.

Table 7.14: Table over the differences in calcudat®ung’s moduli for SSW and SSWA30
tests performed with same degree of radial supabi0 °C

Effective E-modulus [GPa] Difference| Difference
radial stress SSW—(SQZU SSW [GPa] ratio
0.3 MPa 1.155 0.794 0.361 1.455
0.5 MPa 1.277 0.947 0.330 1.348
0.8 MPa 1.378 0.810 0.568 1.701
1.0 MPa 1.346 0.998 0.348 1.349
1.2 MPa 1.094 0.932 0.162 1.174
1.5 MPa 1.169 0.930 0.239 1.257
2.3 MPa 1.186 1.116 0.070 1.063
4.0 MPa 1.134 1.097 0.037 1.034
Average 1.298

In Table 7.15the calculated bulk moduli for the SSW and SSWaxfJ@ests at 130 °C are
compared.

Table 7.15: Table over the difference in calculaetk moduli for hydrostatic SSW and SSW-
(SQ?) tests performed at 130 °C

K-modulus [GPa] Difference | Difference
SsSwW—(sQ™)| ssw [GPa] ratio
0.587 0.517* 0.07 1.135

* Average value calculated from two hydrostatidges

Unlike the results imable 7.13andTable 7.14no clear weakening effect is observed for the
hydrostatic SSW test in Table 7.15. The bulk mosidtr the SSW-(S§) is a factor 1.135
higher than the average bulk modulus for the SSM¢t®8ased on the bulk modulus alone no
significant difference is observed between caledadiulk modulus for the hydrostatic tests
performed with SSW and SSW-(F0Q.

Mohr and g-p” plots

In Table 7.16&he mechanical properties determined from theutatied failure lines ifrig.6.9
and Fig.6.17 are listed. By comparing the results Tiable 7.16one can determine if the
presence of sulphate in the flooding fluid afféx mechanical properties at 130 °C.
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Table 7.16: Table over the difference in mechanipabperties determined from the
calculated failure lines for SSW and SSW-{3@ests performed at 130 °C

Mechanical )
parameters SSW-(SQ”)[ SSW
S, [MPa] 0.97 0.52
o’ 29 36
i 0.55 0.72
B° 59 63

When comparing the estimated cohesiop) ®r the two flooding fluids inTable 7.16a
significant difference is observed. The cohesidimeged from the tests flooded with SSW-
(SO) is a factor 1.87 higher than the estimated caimefiom the SSW tests. Also in the
friction angle () a significant difference is observed. The frintiangle determined for the
SSW tests is a factor 1.24 higher than the frictiogle found for the SSW-(S®) tests. Due

to the difference in friction angle the other pmijs listed inTable7.16(coefficient of
internal friction (1) and failure anglep)) will also be higher for the SSW tests. To get a
clearer impression of the effect of sulphate ahHig§0 °C the failure envelopes for the SSW
and SSW-(S@) tests are compared ig.7.4
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® LK28,0.3Mpa, SSW
LK17,0.5 Mpa, S5W
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Fig.7.4: Failure envelopes for the tests perforfmdSSW and SSW-($Qtests performed at 130 °C.
The failure line for the SSW tests falls below thiure line for the SSW-(S€). The largest
difference is found when comparing the end capaector the two brines. Tests performed with SSW
as flooding and saturation fluid appear to be weaakgainst pore collapse compared to the SSW-
(SQ?) tests atl30 °C.
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When studying the results Fig.7.4 it is evident that the failure envelope for theVg&sts
fall below failure envelope for the SSW-($Q tests. These results indicate that the SSW
tests are weaker against both shear failure anel gmtapse. For the SSW-($0 tests there

Is a large uncertainty in the shape of the end Aspran be seen froifig.7.4 all tests up to
the 1.8 MPa deviatoric tests fall on or very closahe failure line. Then for the next test,
which was the 2.3 MPa deviatoric test, there iargd reduction in strength. This makes is
very difficult to draw the transition between thaldire line and the end cap. Based on the
available dataset the failure envelope presenteth&sSW-(SQ?) testsin Fig.7.4is the best

fit that could be obtained. If the results from tleets performed on LK58, LK59 and LK47
are regarded as abnormally weak the whole end cajdvbe lifted resulting in an even larger
separation between the end cap sections for SSVBSWI(SQ?) tests
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7.3 Creep behaviour

In total three different creep tests were perfornsedun-aged Liegé cores at 130. In
Fig.7.5the creep plots for the tests performed on LK39% and LK79 are compared. The
different tests were flooded with different floodifiuids at different times which are marked
in Fig.7.5by small text boxes with the same colour as teeicurves.

Creeptests, Unaged, 130°C
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‘ L == 1K94
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Fig.7.5: Combined axial creep strain versus cregépet plot with the creep phases for the tests
performed on LK94, LK95 and LK79 included. Theedéht flooding phases for the different tests are
marked in the plot with the same colour as the egponding creep curve.

The first thing that is observed when studyingdifeerent creep curves iRig.7.5is that the
transient period for the creep tests performed KWA9.and LK95 are almost identical. At this
time the test performed on LK95 was flooded witktiled water while the test performed on
LK79 was flooded with SSW-(SP). This similarity indicates that no enhanced cleahi
weakening occurs during the early stages of a cress when flooded with SSW-($0,
because the behaviour is almost identical to tleepcbehaviour observed during distilled
water flooding where no chemical interaction betwéeoding fluid and chalk takes place.
By comparing the axial creep strain experiencednduhe transient period for the three tests
a significant difference is observed between tis¢ fleoded with SSW and the tests flooded
with distilled water and SSW-(S®). These results give a strong indication thatding with
SSW has a significant weakening effect on Liegékcha 130°C. As SSW flooding was
started in the creep tests performed on LK95 an@9 K significant increase in creep strain
were observed. These results show that a reduictiorechanical strength will occure when
SSW is introduced during creep tests on Liegékcanll30°C. To get a better impression of
how the different flooding phases affect the meat@nbehaviour the accumulated strain
experienced at different creep times can be condpare
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In Table 7.17the accumulated strain experienced for each oftésés are compared at
different times. The creep times used for comparise the creep times where a change in
flooding fluid was performed for one of the tedts.example the first creep time used for
comparison inTable 7.17is a creep time 9 602 minutes which were the cteap where
SSW flooding was started in the tests performed.i85. By presenting the data in such a
manner one obtain a better overview of the axegprstrains experienced during the different
flooding phases.

Table 7.17: Table over accumulated axial strainezignced at different creep times for the
creep tests performed on LK79, LK94 and LK95. Thetimes used for comparison will be
the different creep times were changes in the flapfluid was performed for the different
tests.

Creep LK79 LK94 LK95

. Accumulated Accumulated . Accumulated

time . . . .| Flooding . . .
[min] ax. creep strain| Flooding fluid | ax. creep strair} fuid ax. creep strain Flooding fluid

[%] [26] [%]

9 602 0.687 SSW—(S@) 1.367 SSW 0.660 DW
16 811 0.878 SSW—(SO) 1.596 SSW 1.109 SSW
29 910 1.137 SSW—(SQ27 1.851 SSW 1.363 SSW—(SQ27
32 040 1171 |SSW—(SQ") 1.900 SSW
50110 1.371 SSW—(SO)
86 778 2.342 SSW

FromTable 7.17the accumulated creep strain for LK94 experieraféel 9 602 minutes will
be a factor 2 higher than the accumulated straipsreenced for LK79 and LK95 at the same
creep time. When comparing the accumulated strakperienced at the remaining creep
times inTable 7.17it is evident that the largest separation willvien LK79 and LK94. At
32 040 minutes the accumulated creep strain expertefor LK94 with SSW flooding will
be a factor 1.62 higher than the strain experierfoed K79 with SSW-(S@) flooding.
These results give a strong indication that lesgrdeformation will occur when sulphate
(SO) is not present in the brine. Since the timescilethe three different creep tests are so
different it is difficult to compare the total akiereep strain experienced at the end of each
test. Another way of studying the effect of theeliént flooding fluids will be to compare the
creep rates experienced during the different flogghases in the tests performed on LK79,
LK94 and LK95. InFig.7.6the axial creep strain experienced for the difierzeep tests are
plotted against logarithmic time.
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Fig.7.6: Axial creep strain versus logarithmic tipiet for the different creep tests. From the
two of the last data points in each flooding phhsecreep rate can be determined.

In Table 7.1&he calculated creep rates for the different flnggphases are listed.

Table 7.18: Table over the calculated creep rawmsthe different flooding phases in the
creep tests performed on LK94, LK95 and LK79

Test . . Strain rate
core Flooding fluid [% / Decade ]
LK94 |SSW 0.98
DW 0.36
LK95 |SSW 1.46
SSW—(SQ%) 0.81
LK79 SSW—(SQ™) 1.15
SSW 3.21

The creep rate calculated for the test performed K®4 in Table 7.18is somewhat lower
compared to the creep rates experienced during fE®ding in the creep tests performed on
LK95 and LK94. For the SSW flooding phase on tis performed on LK95 the creep rate is
expected to differ as it was calculated from a \@rgrt flooding period. But when comparing
the creep rates found during SSW flooding for LK&2d LK79 a significant difference is
observed. The calculated creep rate for the SS\Wégen the test performed on LK79 is a
factor 5.1 higher than creep rate found duringdteep test on LK94. Indicating that a higher
deformation rate will be obtained when SSW floodisgerformed after a period of SSW-
(SO%) flooding compared to a single flooding phase w&B8W. When comparing the

99



calculated the creep rate for the SSW-&QOflooding periods inTable 7.18a small
difference is seen. The creep rate obtained foS®#/-(SQ”) flooding period performed on
LK79 is a factor 1.4 times higher than the credp talculated for the creep tests performed
on LK95. A thing to keep in mind is that the creepe found for the SSW-(S9) flooding
phase on the test performed on LK79 is calculatethe end of a much longer flooding
period. Had the creep test performed on LK95 beertirrued for a longer period of time the
difference in creep rates would perhaps been smalle

From the data obtained during the three differeaep tests it is evident that SSW flooding
has a significant effect on the deformation behavib30 °C. Removing sulphate in the
flooding fluid appears to reduce the deformatiote nahile introducing SSW increased the
creep rate significantly. The similar creep behawiobserved for DW and SSW-($0Q
flooding in the early phases of the creep testfopmed on LK79 and LK95 indicate that no
enhanced chemical weakening will take place duBiS§V-(SQ?) flooding.
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7.4 Chemical aspects

7.4.1 Aging water

The results from the chemical analysis performed®8iV and SSW-(S®) samples before
and after aging inTable.6.18 and Table.6.19 show that some variation in the ion
concentrations for the two brines occurs as a reduithe aging process. [hable.7.18the
changes in concentrations and the difference rédiothe different ions present in SSW and
SSW-(SQ?%) are listed.

Table 7.18: Table over the changes in ion conceiaina experienced for SSW and SSW-
(SQ?) during aging of Liegé chalk samples at 930for three week. Changes in ion
concentration are given as the difference betwherconcentration measured after aging and
the initial concentration present in SSW and SSQ¥A(B

SSW SSW-(S0,%)

lon | change [mol/I] | Difference ratio| Change [mol/I] | Difference ratio
(after-before) | (after/before) (after-before) (after/before)
Na' 0.005 1.011 0.017 1.036
K* 0.000 1.000 0.000 1.000
ca’ 0.022 2.692 0.029 3.231
Mg2+ -0.025 0.444 -0.025 0.444
Cr 0.020 1.038 0.032 1.054
so”|  -0.009 0.625

A negative sign before value ihable.7.18indicates that a reduction in the given ion
concentration has occurred during the aging procéssincrease in concentration will
therefore be recognized by a positive sigiable 7.18

At the first glance of the results Trable 7.18t is evident that the concentration of potassium
(K") remains unchanged for both the brines duringatiing. The measured concentration of
magnesium (M%) before and after aging is exactly the same foh boines, which results in

a similar reduction in magnesium concentration. 58W a reduction in sulphate (SO
concentration was also observed, while for SSWi{$@agnesium appears to be the only
ion being removed from the aqueous phase duringgagihese measured reductions in
concentrations for magnesium and sulphate givedication that these ions react chemically
with the chalk. For both brines a significant irase in calcium (C4) concentration was
observed. This increase in calcium concentratiort ¢ a result of pressure solution because
the cores are only exposed to a 0.7 MPa gas peedsung aging which will not result in any
high effective stresses at the intergranular castathis additional calcium must therefore
come from the chalk cores and are most likely eelab increased dissolution of calcium
carbonate (CaCf). If this increased dissolution of calcium carbenabccurs at the
intergranular contacts this may have an effect rtfezhanical strength of the aged chalk
samples.

An increase in calcium concentration of 0.022 metlls measured after aging chalk cores in

SSW for three weeks at 13C. This increase in calcium concentration is 0.003/ less
compared to the increase in calcium concentrati@asured for SSW-(SO) brine after
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aging. The only difference between these two brisethe presence of sulphate, indicating
that the difference in calcium concentration obsdrfor the two brines may be related to the
presence of sulphate. In the SSW aging water actieduof 0.009 mol/l was measured in the
sulphate concentration. By taking the low solupilitf anhydrite (CaSg) at 130°C into
consideration, precipitation of anhydrite may be tbsult why a lower calcium concentration
is seen in the SSW brine compared to SSWx{$®rine. But a higher reduction in sulphate
concentration is measured compared to what couldexmected from precipitation of
anhydrite alone. From flooding experiments with gogwodium sulphate brines (P&D;)
Megawati et al. (2011showed that sulphate was adsorbed as brine wadeitbthrough
Liege” chalk cores at 138C. Such sulphate adsorption on the chalk surfacg beaa
reasonable explanation for the additional redudticsulphate concentration.

For both brines inTable 7.18a significant reduction in magnesium concentratioas
observed. Based in these results the changes inesiagn and calcium concentrations can be
a result of ion substitutionKprsnes et al., 20Q6or precipitation of magnesium bearing
minerals Madland et al. 2011)Based on the available data it is difficult t@wrany firm
conclusion on the mechanism behind the removalagfrrasium during aging.

The difference ratios inTable 7.18 were included such that the relative changes in
concentrations could be studied. These ratios gi\eetter picture of the variations in ion
concentration compared to the measured changes. &comTable 7.18he concentration of
sodium (N&) and chloride (C) increases with the same order of magnitude agatiation in
magnesium and calcium concentrations. But th@alrdbncentrations of sodium and chloride
are significantly higher compared to the concemnat of magnesium, calcium and sulphate.
Therefore what may be regarded as a high increas®ncentration may only result in a
minor relative change compared to the initial stdeom Table 7.18it is evident that
measured changes in sodium and chloride concertsatinly result in minor relative changes
for both brines compared to what is seen for magnescalcium and sulphate. In example
the concentration of chloride measured after agmgSW will be 1.038 times higher
compared to the initial concentration of chlorideSSW, while the calcium concentration in
the SSW aging water increases with a factor 2.@82comparing the difference ratio for
potassium, sodium and chloride in both brine$able 7.18t is evident that these ions do not
chemically react with the chalk during the agingqass.

7.4.2 Creep tests

The results for the chemical analysis performedhaneffluent samples collected during the
creep testsHig. 6.2Q Fig.6.21andFig.6.22 all show a significant reduction in magnesium
concentration. At the same as there is a redudtiomagnesium (Mg) concentration a
significant increase in calcium (€3 concentration is observed. These results inditse
there are some processes taking place inside ik cbres that removes magnesium from
the aqueous solution and causes a significanturalg@roduction. This additional calcium
must come from the chalk cores because there aotheo sources of calcium in the system.
Korsnes et al. (2006proposed that the water weakening of chalk that wlzserved during
SSW flooding of chalk cores at 13C was a result of an ions substitution mechanism
between magnesium and calcium at the chalk surfdus. process would therefore depend
on the maximum available adsorption sites insidedbre.Madland et al. (2011ralculated
that the maximum number of adsorption sites avkalédr substitution in chalk cores similar
to the ones used in this present study was 0.00dl9 Therefore should the ion substitution
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process prevail no more than 0.0019 mol magnesambe removed from the aqueous phase
during the creep tests.

To study this we use the results from the chemacallysis of the collected water samples
during SSW-(S@) flooding of LK79. To be able to compare the rethrcin magnesium
concentration to the maximum number of availaboggtion sites we need to calculate how
many mol’s that have been removed from the solufiaring this flooding period. The reason
for using the results for the SSW-($Q flooding phase on LK79 is because there are no
other ions present in SSW-($Q that seems to react chemically with the chalkirdyr
flooding. During the entire SSW-(S® flooding period of 50 110 minutes a constant
flooding rate of 0.022 ml/min was used. From thesean calculate how many litres that have
been flooding through the core during this peribdroe.

ml ; ml )
_ Qimm] * trwodinglmin] _ 0.022 |7 « 50 110 [min]

v = = =1.1021
flooded 1000 [m!] 1000 ml

where:

Vriooaea=Volume flooded through the core [ml]
Q = flooding rate [ml/min]

thooding= total time SSW-(S¢¥) has been flooded

The total volume flooded through the entire floggdphase was calculated to 1.102 |. To be
able to estimate how much magnesium that has bemowved one first have to find the
average reduction of magnesium. The average camatiemt of magnesium was found on
bases of the measured magnesium concentrationtfreneffluent samples collected during
SSW-(SQ?) flooding phase and was calculated to 0.0311 [in@&y subtracting this average
concentration from the initial concentration of magium in SSW-(S£3) (which is 0.045
(mol/l)) one can find the average reduction in @rication.

[Mg2+]removed = [Mg2+]initiall - [Mg2+]average

mol mol mol
[Mg“]removed = 0.045 [T] —0.0311 [T] = 0.0139 [T]

By multiplying the average concentration of remoweagnesium by the total flooded volume
the amount of magnesium removed in mol’'s can beastd.
mol
Mg2+ = [Mg2+]average [T] * Ve[l]
mol
1

Mg?t = 0.0139[ ] * 1.102[1] = 0.015mol

The amount of magnesium removed from the aqueoaseptiuring SSW-(S©) flooding on

LK79 is a factor 7.90 higher than the maximum numbfeadsorptions sites available for
substitution calculated byladland et al. (2011)Similar calculations can also be performed
on the chemical results obtained from the analykike effluent samples collected during the
creep test of LK94. The chemical results obtairecthfthe SSW flooding phase of LK95 are
not adequate for performing such calculations ared taerefore not included. SSW was
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flooded for 32 040 minutes with a constant pump egjual to 0.021 ml/min in the creep tests
performed on LK94. The calculated average magnesiantentration was determined to
0.033 mol/l for this flooding phase. Following teame procedure the amount of magnesium
lost during the creep tests on LK94 will be:

mol
|

Mg?t = 0.012 [ ] * 0.672[1] = 0.0081 mol

This removal of magnesium is a factor 4.26 highantthe maximum number of adsorption
sides available for substitution calculatedMgdland et al. (2011)These data indicate that
an ion substitution process can not be the onlyhamr@em behind the removal of magnesium
from the aqueous phaddadland et al. (2011¢oncluded that the removal of magnesium and
the high increase in calcium concentration wasethko precipitation of magnesium bearing
minerals inside the chalk core. The chemical resuiittained from the creep tests performed
on LK79 and LK94 support the theory Madland et al. (201)1 Had the creep test performed
on LK95 been continued for a longer period of tisimilar calculations could also be
conducted on the chemical results obtained frostest.

For the flooding phases with SSW in the tests peréal on LK79, LK94 and LK95 sulphate
Is removed from the aqueous solutiéig( 6.2Q Fig.6.21andFig.6.22 which is most likely
a result of chemical reaction taking place insite ¢ore. From the creep curvedHig. 7.5it

is evident the presence of sulphate has a signifiefiect of the creep behaviour at 13D
Heggheim et al. (20043hows that sulphate would be removed from thetisoludue to
precipitation of anhydrite (CaSPwhen synthetic seawater with 4 times higher aunid
sulphate was flooded through chalk at 2@0which further increased the dissolution of chalk.
The reduction of mechanical strength was describeterms of increased dissolution of
chalk. Megawati et al. (2011)measured absorption of sulphate at the chalk ceiréand
descried the measured weakening observed in tefnastotal disjoining pressure at the
intergranular contacts.

By comparing the chemical results obtained from 88®W flooding phase in the tests
performed in LK79 and LK94 both these theories barexamined. Ifrig.7.7 the chemical
results obtained from the creep tests performedk®% are shown. Here the concentration of
calcium, magnesium and removed sulphate is comptaretthe original concentration of
calcium and magnesium in SSW. The measured comatiemrof sodium, potassium and
chloride are not included iRig.7.7 because they remain approximately constant duhag
different flooding phases, and do not appear t@trebemically with chalk. By excluding
these ions one can study the changes of magnesaloiym and sulphate in greater detail.
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Fig.7.7: The measured concentrations of calciumgmesium and sulphate obtained from effluent
samples collected during the creep test performed.i94. A line is included where the measured
concentrations of calcium magnesium and the remsufghate (original concentration of sulphate-

the measured concentration of sulphate) is comptwdatie original concentration of magnesium and
calcium (original magnesium +orginial calcium)

As seen fronfig.7.7 the line for the original calcium and magnesiumazntrations coincide
with the line for the calcium, magnesium and rentbselphate. This fact indicates that there
is a close relationship between the changes in esagm, calcium and sulphate
concentrations. From the resultshiy.7.7 it appears that the reduction in sulphate is most
likely a result of precipitation process taking qdanside the chalk core. One such mineral
that can precipitate is anhydrite (CagGBimilar observations are also seen when perfagmi
the similar comparison on the chemical results ttew SSW flooding phase in the test
performed on LK79 as shown Kig.7.8 Also here the measured concentrations of sodium,
potassium and chloride are excluded such that Hages in magnesium, calcium and
sulphate can be studied in greater detalil.
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Fig.7.8: Measured changes in magnesium calcium suighate concentrations obtained from the
effluent samples collected during the creep tedbpeed on LK79. During the first 50 110 minutes
SSW-(S@) flooding is performed. As SSW flooding was itétiathe measured concentration of
sulphate starts to increase. The measured condssa of calcium, magnesium and removed
sulphate (original concentration of sulphate-mea&slconcentration of sulphate) is compared to the
original concentration of magnesium and calciumtire brine (original magnesium + original
calcium)

In Fig.7.8 a clear reduction in calcium concentration is obsg as SSW flooding is started.
At the same time a very gradual increase in sugpbancentration occurs. This data indicates
that there are some processes taking place inkielecare which removes calcium and
magnesium from the solution. After approximately0@0ninutes the sulphate concentration
reaches a maximum level and starts to decline.fidé@sured calcium concentration follows a
similar trend as the measured sulphate concenirafioe fact that sulphate is removed from
the solution gives as indication that sulphateemsaved from the aqueous phase due to
precipitation. By studying the curves for the meadumagnesium, calcium and removed
sulphate inFig.7.8 one can also see here that this line coincides tvé original calcium and
magnesium line. These observations$-ig.7.7 andFig.7.8 indicate that sulphate is removed
from the solution as a result of precipitation, Hue to the complexity of SSW it is difficult
to draw any firm conclusions on the basis of thengical results obtained from the creep tests
performed on LK94 and LK95.

Sulphate adsorption at the chalk surface as destiity Megawati et al. (2011)nay still
occur in the creep tests performed in this presemty but is very difficult to measure due to
the complexity of SSW. But indications of sulphaidsorption can actually be seen when
studying the results for the chemical analysisqreneéd on effluent samples collected during
the creep test performed on LK95Hm.6.21 As SSW is introduced to LK95 a significant
increase in calcium concentration is observed, Wwiscthe opposite behaviour compared to
what is seen when SSW follows a period of SSW3{3@ooding where a drop in calcium
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concentration is observed (sEmg.7.9). At the same time there is a gentle increaseoih b
sodium and calcium concentrations. It appears tinete ions break through at the outlet
somewhat earlier compared to magnesium, potassuahs@aphate. Frorkig.6.21it appears
that magnesium, potassium and sulphate are retan#te core. Magnesium and sulphate
appear to breakthrough approximately 2000 minuties §SW flooding was started, while
potassium appears to be retained for somewhat iqegeod of time. This observation gives
an indication that adsorption may take place inthgecore.

Sulphate adsorption may occur on the positive @dthrgchalk surface due to electrostatic
differences while the positive charged ions (magmesnd potassium) can be retained due to
two different processes. As sulphate adsorbs oehhk surface the surface potential will be
reduced and may even become negative. Positivg@th@ns are then attracted to the surface
due to electrostatic forces in an effort to neigeathe electrical charge. Another process that
may cause retention of positive charged ions igwatxchange due to presence of clay
minerals inside the chalk core. Clays tend to havkigher affinity towards magnesium
compared to potassium, but due to the higher cdrat@n of magnesium an earlier
breakthrough will be expected for magnesium congpace potassium which may be an
explanation for the observed behaviourFig.6.21 But it must be kept in mind that other
processes inside core may remove magnesium fromgbeous solution. Magnesium may
precipitate as a magnesium bearing mineral indigecbre, it can be attracted to the chalk
surface due to electro static forces, and it mayebsoved due to cation exchange as a result
of clay minerals present inside the core. Basedhanfact it is difficult to draw any firm
conclusion based on the available chemical data.

Nonetheless it appears that precipitation of suplaad magnesium bearing minerals takes
place inside the chalk cores during flooding. Thigcipitation appears to increase the
dissolution of calcium carbonate which again seenisgave a weakening effect on chalk both
during SSW and SSW-(S9) flooding.
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8 Concluding remarks

The main objective for this thesis was to studydffect of sulphate by performing Brazilian
tests and triaxial tests (deviatoric and hydros}att both ambient temperature and at G0
Similar tests were conducted with synthetic seam@8W) and synthetic seawater without
sulphate (SSW-(S§)) as saturation and flooding fluid such that estemaof the failure
envelopes in g-p” plots could be obtained for tHiem@nt tests parameters (temperature and
flooding fluid). Creep tests were included sucht e effect of sulphate post failure also
could be studied. The experimental work was peréairon a high porosity Liegé outcrop
chalk with an average porosity of 39.57%. Basedhanresults obtained from this present
study in combination with the results from @vst€B@11) the following conclusions can be
drawn.

Triaxial tests
» Chalk cores tested at 13C were weaker against both shear failure and pore

collapse in the presence of sulphate. The largestall reduction in strength was
observed for stress configurations where pore gsdavas the dominant failure
mechanism, i.e. for tests performed with a highrdegf radial support. The tests
performed without any sulphate present in the filogdluid had yield points and
Young’s moduli values that were approximately adad.3 higher than for tests
where sulphate was present in the flooding fluid.

* For cores tested at ambient temperature no cléactien in mechanical strength
was observed in the presence of sulphate. In fadgleer resistance against shear
failure is observed when sulphate is present irfltdogling fluid.

» Chalk cores tested by using synthetic seawater (SBile showed a clear
reduction in overall mechanical strength when tksie130°C indicating that the
weakening caused by sulphate will be temperaturpertant. The largest
reduction in strength is seen for stress configomatwhere pore collapse is the
dominant failure mechanism. The tests performecmabient temperature had
yield points and Young’s moduli values that wergragimately a factor 1.5
higher than tests performed at 18D

« For chalk cores tested by using synthetic seawethout sulphate (SSW-(S0))
the mechanical strength seems to be unaffecte@rbpdrature. Overall the yield
points, Young’s modulus, bulk modulus and failuneelopes will be very similar
for the two different test temperatures.
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Creep tests

The axial strain experienced during creep at heghperature is to a large extent
dependant on the presence of sulphate in the figofiuid. Axial creep strain
experienced during SSW flooding was found to beador 1.62 higher than the
axial creep strain experienced during SSW-{3dlooding (after 32 000 minutes
of creep). When sulphate is introduced to the fiogdfluid during creep a
considerable increase in deformation rate is oleskrivor the opposite case where
sulphate is removed from the flooding fluid a rethc is deformation rate will
occur.

Chemical results obtained from effluent samplesect#d during creep show that
precipitation of magnesium bearing minerals mayuodwoth during SSW and
SSW-(SQ@?) flooding at 13C°C.

The reduction in sulphate concentration measurethglereep phases with SSW
flooding appears to be a result of precipitatiomuatiydrite (CaSg).

Immediate observations on the changes in sulphateentration as being
introduced to a pore system appear to be depeondethe composition of the prior
flooding fluids. For SSW flooding following a pedoof distilled water flooding
indications of sulphate adsorption was seen. Thias wot observed in the case
when SSW was introduced after a long period of SS@?) flooding.
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9 Further work

As a continuation of this study on the effect ofpbate the following points could be
included to provide a better foundation for compami. These recommended points could also
result in a more thorough understanding of howntleehanical behaviour of chalk is affected
by the presence of sulphate in the flooding fluid.

First of all repetitions of the different triaxigsts (both hydrostatic and deviatoric)
should be performed such that the observation nmattes thesis could be confirmed.
Repetitions of the different triaxial tests wouldaresult in a better foundation for
comparison which would result in a better estimaftehe failure envelopes at the
different test parameters (temperature end flootlind)

To be study the effect sulphate present in thedflop fluid at the different tests
temperatures has on the bulk modulus at least tene rhydrostatic tests should be
included with SSW-(S§) flooding. Such that comparison of bulk modulus ¢ee
performed on the same number of tests as for S8Udifig.

More creep tests should be included where floodihGgSW and SSW-(SO) are
conducted at different stages in creep tests amtifferent orders to study in greater
detail how introduction and removal of sulphate | vaffect the overall creep
behaviour.

Chemical analysis should be performed on a largeruat of water samples collected
from new creep tests. Effluent samples should béeated more frequently as

flooding fluid is changed. This would make it pddsi study the changes in ion
concentration as new brine displaces the fluidgres the pore space with a higher
resolution.

Triaxial tests (both hydrostatic and deviatoricdwld be performed on un-aged chalk
samples at 130 °C with both SSW and SSWx(3@s flooding fluid such that the
effect of aging the cores for three weeks at 130ct@ld be determined.

To study if the chemical weakening observed at A3Q@ruly is a result of enhanced
dissolution of calcium carbonate (Cagl@ests should be performed with a flooding
fluid that contains a concentration of calcium tisatien times higher than the original
concentration of calcium in SSW. For such testIsatip should not be present in the
flooding fluid because this would most likely reasuh precipitation of anhydrite
(CaSQ).
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11 Appendix A- Tests saturated and flooded with SSW
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Fig.A.1: Axial stress versus Axial strain plot #@r0.3 MPa deviatoirc test performed on LK80 with
SSW flooding at ambient temperature
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Fig.A.2: Section of the Axial stress versus Axiedis plot for the 0.3 MPa deviatoirc test perforthe
on LK80 with SSW flooding at ambient temperatussiue estimate the Young’s modulus.
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LK71, 0.5 MPa, Ambient
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Fig.A.3: Axial stress versus Axial strain plot f@r0.5 MPa deviatoirc test performed on LK71 with
SSW flooding at ambient temperature
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Fig.A.4: Section of the Axial stress versus Axiedis plot for the 0.5 MPa deviatoirc test perforthe
on LK71 with SSW flooding at ambient temperatueslue estimate the Young’'s modulus.
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LK87, 0.8 MPa, Ambient
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Fig.A.5: Axial stress versus Axial strain plot f@r0.8 MPa deviatoirc test performed on LK87 with
SSW flooding at ambient temperature
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Fig.A.6: Section of the Axial stress versus Axiedis plot for the 0.8 MPa deviatoirc test perforthe
on LK87 with SSW flooding at ambient temperatussius estimate the Young’s modulus.
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LK82, 1.0 MPa, Ambient
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Fig.A.7: Axial stress versus Axial strain plot #@rl.0 MPa deviatoirc test performed on LK82 with
SSW flooding at ambient temperature
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Fig.A.8: Section of the Axial stress versus Axiedis plot for the 1.0 MPa deviatoirc test perforthe
on LK82 with SSW flooding at ambient temperatueslue estimate the Young’s modulus.
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LK89, 1.5 MPa, Ambient
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Fig.A.9: Axial stress versus Axial strain plot farl.5 MPa deviatoirc test performed on LK89 with
SSW flooding at ambient temperature
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Fig.A.10: Section of the Axial stress versus Asiedin plot for the 1.5 MPa deviatoirc test perfarth
on LK89 with SSW flooding at ambient temperatussiue estimate the Young’s modulus.
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LK75, 2.0 MPa, Ambient
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Fig.A.11: Axial stress versus Axial strain plot 912.0 MPa deviatoirc test performed on LK75 with
SSW flooding at ambient temperature
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Fig.A.12: Section of the Axial stress versus A8alain plot for the 2.0 MPa deviatoirc test
performed on LK75 with SSW flooding at ambient eyaipire used to estimate the Young’s modulus.
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LK85, 3.0 MPa, Ambient
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Fig.A.13: Axial stress versus Axial strain plot 3.0 MPa deviatoirc test performed on LK85 with
SSW flooding at ambient temperature
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Fig.A.14: Section of the Axial stress versus Asiedin plot for the 3.0 MPa deviatoirc test perfath
on LK85 with SSW flooding at ambient temperatussiue estimate the Young’s modulus.

121



LK84, 4.0 MPa, Ambient
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Fig.A.15: Axial stress versus Axial strain plot o”4.0 MPa deviatoirc test performed on LK84 with
SSW flooding at ambient temperature
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Fig.A.16: Section of the Axial stress versus Asiedin plot for the 4.0 MPa deviatoirc test perfarth
on LK84 with SSW flooding at ambient temperatussiue estimate the Young’s modulus.
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LK96, 7.0 MPa, Ambient
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Fig.A.17: Axial stress versus Axial strain plot #17.0 MPa deviatoirc test performed on LK96 with
SSW flooding at ambient temperature
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Fig.A.18: Section of the Axial stress versus Asiedin plot for the 7.0 MPa deviatoirc test perfarth
on LK84 with SSW flooding at ambient temperatussiue estimate the Young’s modulus.
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LK99, 8.0 MPa, Ambient
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Fig.A.19: Axial stress versus Axial strain plot tbe 8.0 MPa deviatoirc test performed on LK99 with
SSW flooding at ambient temperature
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Fig.A.20: Section of the Axial stress versus Asiedin plot for the 8.0 MPa deviatoirc test perfath
on LK99 with SSW flooding at ambient temperatueslue estimate the Young’'s modulus.

124



LK97, Hydr., Ambient
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Fig.A.21: Axial stress versus Axial strain plot farhydrostatic test performed on LK97 with SSW
flooding at ambient temperature

LK97, Hydr. Ambient

12,00

10,00
/'
8,00 &

/ y=7,0329 - 0,2714

/ R?=0,9992
6,00
/ == LK97, Hydr.
/ Lineaer (LK97, Hydr.)
4’00 /
2,00 /

Axial Stress [MPa]

0,00
0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60

Volumetric Strain [%]

Fig.A.22: Section of the Axial stress versus Votdmstrain plot the hydrostatic test performed on
LK97 with SSW flooding at ambient temperature twesezstimate the Bulk modulus.
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LK4, Hydr., Ambient
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Fig.A.23: Axial stress versus Axial strain plot farhydrostatic test performed on LK4 with SSW
flooding at ambient temperature
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Fig.A.24: Section of the Axial stress versus Votdmstrain plot the hydrostatic test performed on
LK4 with SSW flooding at ambient temperature usegstimate the Bulk modulus.
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LK28, 0.3 Mpa, 130 °C
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Fig.A.25: Axial stress versus Axial strain plot foe 0.3 MPa deviatoirc test performed on LK28 with
SSW flooding at 130 °C
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Fig.A.26: Section of the Axial stress versus Asiedin plot for the 0.3 MPa deviatoirc test perfath
on LK28 with SSW flooding at 130 °C used to es@rtta¢ Young’s modulus.
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LK17, 0.5 Mpa, 130 °C
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Fig.A.27: Axial stress versus Axial strain plot foe 0.5 MPa deviatoirc test performed on LK17 with
SSW flooding at 130 °C
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Fig.A.28: Section of the Axial stress versus Asiedin plot for the 0.5 MPa deviatoirc test perfath
on LK17 with SSW flooding at 130 °C used to es@rtta¢ Young’s modulus.
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LK11, 0.8 Mpa, 130 °C
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Fig.A.29: Axial stress versus Axial strain plot foe 0.8 MPa deviatoirc test performed on LK11 with
SSW flooding at 130 °C
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Fig.A.30: Section of the Axial stress versus Asiedin plot for the 0.8 MPa deviatoirc test perfath
on LK11 with SSW flooding at 130 °C used to es@rtta¢ Young’s modulus.
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LK29, 1.0 Mpa, 130 °C
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Fig.A.31: Axial stress versus Axial strain plot foe 1.0 MPa deviatoirc test performed on LK29 with
SSW flooding at 130 °C
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Fig.A.32: Section of the Axial stress versus Asiedin plot for the 1.0 MPa deviatoirc test perfarth
on LK29 with SSW flooding at 130 °C used to es@rttat Young’s modulus.
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LK26, 1.2 Mpa, 130 °C
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Fig.A.33: Axial stress versus Axial strain plot foe 1.2 MPa deviatoirc test performed on LK26 with
SSW flooding at 130 °C
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Fig.A.34: Section of the Axial stress versus Asiedin plot for the 1.2 MPa deviatoirc test perfarth
on LK26 with SSW flooding at 130 °C used to es@rtta¢ Young’s modulus.
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LK7, 1.5 Mpa, 130 °C
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Fig.A.35: Axial stress versus Axial strain plot tbe 1.5 MPa deviatoirc test performed on LK7 with
SSW flooding at 130 °C
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Fig.A.36: Section of the Axial stress versus Asiedin plot for the 1.5 MPa deviatoirc test perfarth
on LK7 with SSW flooding at 130 °C used to estirtteeY oung’s modulus.
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LK15, 2.3 Mpa, 130 °C
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Fig.A.37: Axial stress versus Axial strain plot foe 2.3 MPa deviatoirc test performed on LK15 with
SSW flooding at 130 °C
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Fig.A.38: Section of the Axial stress versus Asiedin plot for the 2.3 MPa deviatoirc test perfarth
on LK15 with SSW flooding at 130 °C used to estrtfa Young’s modulus.
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LK18, 4.0 Mpa, 130 °C
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Fig.A.39: Axial stress versus Axial strain plot foe 4.0 MPa deviatoirc test performed on LK18 with
SSW flooding at 130 °C
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Fig.A.40: Section of the Axial stress versus Asiedin plot for the 4.0 MPa deviatoirc test perfarth
on LK18 with SSW flooding at 130 °C used to es@rtta¢ Young’s modulus.

134



LK21, 6.0 Mpa, 130 °C
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Fig.A.41: Axial stress versus Axial strain plot tbe 6.0 MPa deviatoirc test performed on LK21 with
SSW flooding at 130 °C
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Fig.A.42: Section of the Axial stress versus Asiedin plot for the 6.0 MPa deviatoirc test perfath
on LK21 with SSW flooding at 130 °C used to estrtfa Young’s modulus.
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LK19, 6.5 Mpa, 130 °C
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Fig.A.43: Axial stress versus Axial strain plot foe 6.5 MPa deviatoirc test performed on LK19 with
SSW flooding at 130 °C
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Fig.A.44: Section of the Axial stress versus Asiedin plot for the 6.5 MPa deviatoirc test perfarth
on LK19 with SSW flooding at 130 °C used to estrtfa Young’s modulus.
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LK20, Hydr., 130 °C
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Fig.A.45: Axial stress versus Axial strain plot farhydrostatic test performed on LK20 with SSW
flooding at ambient 130 °C
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Fig.A.46: Section of the Axial stress versus Votdmstrain plot the hydrostatic test performed on
LK20 with SSW flooding at 130 °C used to estirtt@eBulk modulus
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LK34, Hydro., 130C
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Fig.A.47: Axial stress versus Axial strain plot farhydrostatic test performed on LK34 with SSW
flooding at ambient 130 °C
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Fig.A.48: Section of the Axial stress versus Votumstrain plot the hydrostatic test performed on
LK34 with SSW flooding at 130 °C used to estirtteeBulk modulus
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12 Appendix B- Tests saturated and flooded with SSW-(S  042-)

LK68, SSW—(SO,2"), Deviatoric at 0.3 MPa, Un-aged/Ambient temp.
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Fig.B.1: Axial stress versus Axial strain plot #@r0.3 MPa deviatoirc test performed on LK68 with
SSW-(S@) flooding at ambient temperature
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Fig.B.2: Section of the Axial stress versus Axiedis plot for the 0.3 MPa deviatoirc test perforthe
on LK68 with SSW-(S©) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK48, SSW—(S0,2"), Deviatoric at 0.5 MPa, Un-aged/Ambient temp.
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Fig.B.3: Axial stress versus Axial strain plot f@r0.5 MPa deviatoirc test performed on LK48 with
SSW-(S@) flooding at ambient temperature
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Fig.B.4: Section of the Axial stress versus Axiedis plot for the 0.5 MPa deviatoirc test perforthe
on LK48 with SSW-(S©) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK46, SSW—(SO,2"), Deviatoric at 0.5 MPa, Un-aged/Ambient temp.
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Fig.B.5: Axial stress versus Axial strain plot ®@r0.5 MPa deviatoirc test performed on LK46 with
SSW-(S@) flooding at ambient temperature
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Fig.B.6: Section of the Axial stress versus Axiedis plot for the 0.5 MPa deviatoirc test perforthe
on LK46 with SSW-(S®) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK38, SSW—(S0,2"), Deviatoric at 1.0 MPa, Un-aged/Ambient temp.
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Fig.B.7: Axial stress versus Axial strain plot f@rl.0 MPa deviatoirc test performed on LK38 with
SSW-(S@) flooding at ambient temperature
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Fig.B.8: Section of the Axial stress versus Axiedis plot for the 1.0 MPa deviatoirc test perforthe
on LK38 with SSW-(S®) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK93, SSW—(SO,2"), Deviatoric at 1.2 MPa, Un-aged/Ambient temp.
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Fig.B.9: Axial stress versus Axial strain plot f@rl.2 MPa deviatoirc test performed on LK93 with
SSW-(S@) flooding at ambient temperature
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Fig.B.10: Section of the Axial stress versus Asiedin plot for the 1.2 MPa deviatoirc test perfath
on LK93 with SSW-(S®) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK67, SSW—(SO,2"), Deviatoric at 2.3 MPa, Un-aged/Ambient temp.

/

10 /| 00—

I

12

Axial stress [MPa]

0 0,2 0,4 0,6 0,8 1 1,2 1,4

Axial strain [%]

Fig.B.11: Axial stress versus Axial strain plot 2.3 MPa deviatoirc test performed on LK67 with
SSW-(S@) flooding at ambient temperature
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Fig.B.12: Section of the Axial stress versus Asiedin plot for the 2.3 MPa deviatoirc test perfath
on LK67 with SSW-(S®) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK64, SSW—(SO,2"), Deviatoric at 4.0 MPa, Un-aged/Ambient temp.
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Fig.B.13: Axial stress versus Axial strain plot fo4.0 MPa deviatoirc test performed on LK64 with
SSW-(S@) flooding at ambient temperature

LK64, SSW—-(S0,27), E-modulus
10

9 /
8 s
y=15,07/x +0,6694
R2=0,9983
7 o
= ol
& s
2
a
g s
S
5
]
(1]
'; 4
b
3
2
1
0
0 01 02 03 0,4 0,5 0,6

Axial strain [%]

Fig.B.14: Section of the Axial stress versus Asiedin plot for the 4.0 MPa deviatoirc test perfath
on LK64 with SSW-(S®) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK98, SSW—(SO,2"), Deviatoric at 8.0 MPa, Un-aged/Ambient temp.
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Fig.B.15: Axial stress versus Axial strain plot 8.0 MPa deviatoirc test performed on LK98 with
SSW-(S@) flooding at ambient temperature
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Fig.B.16: Section of the Axial stress versus Asiedin plot for the 8.0 MPa deviatoirc test perfath
on LK98 with SSW-(S®) flooding at ambient temperature used to estirtizéeY oung’s modulus
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LK66, SSW—(SO,27), Hydrostatic + Unloading, Un-aged/Ambient temp.
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Fig.B.17: Axial stress versus Axial strain plot f@rhydrostatic test performed on LK66 with SSW-
(SQ?) flooding at ambient temperature
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Fig.B.18: Section of the Axial stress versus Votdmstrain plot the hydrostatic test performed on
LK66 with SSW-(SH) flooding at ambient temperature used to estirttageBulk modulus.
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LK50, SSW—(SO,2-), Deviatoric at 0.3 MPa, Aged/130 °C
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Fig.B.19: Axial stress versus Axial strain plot f10.3 MPa deviatoirc test performed on LK50 with
SSW-(S@) flooding at 130 °C
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Fig.B.20: Section of the Axial stress versus Asiedin plot for the 0.3 MPa deviatoirc test perfarth
on LK50 with SSW-(S©) flooding at 130 °C used to estimate the Youngdutus
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LK62, SSW—(SO,2"), Deviatoric at 0.5 MPa, Aged/130 °C
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Fig.B.21: Axial stress versus Axial strain plot 0.5 MPa deviatoirc test performed on LK62 with
SSW-(S@) flooding at 130 °C
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Fig.B.22: Section of the Axial stress versus Asiedin plot for the 0.5 MPa deviatoirc test perfath
on LK62 with SSW-(S©) flooding at 130 °C used to estimate the Youngidutus
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LK69, SSW—(SO,2-), Deviatoric at 0.8 MPa, Aged/130 °C
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Fig.B.23: Axial stress versus Axial strain plot f10.8 MPa deviatoirc test performed on LK69 with
SSW-(S@) flooding at 130 °C
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Fig.B.24: Section of the Axial stress versus Asiedin plot for the 0.8 MPa deviatoirc test perfarth
on LK69 with SSW-(S®) flooding at 130 °C used to estimate the Youngidutus
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LK57, SSW—(SO,2"), Deviatoric at 1.0 MPa, Aged/130 °C
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Fig.B.25: Axial stress versus Axial strain plot forl.0 MPa deviatoirc test performed on LK57 with
SSW-(S@) flooding at 130 °C
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Fig.B.26: Section of the Axial stress versus Asiedin plot for the 1.0 MPa deviatoirc test perfarth
on LK57 with SSW-(S©) flooding at 130 °C used to estimate the Youngidutus
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LK70, SSW—(SO,2"), Deviatoric at 1.2 MPa, Aged/130 °C
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Fig.B.27: Axial stress versus Axial strain plot forl.2 MPa deviatoirc test performed on LK70 with
SSW-(S@) flooding at 130 °C
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Fig.B.28: Section of the Axial stress versus Asiedin plot for the 1.2 MPa deviatoirc test perfath
on LK57 with SSW-(S©) flooding at 130 °C used to estimate the Youngidutus
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LK65, SSW—(SO,2-), Deviatoric at 1.5 MPa, Aged/130 °C
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Fig.B.29: Axial stress versus Axial strain plot forl.5 MPa deviatoirc test performed on LK65 with
SSW-(S@) flooding at 130 °C
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Fig.B.30: Section of the Axial stress versus Asiedin plot for the 1.5 MPa deviatoirc test perfarth
on LK65 with SSW-(S®) flooding at 130 °C used to estimate the Youngidutus
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LK74, SSW—(SO,2"), Deviatoric at 1.8 MPa, Aged/130 °C
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Fig.B.31: Axial stress versus Axial strain plot forl.8 MPa deviatoirc test performed on LK74 with
SSW-(S@) flooding at 130 °C
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Fig.B.32: Section of the Axial stress versus Asiedin plot for the 1.8 MPa deviatoirc test perfarth
on LK74 with SSW-(S®) flooding at 130 °C used to estimate the Youngidutus
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LK58, SSW—(SO,2-), Deviatoric at 2.3 MPa, Aged/130 °C
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Fig.B.33: Axial stress versus Axial strain plot 2.3 MPa deviatoirc test performed on LK58 with
SSW-(S@) flooding at 130 °C

LK58, SSW—(S0O,27), E-modulus
8
7
”
6
y=11,86x + 1,8505
R?=0,9989

TS e
s /
2, A
7 —
s /
Z 3

2

1

0

0 0,05 01 0,15 02 0,25 03 0,35 04 0,45
Axial strain [%]

Fig.B.34: Section of the Axial stress versus Asiedin plot for the 2.3 MPa deviatoirc test perfarth
on LK58 with SSW-(S©) flooding at 130 °C used to estimate the Youngidutus
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LK59, SSW—(SO,2"), Deviatoric at 3.0 MPa, Aged/130 °C
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Fig.B.35: Axial stress versus Axial strain plot 3.0 MPa deviatoirc test performed on LK59 with
SSW-(S@) flooding at 130 °C
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Fig.B.36: Section of the Axial stress versus Asiedin plot for the 3.0 MPa deviatoirc test perfarth
on LK59 with SSW-(S©) flooding at 130 °C used to estimate the Youngidutus
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LK47, SSW—(SO,2"), Deviatoric at 4.0 MPa, Aged/130 °C
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Fig.B.37: Axial stress versus Axial strain plot fo.0 MPa deviatoirc test performed on LK47 with

SSW-(S@) flooding at 130 °C
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Fig.B.38: Section of the Axial stress versus Asiedin plot for the 4.0 MPa deviatoirc test perfarth
on LK57 with SSW-(S©) flooding at 130 °C used to estimate the Youngidutus
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LK51, SSW—(S0,%"), Deviatoric at 7.0 MPa, Aged/130 °C
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Fig.B.39: Axial stress versus Axial strain plot #/7.0 MPa deviatoirc test performed on LK51 v
SSW-(S@) flooding at 130 °C
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Fig.B.40: Section of the Axial stress versus Agiedin plot for the 7.0 MPa deviatoirc test perfad
on LK51 with SSW-(S9) flooding at 13(°C used to estimate the Young’s mod

158



LK52, SSW—(SO,27), Hydrostatic + Unloading, Aged/130 °C
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Fig.B.41: Axial stress versus Axial strain plot f@rhydrostatic test performed on LK52 with SSW-
(SQ?) flooding at 130 °C

LK52, SSW—(SO,27), Hydrostatic + Unloading, Aged/130 °C
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Fig.B.18: Section of the Axial stress versus Votdmstrain plot the hydrostatic test performed on
LK52 with SSW-(S9) flooding at 130 °Cused to estimate the Bulk masiul
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