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Abstract

The main objective of this thesis was to investagany possible effects of sulphate on the
mechanical strength of chalk. Related to this, fillowing sub-objectives can be listed:
Investigating temperature effect on chalk’s mectanistrength, obtaining estimates of
chalk’s failure envelope (in g-p’ plot) at different testing conditions and with fdient
brines, and estimate the cohesi&g) and friction angle() of the chalk.

High porosity outcrop chalk from Liege was testegerimentally in two different cell types,
and by performing four different types of teststab different temperature conditions.
Hydrostatic, deviatoric and creep tests were caroigt in triaxial test cells, while Brazilian
tests were performed in a Brazilian test cell. By tise of a heating jacket mounted onto the
triaxial cells, and a heating element connectethé¢ofront cover of the Brazilian cell, it was
possible to perform high temperature tests at°C30About half of the tests were carried out
at ambient temperature, so that also the temperaftect could be studied. The testing brine
used in the work with this thesis was mainly sytitheeawater without sulphate (SSW-
(SO%)). Due to close co-operation with a student wagkion a corresponding, parallel
master thesis, results from identical tests caroetdby the use of synthetic seawater (SSW)
as testing brine were also provided. This gaveoghortunity to study any possible sulphate
effects on the mechanical strength of chalk.

A total of 57 chalk cores, with an average porosity39.57%, were saturated with testing
brine before testing. All cores tested at high terafure were also aged in an aging cell at
130 °C for three weeks prior to testing. Results fromadfiran, deviatoric (with varying
degree of radial support) and hydrostatic testgliierent testing conditions could be
presented in Mohr diagrams where mechanical pamamebuld be determined, and als@}n

p’ plots where estimated failure envelopes (congstinshear failure line and end cap line, at
which shear failure and pore collapse is the dotimgafailure mechanisms, respectively)
could be compared. Estimated mechanical parameters also determined from the shear
failure line in theg-p’ diagram, and showed a good match with the valbésireed from the
Mohr circle plots.

Experimental results showed that chalk tested & °C3was weaker when sulphate was
present in the pore fluid, both when regarding sfefure and pore collapse. On average, at
high temperature testing yield points and Young®daii values were a factor approx. 1.3
higher for tests where sulphate wast present. At ambient temperature, no clear sulphate
effect was observed. In fact, if any trend couldrmiced at all, it would be that chalk
experienced a higher resistance against sheardallben sulphate was present in the fluid.
When comparing temperature conditions for all testswith the use of SSW as testing brine,
it was found that yield points and elasticity modidlues for ambient temperature tests were
on average a factor 1.5 higher than for high terdpee tests. Thus, sulphate seems to have a
weakening effect on chalk at high temperature, evimb clear trend is seen at ambient
temperature. In the absence of sulphate, thereatideem to be any clear temperature effect.



High temperature (130C) creep test results showed that deformation wass large extent
dependant on the presence of sulphate in the cantshy flooded fluid. Measured in terms of
axial strain, the deformation obtained from floaglisynthetic seawater (SSW) was at a
certain creep time~(32,000 minutes) a factor 1.62 higher than what wlaserved when
SSW—(S@*) was flooded. In addition, it was observed thaewisulphate was introduced to
the pore fluid during creep, this generated a §mamtly increasing deformation. The
opposite was observed when sulphate was removpitally indicated by the creep strain-
creep time curve flattening out. The “introducticarid “removing” of sulphate was simply
obtained by changing flooding brine between SSW28W/—(SQ").

Chemical analyses of water samples of the efflugater during creep showed large
additional production of calcium (from the chalkldeextensive losses of magnesium from the
agueous solution. The latter observation is mastyia result of precipitation of magnesium
bearing minerals. Indications of sulphate precijmtaas anhydrite (CaS{) probably, were
also seen, as well as it seemed that the immerBatgion of introduced sulphate ions was
dependent on the previous flooding fluid(s) andspae actions they would cause inside the
chalk.
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1 Introduction

Carbonate rocks have been an important type ofrvaserocks for several years, and
worldwide, when regarding oil and gas productiorsukvey covering hundreds of the largest
hydrocarbon fields all over the world was review@d 1985), with the result that

approximately 60% of all recoverable oil were heatd carbonate reservoirs (Roehl &
Choquette, 1985). More recent investigations supgius value, and a market analysis
performed by Schlumberger in 2007 also proposerti@e than 40% of the worldwide gas
reserves are found in carbonates (Schlumberger éflakalysis, 2007). Carbonate rocks
which constitute hydrocarbon reservoirs consistniga{90%) of the sedimentary rocks
dolostone and limestone (Reeder, 1983). Chalksisfta white, porous and very fine-grained
sedimentary rock of the type limestone. Chalk hastained its biogenic origin, and consists
therefore principally of the mineral calcite (Ca§fQRoehl & Choquette, 1985).

Chalk is found as an important reservoir rock fany oil and gas fields in the southern part
of the North Sea. In the Central Graben on the Ngran sector, more precisely, large
volumes of petroleum are entrapped in Upper Cretscdo Lower Tertiary hydrocarbon-
bearing strata, and held in both oil and gas fielde “Greater Ekofisk area” is a common
term for this area, where the first discovery (Whiappened to be the largest) was made in
1969. Ekofisk and Valhall are two of the largestids in this area, which today includes
seven major oil fields mainly constituted by ch@kHeur, 1986).

It has been experienced that the chalk reservoitkis area are quite unusual, and specific
problems have been associated with both exploratiemelopment and production of these
fields (Needham & Jacobs, 1995). In some areasetbervoir thickness ranges up to several
hundred metres, but 3,000 metres is commonly udeehvdescribing the reservoir depth.
Typical porosities for the mentioned chalk reserwvaire 20-35%, which are generally quite
high for rocks buried at these depths. But in stonal areas within these fields, the porosity
even approaches 50%, which is nothing but extraargi Most of the chalk reservoirs within
this southernmost part of the North Sea are lownpable as the permeability does not
exceed 5 mD, while typical reservoir temperaturesn the range 90-130 (D’Heur, 1986;
Roehl & Choquette, 1985).

One of the fields where extensive challenges haen lexperienced is the Ekofisk field; an
overpressured, naturally fractured high porositglichreservoir (Sylte et al., 1999) with an
initial temperature of 130C. Production of this field was started in 1971,dmymary drive
mechanisms (pressure depletion) such as oil exparasid reservoir compaction. In 1987,
after the primary production declined, a full fiekéawater injection was started of two
reasons. First of all to displace the oil in theeroir and hence increase the oil recovery. But
another reason was to generate a pressure supiplort thhe reservoir, as observations from
late 1984 had showed that compaction of the chedkrrvoir occurred as a result of increased
effective stress during production (due to poresguee depletion). With respect to the oll
recovery, the seawater injection was consideredcaess as it doubled the recovery from
24% to 48% (Sulak et al., 1990). However, the reseccompaction unexpectedly continued
and has even caused sea-bed subsidence througbatse This compaction phenomenon is
commonly referred to agater weakening of challdustad et al., 2008).

Ever since this sea-bed subsidence was discovdrednapanies have had extra costs related
to safety upgrades (among others), and platforncuateons caused by waves and high sea



levels have been experienced more frequently. Taugpwing interest of finding the cause

of this water weakening effect has arised, espgcahong the oil companies, to be able to
reduce the extent of negative consequences. Inti@idihe compaction caused by water

weakening may also result in an extra oil produrtap the attempt to reveal the backgrounds
for this phenomenon is interesting for several aaas Hence, research activity has been
extensively executed on chalk behaviour and mechiproperties of chalk in general, since

the sea bed subsidence was detected.

DaSilva et al. (1985) suggested that mechanicapgtes of chalk, typically regarding
chalk’s strength, were in the main dependent owgtyr and silica content within the chalk.
From further research it has been stated that rineaply compaction of the chalk reservoir
was a result of conventional pressure depletio] daformation due to pore collapse
(Johnson & Rhett, 1986). The water weakening effexd been expressed to be the main
mechanism from the early 1990’s (Sylte et al., 299%is latter understanding has focused
research activities more and more towards the {lwater) saturation of the chalk.

Risnes (2001) and Risnes et al. (2003) presenteeriexental results from laboratory studies

on high porosity outcrop chalk. When consideringlktstrength, it was shown that chalk is

strongest in dry condition (“saturated with airdjd that the chalk’s strength was reduced for
saturated fluids in the following order: oil/glycohethanol, water. In other words, water was
the fluid with the largest weakening effect. Thrbutpe years, many different mechanisms
have been suggested in attempts to explain andildegsbe water weakening effect. Such

mechanisms may be divided into physical, physicertlal and chemical effects.

One of the main weakening mechanisms when reganplrygical effects has traditionally
been capillary forces. Capillary forces occur atimgr(solid particle) surfaces but work
between two fluids having dissimilar compositiona wetting phase (typically water) and a
non-wetting phase (oil or gas). However, many s@endid not believe that capillary forces
could be the main mechanism of the observed comgpacind seeked other explanations.
This lead to growing discussions of rapid, chemrealctions occurring at the grain contacts.
In connection with this, important experimental Wwevas performed by Risnes et al. (2003)
and Risnes et al. (2005), where it was demonstridu@dthe strength of oil saturated chalk
was more or less equal to the strength of glycirated chalk — despite the fact that glycol is
fully miscible with water and oil is not. In otherords; When glycol was used as saturation
fluid, there would be no capillary forces presenkéep the chalk’s strength at the same level
as for oil saturated chalk. These observationsritutéd to the theory that the possible
capillary effects on chalk weakening probably pdayinor role.

Instead of discussing pure physical effects, Riseiesl. (2005) rather considered some
physico-chemical effects to be the main mechanismsater weakening. Mechanisms like

repulsive and van der Waals attractive forces, a# as electrical surface charge, were
investigated. Nevertheless, it was concluded tbatrof those mechanisms would be strong
enough to cause the observed weakening of chalk.

Chemical effects have been given more and moratettethe last years, and some of the
proposed chemical processes have been grain-to-digsolution, precipitation, substitution
and intergranular pressure solution (IPS). Amorigeis, Korsnes (2007) studied the possible
substitution process, which is described in terf®ms (like magnesium, Mg) in aqueous
solution substituting calcium ions in chalk. Sucteaction would typically occur when chalk
is exposed to (seawater like) brines at high teatpegs — equivalent to the case when
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seawater is injected into a chalk reservoir. Chaflyicthis is indicated by an increase in
calcium (C4) concentration in the brine, and decrease in dtireconcentration(s). A theory
connected to this idea was that the presence phate (SGF) in the pore-filling brine would
contribute to a larger scale of magnesium-calciwbsstution. On the other hand, more
recent studies carried out by Madland et al. (20€8arly showed that sulphate is not a
necessary component in the saturation or floodingl fto obtain a considerable chemical
deformation. By exposing chalk to MgQirine they observed deformation even large enough
to be compared with deformation caused by sulpbatgaining synthetic seawater (SSW).
Madland et al. (2009) also demonstrated by calmratthat the calcium amount in the chalk
accessible for substitution was a lot less thanatheunts observed in the produced effluent
water during flooding. Hence, the understandintpas chalk compaction cannot be a result of
substitution solely.

Dissolution and precipitation processes suggesieactur when chalk gets in contact with
water has also been extensively investigated. Hlietral. (2008) showed that several minerals
are supersaturated when seawater is flooded throbnghk at 130 °C. When such minerals
precipitate, ion components are removed from thesags solution. This causes disturbance
in the equilibrium, and solid material — typicabbplcite — will dissolve in an attempt to re-
establish the state of equilibrium. One of the matgethat are suggested to be supersaturated
is the sulphate containing anhydrite (CapCand the effect of sulphate on mechanical
strength of chalk in general has been investigakensively. Among others by Heggheim et
al. (2004), Strand et al. (2005), Korsnes et @06b), Madland et al. (2009), Hiorth et al.
(2010) and Megawati et al. (2011). In additiontie theory of precipitation, sulphate is also
believed to adsorb onto chalk’'s surface at specifinditions (Megawati et al. 2011). For
some conditions it is claimed that presence oflsatp weakens the chalk significantly, while
others have shown that sulphate is not at all reeemlebtain large scale deformation.

To sum up, there are many different theories sugde® be the main effect on water
weakening of chalk. Chalk is a highly complicatedtenial, and there are probably still
several unexposed secrets left to be revealed. Bwaumgh thorough research activity is
continuously in progress, the main mechanisms efwhter weakening of chalk are not yet
entirely understood.

In the work with this thesis, one of the main objexs was to study any possible effect of
sulphate on the mechanical strength of chalk, mhmoation with investigating whether any
temperature effects could be observed. This wasemaaksible by co-operating and
comparing test results with experimental work eariout for a parallel master thesis
(Davidsen, 2011). For the great basis of comparabmesults from both studies will be
presented and treated in this thesis. Four diftasgres of experimental tests were executed to
obtain comprehensive and comparable test resutis.ificluded hydrostatic tests, deviatoric
tests at several different radial stresses, Bearilests and creep tests. Results from the three
first types could be treated to obtain so-callediltfe envelopes” img-p’ diagrams. An
exceptionally good experimental method to studyntbael aspects of water weakening of
chalk, is to analyse water samples of the effluemier during creep testing. For being able to
study any sulphate effect, two different test lsimeere used; synthetic seawater (SSW) and
synthetic seawater without sulphate (SSW-{9P Since the only difference between them
was the presence of sulphate, any observed diffecerexperienced for similar testing
conditions could probably be related to the sulphaesence. Temperature effect could be
studied by performing tests at two different tenaj@re conditions; ambient temperature and
high temperature (13).



2 Theory

2.1 Carbonate rocks

2.1.1 Carbonate rocks in general

Carbonate rocks are a type of sedimentary rockshw¢onsists mainly of carbonate minerals.
Sedimentary rocks like this may be deposited ama@a precipitates, biogenic sediments or
as clastic sediments (Bjarlykke, 1989). Chemicacpmitates will in this case be solid
carbonate deposits (or salts) composed by aniamptexes of (CE* and divalent metallic
cations like C&, Mg®*, F&*, B&* and CGa", typically. By “biogenic” it is meant that the
sediment is constituted of deposits of living bsir{ghr, 2008), while a “clastic” sediment
means that it is made of eroded debris of otherb@ete) rocks (Link, 2001). Usually,
carbonate sediments are generated in shallow, waeans. Due to the different depositional
methods, carbonate sediments are composed oflpanvith a large variance of sizes, shapes
and mineralogy mixed together. One of the resultthis mixture is that the void spaces in
between the particles are often large, yieldinggh porosity (Lucia, 1999).

Internal bonds within the Gf structure are stronger than the ionic bonding betwthe
carbonate groups and the different cations. Inrotferds, the amount of energy needed to
break the salt molecules into two ions is less thhat is needed to break down the carbonate
groups. Under the right physical and chemical ecirstances the cation part of the carbonate
salt (i.e. C4" ions) may be substituted. Korsnes et al. (200pa@nd Korsnes et al. (2008)
discussed this substitution process in terms of ‘Ntans dissolved in (pore) water replacing
Cd" ions on intergranular contacts.

Carbonates can be divided into groups based on ¢hgstal lattice structure or the internal
arrangement of atoms, and each such group hawitsexognizable crystal system. The most
common carbonate minerals crystallize in the hemagsystem and hence belong to the
“hexagonal group”. Among the members of this grogplcite (CaCQ) and dolomite
(Ca,Mg(CQ),) are the two most commoAragonite(CaCQ) is another common carbonate
mineral which actually has the same compositiorcalsite — i.e. they are polymorphs of
calcium carbonate — but belongs to another groupcaagstallizes in the orthorhombic system
(Ahr, 2008).

Within the mentioned groups, it is the arrangem@natoms that distinguish the minerals
from each other. For instance, dolomite can typidakm from calcite if Mg *-bearing water
gets in touch with the latter and a chemical remiaent process of calcium and magnesium
ions occurs. This process is called dolomitizatowl its chemical equation is presented in
Eqg. 2.1:

2CaCQ + Mg®* &= Ca,Mg(CQ), + C&* (Eq. 2.1)

The equation can also be read the opposite dired¢tian described above, making it a
dedolomitization (or calcitization) process wher@cite is the resulting mineral. Which
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direction this reaction will move depends both ba €&"-Mg** ratio and the salinity of the
ion bearing water (Selley, 1998; Roehl & Choqueit885). Both the calcium and the
magnesium ion are divalent, but the latter is ¢h@aller size. This causes a change in the
dolomite lattice and results in a loss of rotati@ynmetry (Ahr, 2008).

Of all naturally occurring carbonates the sedimegntackslimestoneanddolostonemake up
as much as almost 90% (Reeder, 1983). And in fabgn dealing with hydrocarbon
reservoirs of carbonate rocks worldwide those astriduted more or less half-and-half
between limestone and dolostone (Zenger et al.0)1%urther, these rock types mainly
consist of the mentioned minerals; pure limestarmains more than 90% of pure calcite and
pure dolostone consists of 90% or more dolomitesg@i & Chilingar, 1967). The third
mentioned mineral, Aragonite, is quite common inderm oceans but rather rare to spot in
ancient rock records (Ahr, 2008). The reason i$ iths unstable in the subsurface and is
easily being converted to the hexagonal isomorgh, galcite. As a matter of fact, this
polymorphic reaction yields an increase in bulkuwié of 8%, resulting in a noticeable loss
of porosity (North, 1985).

Carbonate reservoirs have for many years contribsignificantly to the production of oil
and gas worldwide. A survey of the world’s largéslds known in 1967 was conducted by
Halbouty et al. (1970). A review of the statistiosproduced by Roehl & Choquette (1985),
presented that 44% of these “giant” fields produegtier substantially or entirely from
carbonate reservoirs. This proportion is comparableesults from more up-to-date studies,
like the U.S. Geological Survey (USGS) presentedbiprandt et al. (2005). They suggested
that approximately 2/5~( 40%) of the investigated fields consisted puretypartly of
carbonate lithology. When focusing on oll fieldse treview by Roehl & Choquette (1985)
suggested that around 61% of recoverable oil intdialds is found in carbonate reservoirs.
A more recent market analysis performed by Schlugdrein 2007 agreed with these
reviews, claiming that “more than 60% of the wasldil and 40% of the world’s gas reserves
are held in carbonates” (Schlumberger Market AngJy007).

2.1.2 Chalk in general

Chalkis a soft, white, porous and very fine-grainedirsetitary rock of the type limestone
which has maintained its biogenic origin (Roehl &aQuette, 1985). Often, chalks are
referred to as eithgyure orimpure based on their content of calcite (Caf@halks which
(almost) exclusively consist of calcium carbonate @assified as pure, while impure chalks
also can contain other minerals such as dolomitea sind clay.

Principally, pure chalks are built up of both whaed fragmentary parts of skeletons,
produced by single-celled marine planktonic algaeawin as coccolithophorids. The skeletons
are built up of calcite tablets or platelets ofitygb order of magnitude of 0.5-2;Bn across,
which are arranged in rosettes (or rings) calledcaliths. These coccolith rings have
diameters which typically lies within the range3s15um (Raggen & Fabricius, 2002), and up
to 20 such rings grouped together and overlappadfaan spherical shaped coccospheres.
Typical size of a coccosphere may beuB® across. They are held together by organic tissue,
but easily disintegrated to coccoliths and furttercalcite platelets during sediment burial.
(Glennie, 1998). Hence, complete coccospheres amdyrfound in chalks, but complete



coccolith rings are quite common. Such a ring, ddigon to other greater and smaller
fragmentary parts and grains, are all perceptilslethee highly magnified SEM (Scanning
Electron Microscope) picture of Liege outcrop chalkFig. 2.1. Especially due to all the
small particles, the surface area of chalk is glaitge; around 2 Ay (Regen & Fabricius,
2002).

Coccolith ring

L LGS, ST NS

Figure 2.1: SEM picture — magnified 12,460 times — of outcrbplkc from Liege, where
coccolith rings are shown together with other fragnary parts and grains of very different
sizes.

Pure and highly porous chalks consist of a mixtfrevhole coccolith rings and fragments

and grains of quite different sizes. Due to thisalk materials often have a rather open
structure. Some pore spaces even may be notaldyegrinan the sizes of the single grains.
This is one of the reasons why chalks often hofgh tporosity, but on the other hand also
some of the reason why highly porous chalks oftaretas low permeabilities as in the range
of 1-5 mD (Scholle, 1977). The latter is explailmgdthe fact that the smallness of the grains
makes the pore throats very narrow. Large sizgsood bodies compared to the surrounding
grains also make the chalk highly susceptible tee mmllapse, as prospective movement of
small fragments or grains may fill the voids andervblock passages between larger
fragments (Risnes, 2001; Strand et al., 2006; Mal]|2005)

Studies of chalks often involve strength and meidahrproperties. Mechanically, highly
porous chalks behave as frictional materials. Tiayally fail in a shear failure mode but as
already mentioned; due to the open structure, pollapse should also be considered as a
possible failure mechanism. In addition to the payp the content of silica is also an
important factor when considering the strength loélks (DaSilva et al., 1985). Typical
parameter values for chalks that are classifietn@sk”, are porosity higher than 35% and
silica content less than 7% (Risnes, 2001).



2.1.3 Chalk as a reservoir rock in the North Sea

For many oil and gas fields in the southern parth&f North Sea, chalk is found as an
important reservoir rock — both on the Norwegiad #me Danish sector. On the Norwegian
sector Ekofisk, Eldfisk and Valhall can be mentidngs some of the largest and most
important fields. Typical reservoir depths are 8,00etres, and for most chalk reservoirs in
the North Sea the temperature is in the range €f30°C. Porosity within chalk reservoirs in
this area typically lies between 20-35%, which uste high, but in some of the mentioned
fields the porosity sometimes even approaches SD%ef{ur, 1986; Roehl & Choquette,
1985). Such values are tremendously high, espgdail rocks at depths of 3,000 metres.
Usually, diagenetic processes would have reducedptirosity considerably. Evaluations
performed by Scholle (1977) suggest that challdéieh the North Sea, at burial depths of
2,000-3,000 metres, should have porosities in theraf 10%. However, in these mentioned
reservoirs high porosities have been preserved.pféeention and limitation of compaction
and diagenetic processes are probably due to @arhsion of hydrocarbons as well as
generated overpressures (Risnes, 2001).

It is expected that pore fluids have played an irtgmt role when regarding conservation of
porosity; both connate fluids (which are mainlynes derived from seawater) and migrated
fluids (petroleum, in the main). Permeability barsi may hinder pore fluids from escaping,
and as overburden stress increases with time tieeguessure can build up beyond the regular
hydrostatic level. In over-pressured situations likis, more of the overburden stress will be
balanced by the pore fluids. The intergranularsstiill therefore be lower than in normally
pressured rocks, and the physical drive towardsspre solution and generation of pore-
filling cement will be reduced. (For explanationoab the stress term, please see Paragraph
2.3.1 Stressal).

In addition, hydrocarbon fluids have (probably)aded the pores both early and efficiently,

and have expelled the initial brines to a largereegin fact, in some parts of the oil-wet

North Sea chalk, the water saturation (due to laegable water) is less than 10%. As a result
of this, less chalk needs to be dissolved for thee pvater to be saturated with it. And as the
water gets fully saturated the porosity reductiton@ with the diagenetic processes will

gradually cease (Scholle, 1975; 1977).



2.2 Porosity ( P)

As seen chalk is a composite material, which makesomogeneous on a microscopic scale.
This is also the case for rocks in general, andnsé¢laat rock materials cannot be treated as
homogeneous, solid materials. As a matter of facks’ behaviour, for instance their
elasticity (see Chapt&.3 Rock mechanics — Elastigitglepends to a considerable extent on
the non-solid part of the material (Fjeer et alQ&0 In other words, the degree of void space
in between the solid particles is important, anebahe content (fluid) and its parameters;
physical, such as density and pressure, as welawical, e.g. ionic composition and pH.

Materials that are composite in a way that created space in between solid particles, are
called porous materials. Based on an object cangisf such a material the tenporositycan

be defined. If the total volume (bulk volume) of abject is calledv,, the volume of solid
material (matrix volume) is called,, and the volume of void space (pore volume) isecall
Vp, the total volume can be expressed this way:

V, =V, +V, (Eq. 2.2)

Chalk is a good example of a porous material, dvadkacores are often used for experimental
work. In Fig. 2.2 a fluid saturated chalk core sed as an example to present the relation
between the three mentioned volumes. The rightrfigste clearly shows the relationship
between the fluid\() and the solid\{;;) volumes which constitute the bulk volume.

—

Figure 2.2: The relationship between matrix volumé,f and volume of free fluid in the
pores ¥p), which together constitute the bulk voluri@)( for a fluid saturated (chalk) core.

In cases where the object is a cylindrical core, llk volume can be expressed by this
formula:

2
v, =" (Eq. 2.3)
4
where
D: Diameter of the core

L: Length of the core

By saturating the core with a fluid, and weighirg tcore both in totally dry and totally
saturated condition, the pore volume can be folihd.weight of the fluid will be equal to the



difference between the two weight values, and byddig on the fluid’s density the volume
of the void space can be calculated:

_Ws _Wd
P

Vv

p

(Eq. 2.4)

where

W  Weight in saturated condition
Wg:  Weight in dry condition
ps: Density of the saturating fluid

When both the bulk and the pore volume are knowea,porosity ¢) of the object can be
defined as the proportion between them. (See K. Rorosity is a dimensionless quantity,
but by multiplying the value by 100 it can be givasa percentage.

VP
b

The termporositycan be divided into three more specific concemaselytotal, effectiveand
non-effectiveporosity. These are the engineering consideratwimnsh tell more precisely
how an object (e.g. a reservoir) can contain alf{lunk, 1987). Furthermore, pores can be
divided into three different morphological typesatenary porescul-de-sac(or dead-enl
poresandclosed pores- where the two first ones contribute to effeciparosity and closed
pores constitute the non-effective porosity (Selle§98). Fig. 2.3 shows an overview of the
mentioned classifications.

Catenary pore ———»-
Effective porosity

Total porosity < Cul-de-sac pore

Ineffective porosity Closed pore
A

Figure 2.3: Overview and illustration of the pore type clagsifion and to which concept
of porosity each of them belong. (From Selley (1298

Some pores are totally isolated in between the madiesolid particles, and therefore have no
connection or communication with other pores. Sotised pores will for instance not
contribute to the pore volume found by using thentimmed method and formulas, as they
will not be filled with the saturating fluid. Instd, the volume of isolated pores will make up
a part of the matrix volume. Fluids which are alie&ontained in such a void cannot be
removed from the object. This can for example leediise when producing from a reservoir
rock, where fluids in closed pores are non-prodecimd often called “fixed fluids”.



Effective porosity only comprises the pores whicé mterconnected to other pores, so that
the contained fluid can be replaced and producsdsh®wn, both the so-called catenary and
cul-de-sac pores are effective pores in this reg@edenary pores have communication with
other pores through more than one throat pass#gere are “chains” of passages in between
them. Cul-de-sac pores are also called dead-esdbeg are only connected to another pore
through one throat passage. Regarding hydrocarbotgugtion, natural or artificial water
drive can flush out hydrocarbons from catenary pdret will not affect cul-de-sac pores.
However, the latter type will be filled with fluiduring saturation, and hence contributes to
the effective porosity measure (Selley, 1998).

When regarding petroleum activities effective pasos the most interesting, as it gives the
fraction of void space filled witlhecoverable(producible) fluids. Non-effective porosity, on

the other hand, concerns the closed pores fromhafueds cannot be produced, while the
total amount of void space inside the bulk volummetuding both the effective and non-
effective — constitutes the so-called total posositsually, the effective porosity lies

somewhere in the range of 40-75% of the total ptyroexcept in unconsolidated sediments
(North, 1985).

During the work with this thesis, the explained hoet and calculations have been used for
deciding porosity of chalk cores. As the saturaflogl will not fill the closed pores, it should
be noted that it is theffectiveporosity which is found.
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2.3 Rock mechanics — Elasticity

Please note that the theory — both text and figur@sesented in this part (Chapt2r3 Rock
mechanics — Elasticifys mainly based on Fjeer et al. (2008) unless wtise is stated.

Elasticity can be defined as the ability that aerat has to resist deformation when being
exposed to forces, and also to recover from defbomafterwards. Such forces can arise
from pressure, stretching, bending and/or twistiimgtheory, all materials are elastic to a
certain extent, and within the term of rock mecharglasticity is an important phenomenon.
There is often a linear ratio between the exermedes and the resulting deformations. In fact,
in cases where the exerted forces are changedgligktly, the response always seems to be
linear. Hence, all discussions on elasticity ineldide theory of linear elasticity.

The theory of elasticity comprises primarily thencepts ofstressandstrain, which will be
presented and defined in the following.

2.3.1 Stress (0)

Stress ¢) in general
Just like pressure, the terstress(o) is defined as the forcd-) acting on a (cross-section)
area A):

g=— (Eq. 2.6)

In the work with this thesis stress is an importpatameter and the variables will be
presented with their Sl units, i.e. Newton [N] asguare metre [fh for force and area,
respectively. Equivalent to pressure this givedrass unit of [N/ri, which is commonly
referred to as Pascal [Pa]. The sign of the sisedsfined by convention. In rock mechanics
the stresses that are dealt with are (almost) sixely compressive. Hence, traditionally the
sign convention within rock mechanics establishest tompressive stresses are positive,
while tensile stresses are negative. Since itmgater of convention it is important that there
IS consistency in the use of signs, so that passifisunderstandings will be avoided.

The concept of stress will here be linked to theecahere a piston is placed on top of a chalk
core. The piston acts on the core with a certaioefoand in fact any cross-section of the core
is being exposed to this force. Fig. 2.4 shows phisciple with a similar example, namely a
weight put on top of a pillar.

11
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Figure 2.4: lllustration of area dependence on stress, as &ddads acting on different
cross-section areas. Smaller area results in a éigitress. (See Eq. 2.6).

Newton’s third law of motion states that for evation (or force) in nature, there is always
an equal and opposite directed reaction (force)adoordance with this law, the pillar in
Fig. 2.4 reacts with a force of equal size as tkieraal force from the weight, but in the
contrary direction. Given that the pillar is placad a horizontal plane, gravitational forég (
from the weight will work vertically and hence astional to any horizontal cross-section.
Both cross-section a) and b) in Fig. 2.4 are hatizlp but their areas A; andA,, respectively

— are different. Cross-section aregat position a) is the bigger one, and hence tlesstvill

be lower at this point, but the magnitude of thecéd- is the same in both positions. In
experimental work where test objects (e.g. challegpare exposed to external forces, it is of
importance that the cross-section area does ngt alang the length of the object. In the
specific case with this thesis, this could be ckdcky measuring the diameter at different
positions of the cylindrical cores.

Normal stress ¢) and shear stress1

However, the direction of the force is not necabsalways perpendicular to the cross-
section or the surface, as exemplified in positpm Fig. 2.4. The orientation of surfade
makes it necessary to decompose the fof€g ifito two components, where one is
perpendicular (normal) to the surfaceFf) and the other one is parallel to Ep)f. This
decomposition of forc€ is presented in Fig. 2.5:

12



Figure 2.5: Decomposition of a forc€ into two components; one normdat, and one
parallel (Fp) to the cross-section area.

Decomposing the force into two components alsoltr@stwo different expressions of stress;
normal stresg(s) andshear stresgr) which are connected to the normal and the péralle
force, respectively. Equations for the two typestoésses can be presented with Eq. 2.6 as a
basis:

0’=F—A': (Eq. 2.7)
and
FP
r =7 (Eq. 2.8)

where the cross-section arka@epresents any surface exposed to the decompossed-f

Even along one given surface area the force may. vary surface can be divided into an
infinite number of sections1f), each of them exposed to an infinitely small portof the
total force (F). In some cases thecal stressat a certain poir® on the surface is of interest.
As the force4dF may differ from one subsection to another, onlg gpecific section
containing this poinP should be considered at a time. Eq. 2.9 showslieastress at poift
can be defined as the limit value4#i/4A; when4A; goes to zero:

lim :
o= il (Eq. 2.9)
AA; - 0 AA
As Eq. 2.9 defines thiecal stressat a certain point within a cross-section, it barstated that
Eq. 2.6 rather gives treverage stresat the cross-section.

Total stress ¢) and effective stressd’)

When regarding porous materials, it is importardistinguish between the two termstofal
and effective stressBecause, when a force acts on a surface aregyofaas object (e.g. a
chalk core) the object as a whole is exposed tw@abledtotal stresqo). This external stress
is in equilibrium with the internal stress, conisigtof the pressure inside the porgg) @nd

13



the intergranular stresg’§, and the latter is commonly referred toedfective stressThe
balance between these three mentioned paramesdrevs in Fig. 2.6 and Eq. 2.10:

Total stress

o

l

Grain Pore
forces pressure

Pore space

Figure 2.6: lllustration of total and effective stress on a @aes material. (Inspired by
Finsnes (2004)).

Total stress = Effective stress + Pore pressure
og=0+p, (Eq. 2.10)

Karl von Terzaghi turned this relation into a matfagical definition of effective stress:
g=0-p, (Eq. 2.11)

From this equation it is clearly shown that a highere pressure will reduce the effective
stress on the grains, as a larger part of the medtstress will be balanced by the pore fluid.
Terzaghi’'s equation can further be derived to aistude a scaling factor in the pore pressure
term which is called Biot’s constarnt)(

g=o-(ap,) (Eq. 2.12)

This constant is limited to the randge< a < 1, where® is the porosity of the object/material.
High porosity materials, as well as weak and uncldated materials, will have high values
of a, i.e. close to 1.

Principal stresses ¢3 < 62 < 61)

To be able to give a complete description of thesststate at a certain point within an object,
it is needed to identify the stresses related ttasas oriented in three orthogonal directions.
Three-dimensionally (x-, y- and z-direction), thsgeesses will be related to each surface. For
example, a surface which is normal to the x-axis lave the following stresses related to it;
a normal stressof), a shear stress related to a force in y-direcfi) and a shear stress
related to a force in the z-direction;. Only one shear stress will be associated wieh th
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surface physically. But the shear stress oriematiwust, however, be identified — most
practical by identifying both the y- and z-compotsersimilar identifications can be done for
surfaces normal to the y- and the z-axis.

Based on Fig. 2.5 both forces and stresses wemsrgersed when considering a cross-section
through a sample which was not perpendicular taltfextion of the load. For simplification,

a two-dimensional figure was used, and will alseeH#e used to define thgincipal stresses

— illustrated in the xy-plane.

Consider a surface which is oriented normal to mega directiond in the xy-plane. The

normal ¢) and the shearr) stresses at this surface are illustrated in Eig, where the
hypotenuse represents the surface of a triangksat- i.e. no net forces act on it.

rxy
Ox
—_

Figure 2.7: Force equilibrium on a triangle at rest, where thgpotenuse represents a
surface oriented perpendicular to a general directd in the xy-plane. The arrows show the
direction of the forces acting on the triangle, @ssng that all the stress components are
positive (compressive).

By cancelling out forces, the following equatior@ de listed for the normal and the shear
stress, respectively:

o = 0x-C0$(0) + 0,-Sirf(f) + 21,y-Sin@)-cosp) (Eq. 2.13)
= % (ox + oy) + % -(ox — 0y)-COS(D) + 1y SIN(D) (Eq. 2.14)

T = 0y-SiN@)-c0sf) — ox-c0sP)-SinQ) + 7xy-c0SP)-c0SP) —1yx-Sin@)-sin@) (Eq. 2.15)
= % “(oy — 0%)-SiN(d) + 7y CcOS(D) (Eq. 2.16)

From the latter equation it is possible to get0 by choosing an orientatiéhso that:

2[1,,
tan(?) = e (Eq. 2.17)
X y
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There are two different solutions &f¢, andd,) corresponding to two different directions for
which the shear stress is non-existing. These twartions are known as the principal axes of
stress and are orthogonal. The corresponding nostnessesof and o,) are called the
principal stressesind can be presented mathematically by introdug€opg2.17 into Eq. 2.14:

al=%[ﬁax+ay)+\/rfy+%[ﬁax—ay)2 (Eq. 2.18)

o, :%[ﬁax+ay)—\/rfy+%r[ﬂax—ay)z (Eg. 2.19)

Usually, the solutions of the two principal stressee chosen so that > ¢». Hence, the
principal stress in directiof;, which defines a principal axis, is larger thae trincipal
stress in the other directiofi,] which identifies a principal axis.

Further, principal stresses can also be definatiree dimensionsas test samples often are
exposed to stresses in all directions. The notasi@onveniently chosen so that> o, > o3,
where oy still is the so-callednmaximum principal stresBut now, theminimum principal
stressis denoted bys;, ando, is here the symbol for antermediate principal stress

The deduction of principal stresses in three dinmerssis naturally more complicated than
what has been shown here for 2D. But, for objdtas have a cylindrical geometry both the
intermediate and the minimum principal stress Wl equal, typically. The reason of this is
that they will both be acting radially towards tbbject, generated by the same confining
(surrounding) pressure. Since all the tested sampiethe work with this thesis are of

cylindrical shape, the deductions in 3D will theref not be carried out here. Instead, the
relations, = o3 is set up, and onky; andeos will be used in this thesis.

Mohr’s stress circle
First, consider the basic theory about principa&saix two dimensions again.

The coordinate system can be reoriented so thak-tie@s and the first principal axis are
parallel, while also the y-axis is parallel witretbther principal axis. Based on Eq. 2.14 and
Eq. 2.16 the normal and the shear stress in a datigzetiond relative to the x-axis can then
be determined by:

0‘:

N

(o1 +0y) + %'(0‘1 —07)-c0S(d) (Eg. 2.20)

T= —;-(01—02)-Sin(29) (Eq. 2.21)

In az-o diagram corresponding values of these two parasetn be plotted. The plot will
have the shape of a circle as illustrated in Fig, ®ith its centre on the-axis and having a
radius equal toog —0,)/2. Such a circle is calledMohr circle.
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Figure 2.8: Basic illustration of the Mohr circle, showing hatvconnects the principal
stresses (heres; andey).

Similar to the theory of the principal stresses tonstruction of Mohr circles ithree
dimensions is also considerably more complicated than in Bt since the testing of
cylindrical samples provides the opportunity toset o3 the basic theory shown here will be
applicable, withr; as the maximum principal stress ands the minimum.

Mohr circles are commonly used as tools when anajywck failure mechanisms, and form
the basis of the failure related Mohr-Coulomb ciite. (See Paragrapgh3.6 Mohr-Coulomb
criterion).

2.3.2 Strain (&)

When regarding deformation in mechanics and phy#iesternmstrain (¢) is usually used as a
measure. Deformation of an object (or a “body”)i¢gtly occurs when it is exposed to
external forces. To get an understanding of defdomaand strain a sample can be
considered, and especially the position of a sjpegdrticle (or point) within the sample. The
initial position of the particle can be denoteddy, z, as shown in Fig. 2.9:

£ y.2)

Initial position Shifted position
Figure 2.9: lllustration of deformation of a sample (or a “bdflyafter being exposed to
external forces.

After external forces have acted on the body, th&tipn of the specific particle has been
shifted from its initial. The shift in x-, y- anddirection can be denoted by the quantities
andw, respectively. These quantities can be referreabstthe displacement of the particle. It
is important that the signs of the displacemenis @ndw) are consistent with the signs of
the stresses, defined in Paragr@pB1 Stressa. The displacements are considered positive
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when directed in the negative direction of the axdaus, the shifted (new) position of the
particle will have the coordinates (x’, y’, Z’), th@matically represented by:

X=X —U (Eq. 2.22)
y'=y-v (Eq. 2.23)
Z=z-w (Eq. 2.24)

In some cases the displacememty andw are equal for each and every particle within a
body. Then, the displacement is simply a transtadiba rigid body. But if the positions of the
particles within a body instead are changed retito each other so that the new positions
cannot be obtained simply by a rigid translationt,ahe body is said to be strained.

Fig. 2.10 shows an example of such a strained bwltigre a cylindrical shaped core (e.qg.
chalk core) has been strained due to external $dfgeand Fy. This example shows the
experience from the two types of tests performetheawork with this thesis — hydrostatic
tests and deviatoric tests. The figure illustrates case where a (chalk) core is exposed to
forces in all directions. Due to the core’s cyliidf shape all forces in the horizontal plane
will be equal,Fy. When the (axial) forces in the x-directiof) are equal td-, the core is
loaded hydrostatically, while in the case whé&tedeviates fromF, the core experience a
deviatoric load. The latter type of test is typigaderformed by keeping the surrounding force
in the y-direction constant while the axial foroexidirection is increased to a higher level.

Fy
/|
\\_______/
; Fy X
F :
F, y
? e —
\\\_//
I ™
F, L
DI
- D

Figure 2.10: Deformation on a cylindrical object (e.g. chalk eprcaused byhydrostatic
compression.[§: Diameter.F: Force.L: Length). (From @vstebg (2009)).
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Strain €) can be defined as the deformation relative tootiginal length — both in the same
direction. Therefore, there must be defined oneton in each direction of deformation.
Considering Fig. 2.10 the strain in the x-directi®efined by

AL _L-L'
e =—/—==_= Eq. 2.25
S ) (Eq )
while the strain in the y-direction is given by
AD _D-D
s === Eq. 2.26
S 5 (Eq )
where
Ex: Strain in the x-direction. (“Axial” strain).
&y Strain in the y-direction.
L &D: Length and diameter, respectively, prior to coespion.
L'&D’: Length and diameter, respectively, after compoess

The quantity of strain, often calleelongation is dimensionless, and usually given as a
percentage. A necessary remark about the tixformationis that it has to be understood as a
change in the normal shap&his means that a “deformed length” can eithelddoger or
shorter than the initial length. Through a hydrostaompression all lengths in a body will
get shorter than initially. On the other hand, tase of so-called uniaxial compression is
different. A simple sketch to present the latteshiswn in Fig. 2.11.:

Fy

< D

Figure 2.11: Deformation on a cylindrical object (e.g. chalk eprcaused byuniaxial
compression.¥: Diameter.F: Force.L: Length).
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During a uniaxial load, where forces only are es@rin one direction here: axial, x-
direction) and there exists no force or pressuppst in any other direction, the compression
in the force direction will result in an expansioranother (the y-) direction.

No matter what type of load a sample is being eagds, it will deform in more than one
direction, (except in the case of uniaxial strast$ where the specific purpose is to maintain
strain in one direction only). Hence, it can beimktrest to measure the total (summed)
deformation of the sample, known aslumetric strain(eyo). For instance when calculating
the bulk modulusK) — an elasticity modulus — the volumetric stramne of two parameters.
Eq. 2.18 shows this standard formula for calcutpdig;:

:AV—V =g, e, tE, (Eq. 2.27)

vol

where &, ¢, and ¢, are the strains in the x-hére: “Axial” strain), y- and z-direction,
respectively. The cores that have been testedsnbrk have been cylindrical, and in these
cases the volumetric strain is made up of an &xipbnd a radiale) strain:

£ =& +(20F,) (Eq. 2.28)

There was not used equipment for measuring thiglra@formation in the work with this
thesis. However, by assuming that the tested objgstan isotropic behaviour — i.e. that the
physical properties are the same in all directienscan also be assumed that the axial and
the radial strain are (approximately) equal durinyglrostatic loading. Thus, the volumetric
strain can be presented as being dependent onstaad only:

£ =& +(2F,)=3F (Eq. 2.29)

X

2.3.3 Bulk modulus ( K-modulus)

The bulk modulus often referred to as thi€-modulus is an important elasticity modulus
when regardindhydrostatic conditions, and belongs to the theory of lineasttity. This
means that there are linear relationships betwegtieal stresses and the resulting strains.
When an object is exposed to the same stress )fordbe three orthogonal directions it is
said to be hydrostatically compressed, Knd understood as a measure of the object’s ability
to resist this compression. The hydrostatic congmoes will cause deformation in all
directions, and the ratio of hydrostatic stresg) (elative to the volumetric straire.f)
presents the definition of the bulk modulus:

K ::—h (Eq. 2.30)

vol

The dimension of the bulk modulus will be the saaee for stress, since the strain is
dimensionless. The value of strain is typicallyyvemall compared to the hydrostatic stress,
which makes the K-modulus large. In those caseshef value of stress is given in
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MegaPascal [MPa], the bulk modulus is often giverGigaPascal [GPa]. The hydrostatic
stress is the same in both the x-, y- and z-dwacti

(Eq. 2.31)

and the volumetric strain is shown in Eq. 2.29édHhree times the axial strain. Then, with the
mentioned assumption of isotropy, the bulk modekus be presented like this:

Oh
3LE

K=

_ (Uhéfx) (Eq. 2.32)

X

As will be shown in Paragraph5.1 Standard triaxial compression tdstdrostatic (axial)
stress ¢, = oy) can be plotted versus axial strair) for a hydrostatic loading. The plotted
curve will be straight with a slope equal dégex. Thus, the bulk modulus can easily be
calculated by dividing the slope value by 3. (Sge E32).

In the plots presented in this thesis, the axiaistvalues on the x-axis will be given as
percentages, so the slope must me multiplied bytd @@t the correct value & In addition,
to get theK value in GPa the value must be divided by 1,00Bek\the slope value &sfrom
the general linear equation:

y=alx+b (Eq. 2.33)

the equation for calculating bulk modulus from phet will then be:

a[MPa] D100 _a[MPa]
3 100C 3C

K[GPa]= (Eq. 2.34)

If the x-axis consisted of volumetric strain ingtedhe K-modulus could be obtained by

dividing the slope by 10. But it should be noticdtht far from all materials behave

isotropically, so the results from using this asptioan will not be entirely comparable with

standard calculations from using Eq. 2.30. But msajpproximation it is a good and easy
method, and the different results from using tlame method with the assumption can of
course be compared with each other.

2.3.4 Young’'s modulus (  E-modulus)

Another elasticity parameter is tivung’s moduluysalso callede-modulus It differs from
the K-modulus by concerning another type of load, nantie®yuniaxial (or deviatoric). Fig.
2.11 shows the typical deformation of a test cbeg has been loaded uniaxially. But, similar
to K, Young’s modulus is also included in the term iok&r elasticity. With basis in this
theory, the following equation can be written fbe tlinear relationship between axial stress
(ox) and axial straine() under a uniaxial load:

(Eq. 2.35)
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which also is known as Hooke’s law, and whris the symbol for Young’s modulus.
Young’s modulus can be defined as a sample’s (ma#igr resistance against uniaxial

compression (caused by uniaxial stress), and caom&dered as a measure of the material’s
stiffness. Transforming Hooke’s law gives the edqurafor calculatinge:

E=—x (Eqg. 2.36)

which, equivalent to the case fi; tells that this elasticity modulus can be founckatly
from an axial stress versus axial strain plot fouraaxial (or deviatoric) loading. Also
equivalent to the bulk modulus;afis the slope from the linear curvg,is given in MPa and
ex IS a small number (as in most cases) given asa@idn instead of percentage, tke
modulus can be calculated in GPa by multiplying Z87 by 100 and dividing by 1,000:

E[GPa]= a[MPa] -2 = 2MPal

Eq. 2.37
100C 10 (Fa )

2.3.5 Failure mechanisms

If an object of rock material is exposed to stressesufficient size it will eventually go into
failure. When failure occurs, the rock changes shagrmanently, internal bondings in the
material break and the object may even fall agartaddition, the material loses ability to
carry loads (additional) loads, and will deformagtigher rate than before failure for the same
increase in loads.

The process of rock failure is very complex andl st entirely understood. Instead of

derivations from laws of physics the theory of rdeilure is therefore rather based on

(mathematical) descriptions of observed behaviditaioed from experimental work. When

testing a sample of a certain bulk it should beceot that the concept of rock failure is

connected to the condition of the solid framewankother words, the failure-causing stresses
are theeffectivestresses working on the framework, or the extestraks minus the amount of

stress carried by the pore fluid.

A term which is commonly used together with failisstrength as this is determined by the
stress level at which a rock typically fails. Ratkength is not a uniquely defined parameter
and will therefore only be “meaningful” when theests geometry (i.e. the type of test in a
laboratory setting) is specified.

Two of the most important tests used for measurouk strength are theniaxial and the
triaxial test. A uniaxial test is performed at zero comiinstress, and is therefore also called
unconfined compression test. For a cylindrical sldapore the stress will only be applied in
the axial direction, and there will be no radialess. Triaxial tests are on the other hand
carried out with a non-zero confining stress. Hetheetest sample will be exposed to stresses
in all directions. These principles are shown biadkig. 2.10 and Fig. 2.11.
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In the following, three failure mechanisms will peesented briefly. An object which is in
tension and exposed to excessive tensile stresg, amantually go intotensile failure
Compressed objects will fail in other ways. In bathiaxial and triaxial tests the most
common failure mechanism shear failure caused by excessive shear stress. A third failure
mechanism, which is usually observed in highly peronaterials where the grain skeleton
forms a quite open structure — such as chalks pore collapse This is also known as
compaction failure, and may occur under excessiydrdstatic stress. These three
mechanisms of failure are sketched in Fig. 2.12:

t 4

\ t

a) b) c)
Figure 2.12: Sketches of typical fracture planes in the cases wnsile failure and) shear
failure, and reorientation of grains when experigrgcc) compaction failure due to pore
collapse. (Inspired by Fjeer et al. (2008)).

Tensile failure

When the effective tensile stress across some plaaesample exceeds the critical limit of
the material, tensile failure will occur. The ardl limit is called the tensile strengtp) of

the material, having the same dimension as steeskthis is a characteristic property of the
rock material. For most sedimentary rocks the terdrength is fairly low. As sketched in
Fig. 2.12a), a sample suffering tensile failure will typicalplit along one (or very few)
fracture plane(s) oriented normal to the directibithe tensile stress. It is common that such
failure planes arise from pre-existing cracks i mmaterial oriented the mentioned way.

Shear failure

When the shear stress along some plane in a sasniplereased to a sufficiently high level,
shear failure will occur. The fracture plane wjlptcally form like shown in Fig. 2.18) and
due to a fault zone developing along this planetweeparts will move relative to each other
in a frictional process. The failure mode for midesr that undergo uniaxial (unconfined
compression) loading or triaxial loading with lovfeetive radial support will typically be
shear failurermax is the symbol of the critical shear stress at Wisigear failure will occur.

Pore collapse (compaction failure)

As in the case of chalk, some materials have aaqpen internal structure and therefore also
a high porosity. During compression, typically un¢faure) hydrostatic loading and especially
when there is a certain radial support, grains braak from each other and/or loosen from
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the structure. These loose particles can be pushedded and reorganized so that they fill the
larger voids, resulting in a closer packing of thaterial. Fig. 2.12) shows an illustration of
these changes, where the sample as a whole wirexge compaction.

Special for chalk is that the grains may be of aerable different sizes, where some of the
smaller grains can be pushed directly into the Epace after being loosened from the
structure. On the other hand, in for instance dands, the pore sizes are typically of the
same order of magnitude as the size of the grinnsuch cases, the pore collapse will rather
consist of reorientation of grains to better filetvoids. However, even though compaction
failure as a whole is considered to be a mattggooé collapse, this type of failure actually
also arise from excessigbearforces acting through grains and grain contactallpcHence,
pore collapse (compaction failure) might as well regarded as shear failure which is
distributed within the material.

2.3.6 Mohr-Coulomb criterion

A test sample that suffers from shear failure @xperience a fracture which splits the sample
into two separated bodies. If the sample is skjpased to stress, there will be a relative
movement between these two bodies which is cowttstaby a frictional force. Such
frictional forces are dependent on the force nortoathe contact plane between the two
bodies. A reasonable assumption can then be stgithg that the critical shear stregs.
depends on the effective normal streg$ acting over the failure plane. This assumption is
called Mohr’s hypothesis and can be presented dyelationship in Eq. 2.38:

7 el = F(0) (Eq. 2.38)

From this definition failure criteria can be deddcat which the intermediate principal stress
has no effect. Hence, pure shear failures are dapendent on the minimunas{() and the
maximum ¢7’) principal stresses, (given by their effectiveues).

One of the most frequently used criteria is Mehr-Coulomb criterion Based on Eq. 2.38
and by assuming th#{z’) is a linear function of’, the following relationship can be set up:

=S, +uw’ (Eq. 2.39)

whereS is the inherent shear strength — commonly caltdtesion- of the material, and is

the coefficient of internal friction The constant factor is a parameter contributing to
determine the frictional force on the failure plamieen shear failure has already occurred. In
contrast to this, the cohesio®) says something about the state of the materthleatnoment
the failure is initiated. It can be said that motialong the failure plane before failure is
initiated — i.e. when the plane is still intacts—resisted by the internal cohesive force of the
material. To be able to achieve failure at all thasistivity must be defeated, and cohesion
(S) can be defined as this internal strength. Or timeo words; cohesion is equal to the
weakest force able to initiate failure, in caseserghthere is no normal stress present to
generate frictiond = 0) (Jaeger, 2007).
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Fig. 2.13 illustrates the Mohr-Coulomb criterionavl a Mohr circle touches the failure line
and wherep is theangle of internal friction(or simplyfriction anglg, having the following
relation to the material’s coefficient of interrfattion (u):

tan(g) = u (Eq. 2.40)

Failure line

Figure 2.13: The Mohr-Coulomb criterion illustrated in a-c’ diagram, showing the
relation between a Mohr circle, its connected mummEs) and maximumad() principal
stress, the failure line, the cohesid)(and the friction angleq).

In the -6’ diagram the linear Mohr-Coulomb failure line regepts the material’s critical
combination of shear and normal stress for faitoréappen. Most materials have a certain
shear strength (cohesion), and the failure liné mat go below this shear stress value in the
diagram. The exception is cohesion-less materiaisywhich the failure line will go through
the origin. If the Mohr circle for a sample of ateén material at certain conditions does not
reach up to the failure line, this means that failwill not be initiated along any plane within
the sample. An increase in loads onto the sampbtEhance also effective stresses, will make
the Mohr circle expand and eventually touch th&ufailine. At the stress conditions where
the failure line becomes a tangent to the cirdhe, failure criterion is fulfilled for some
plane(s) within the sample, and failure will occur.

Fig. 2.13 also illustrates that the intermediatiective stress has no effect on the Mohr-
Coulomb criterion. Hence, this criterion is chaesited as being two-dimensional. But as
long as the tested samples are cylindrical and“lateral” stresses are equal, the test
conditions may also be considered as 2D. In othedsy the minimum and intermediate
effective stresses are equal, and there will beamdlict between test results and the criterion.

Graphically, the friction anglepf is the angle between the horizors&laxis and the failure
line, and hence determines the slope of the laltez.cohesionY) is determined by the point
where the failure line intersects the verticalxis, i.e. it is equal to the shear stress whenreth
is no effective normal stress presesit £ 0). Another parameter which is introduced ia th
figure is the angles which defines the position of the point where fagure line is the
tangent to the Mohr circle. The stress values iat phint are of interest since this specific
combination ofz and ¢ will initiate failure in the material. They can bexpressed
mathematically by the following equations:

7| =%[ﬂo—; - 03)Bin(28) (Eq. 2.41)
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o' = tloi+ 1)+ Ho; -03) eod2p) (Eq. 2.42)

Some of the parameters that are shown graphicallyzic’ diagram in Fig. 2.13, are also
shown in a cylindrical test sample setting in Rd.4.

0'3,
e

| ——TFailure plane

Figure 2.14: lllustration of the relations of some parametersatoylindrical shaped sample;
principal stressesog’ ando;’), a shear failure plane, the stressesafdc’) acting on the
plane and the orientatiorg) of it.

This figure shows how the different stresses ase@ated with a cylindrical shaped sample
and its (possible) shear failure plane. But it albastrates howp is connected to the
orientation of the failure plane, as this parameggresents the angle for which the Mohr-
Coulomb failure criterion is fulfilled. The orientan (failure) angle £) and the friction angle
(p) are related to each other by this simple equation

+ 7 =45° + L] (Eq. 2.43)

ﬂ:

T
4

(CRRSY

Sinceg is a constant value in the Mohr-Coulomb criteritms will be the only parameter
affectingp.

In the case of uniaxial compression there will donéya load in one (the axial) direction. This
axial load generates the maximum effective stres$ énd since there is no radial suppgift
can be set equal to zero. Materials have a cedfaéngth to resist uniaxial compression,
denoted byC,, but at increased load the material will eventualb into failure. The
maximum effective stressri() at the moment of failure is equal to the mentbsé&ength
(Co), which can be given by this mathematical expossi

_ codg) _
C, =205, GHW = 2[5, (an(f) (Eq. 2.44)

when the failure mechanismsbear failure
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The uniaxial compression strength is dependenthencbhesionSy) and the friction angle

(), but by using the relationship in Eq. 2.43 thtelacan be replaced by the failure angle (

Finally, the Mohr-Coulomb criterion can be exprebssath principal stresses in the following
equation:

o, =C, + o, Qan’(B) = 28, Gan(B) + o, Gan?*(B) (Eq. 2.45)

2.3.7 q-p’ plot

Mechanical properties of rocks can typically beed@ined by performing several triaxial
compression tests at different confining pressugenerating radial support to varying
extents. Stress-strain diagrams will provide staish@h elastic properties and data associated
with failure (or yield). (Please see Paragralisl Standard triaxial compression testd
2.5.3 Yield. Such failure data (failure/yield points) may le/en in pairs with their
corresponding confining stresses and displayedhigalty in different types of diagrams.
One of these diagram types has already been pegseramely the-o’ plot. But another very
common way of displaying strength data is by usihg g-p’ plot. At least within soil
mechanicg}-p’ plots are standard for plotting of failure surfadagt this trend is increasing in
rock mechanics too.

The two parameters which constitute this kind ot jgire thegeneralized shear stre¢g) and
themean effective stre¢@ '), usually denoted by’. Based on the different effective stresses
on a test sample, these two parameters can be ¢edijpom the following equations:

1 I I I I I I
q= E E{/(al - J2)2 + (02 _03)2 + (Jl _03)2 (Eq. 2.46)
p'=ﬁ'=%[ﬂa{+a’2+0;) (Eq. 2.47)

both of them having the same dimensions as stnass;ally.

Since the two radial stresses in a standard ttiagiapression test on a cylindrical sample are
the same, it is common to set = o3 . (Due to cylindrical geometry they are both getexta
from the same confining pressure). Thus, the twaaBgns above can be simplified to the
eguations shown below:

q=0, -0, (Eq. 2.48)
p’ =%m (Eq. 2.49)

When performing a specific test, its stress path lma traced as a line in tigegp’ plot. With
increased loads the sample will eventually go faiture (or yield), and in theg-p’ diagram
this is illustrated by the stress path crossingctiee itself, or théailure envelopeThis way,
theqg-p’ plot can be drawn by the strength results of sdvtaaxial tests on the same material.
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Each test will generate one pair of strength valaad hence one pair ¢fp’ values to form a
single point on the curve. When a number of teat®tbeen performed providing the diagram
with an adequate amount of plotting points, thiifaienvelope of the material can be drawn.

This failure envelope bounds the elastic regiothmg-p’ plot, i.e. stress conditions within
the envelope have not reached failure and thusaaded any permanent deformation to the
material. As seen in Fig. 2.15 the envelope comsiktwo main parts, namely the linesdrear
failure linefor lower values op’ before transition to thend cappart for higheip’ values.

A Eq. 2.50
q Eq. 2.55
Shear failure .-~
__:‘1'“5 End cap

N 4

Strain hardening
region

Elastic
region

Hydrostatic

‘Zyield point

—»>
p

Figure 2.15: A typicalg-p’ plot, showing the parts of the failure envelopd aow it bounds
the elastic region. (From Madland (2005); Korsn28(7)).

The different parts of the failure envelope typigakll which failure mechanism will be
dominant for different stress combinations. (Seea§aph2.3.5 Failure mechanispsA
compression test performed on a sample by uniguiatonfined compression) loading or
triaxial loading with low effective radial suppomsill typically end with shear failure. The
results from such a test will creatg-g’ plotting point on the linear shear failure lines Also
described in the paragraph regarding failure meshas) tests performed at higher confining
pressure (higher values eof') typically experience compaction failure, or parellapse.
Hence, this is the dominant failure mechanism @nethd cap part of the failure envelope. It
can also be mentioned that the envelope can bendaithe way down to thp’-axis left of
the shear failure line bytansile failure line Results from tensile tests will land on this Jine
naturally. However, this is not discussed any ferrthiere since the tests that are carried out in
this work are (almost) exclusively compressiongest

By involving cohesion %) and friction angled) a mathematical relation between the Mohr-
Coulomb criterion and the shear failure line in ¢pg’ plot can be presented. This part of the
failure envelope can be defined by the followinigtien (Risnes et al., 1998):

_ 603in(g) 605, [tody)
q_3—sin(¢) ¥ 3-sin(g) (Eq. 2.50)

This is equivalent to the basic equation for adimelationship:

28



y=alx+b (Eq. 2.51)

wherey andx represent the two variablgsaandp’, respectively, and where the factor:

_ 6isin(¢) (Eq. 2.52)
3-sin(g)
corresponds to the slope of the shear failure Wiele the term:
, = 805, [cod4) (Eq. 2.53)

3-sin(g)

corresponds to the point where the failure line Mfontersect thej-axis. By transforming the
two latter equations it is possible to determinéhlibe friction angle and the cohesion from
theg-p’ plot — if the shear failure line is already knoamestimated (e.g. by linear regression,
as will be done in this present work). The frictiangle value typically lies within the range
of (0°, 90°). For these values, and based on Eg. 2.52 an@.&8, the following correlations
can be put up:

» A steeper shear failure lingigher g correlates to aigher friction angle ¢).

* A higher intersection point with thg-axis higher B correlates to &igher cohesion
value (9).

When comparing failure envelope curves, as wiltlbae in Chapteb Discussionthese two
clues can be useful for quick (but not detailed@rpretations of the mechanical parame§rs
andg, and hence als®andu.

As observed in Fig. 2.15 the shear failure linaastraced all the way back to theaxis, but

is rather “cut off” by another broken linear lifeaugh the origin. This dotted line determines
the minimum value of the shear failure line, antiased on connecting Eq. 2.48 and Eq. 2.49
(for calculatingg andp’, respectively) by eliminating the term for maximaffective stress
(01"). The procedure is shown below, resulting in ttpeagion for the broken linear line:

q=0,-0,= o, =q+0, (Eq. 2.54)
'+ ! +0,)+ ;
o= ;D%:(q 03)3 2l _, q=30p - (Eq. 2.55)

During a compression test, the lowest applicableiesdor the radial (minimum) effective
stress is zero. In such a case, Eqg. 2.55 becomgebn#ar line through the origin with the
slope 3:1, which determines the lower end poirihefshear failure line.

In the presentations within this thesis, sheaufailines will be calculated by the use of linear

regression of plotting points, while second ordellypomial regression is used for estimating
the end cap parts of the failure envelopes.
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2.4 Chemical aspects of water weakening

Through the last decade there has been comprekeresearch on probable effects which
agueous chemistry may have on the mechanical strefighalk. Among others, it has been
observed that chalk in contact with seawater ah hmgmperature (typically 130 °C) is
considerably weaker than when it is exposed talldidtwater. At least when creep and
hydrostatic yield strength is regarded. Severdedht types of brines have been tested
through the years, and common for most of thembess that typical physical parameters
like density and viscosity are quite similar. (Maaldl et al., 2011). Hence, the chemical aspect
of the water weakening effect has been given afiattention, and different theories have
been suggested based on chemical nature. Somee ahdist widespread theories is here
presented in the following subsections.

2.4.1 Dissolution

Even though chalk grain sizes may vary, they aregaly very small. As a result of this, and

the construction of chalks, pore fluids will bedontact with a very large surface area of solid
particles. This makes fluid-rock interactions witlthe chalk highly possible. The type of

chalk used in this experimental work, referred soL&ge outcrop chalk, has been studied
with respect to this. Among others by Megawatile{2011), who found the specific surface

area to be as high as 4.2/m

The solubility of a compound determines to whiclieex it will dissolve into liquid phase
under certain conditions. Based on this phenomeminchemical compounds have a
solubility product constankg), mathematically defined by the product of theamrtrations
of produced ions divided by the product of the taaic concentrations (Sienko & Plane,
1974). A mineral’s solubility is dependent on temgtere in the matter that the solubility
usually increases with increasing temperature.
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Figure 2.16: The temperature effect on solubility of Cad@pure water, at a C&pressure
of 0.987 atm. (From Miller (1952)).
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The observation made for chalk, on the other haedjates from this general “rule”, as
increasing temperature witiot result in increased rates of chemical dissolviegctions.
Thus, chalk can be considered a famous “exceptiangdroves the rule”. This is an important
and characteristic property of chalk which of ceulss to be taken into account when
studying this material. Fig. 2.16 is shown as #&msitation of this phenomenon, presenting
results from an investigation of temperature effext the solubility of chalk.

NB! Please note that the following is not entiretyevant for the work with this thesis, as
neither CO2 gas nor pH is considered. However, seimple chemical equations which in
general consider dissolution/precipitation are déidtand described and presented here as
supplementary information about this subject.

Carbon dioxide gas is soluble in water to a certadtent, depending on parameters such as
temperature, partial pressure of £L(Pco2) and ionic strength of the water. This reaction
affects thedissolution of chalk, as dissolved carbon dioxide (&%) generates weak
carbonic acid:

COlaq) + H,O() = [H,CO = H + HCQ (Eq. 2.56)

Dissolution of chalk is, namely, dependent on thiegb the pore filling fluid. Under alkaline
and neutral conditions chalk’s solubility is almastgligible, which means that only very
small amounts of solid chalk will dissolve intodig. For chalk in contact with distilled
water, with a pH value equal to 7 (ideally), théubdity product is abouKs, = 3.8- 10°°. In
more acidic solutions, where the amounts of pro(efi} are higher, more chalk will dissolve
(Madland, 2005). The following equation shows tieiaction:

Co® + H = HCOy (Eq. 2.57)

where carbonate ions from solid chalk (Ca(¥) are transformed to bicarbonate. As the
latter is formed, a scarcity of carbonate ionshim $olution will arise. More calcium carbonate
will therefore be dissolved to reach equilibriumndahis process can occur as long as there
exists free protons (Bl in the solution. Based on the mentioned reactitims dissolution
process of chalk in its entirety can be presentethis reaction balance:

CaCQ(s) + CQ(aq) + HO() = c&" + 2HCQ (Eq. 2.58)

where solid chalk and dissolved carbon dioxide @t with water to form bicarbonates.
Calcium ions are bi-products. As mentioned, thaulsiity of CO,(aq) depends on some
specific parameters — and if the partial presssireonstant while the temperature decreases
the solubility of CQ(aq) actually increases (Madland, 2005). Hence, Le €ieals principle
states that temperature reduction will force thectien in Eq. 2.58 towards the right, and
contribute to more dissolution of chalk.
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2.4.2 Precipitation

The reaction balance in Eq. 2.58 may also be reglfrdm right to left, i.e. as@recipitation
reaction. Consider an agueous solution which isquilibrium with solid calcium carbonate
(CaCQy(s) and dissolved carbon dioxide gas @@A@)). If a pressure reduction is
experienced, COgas will be released (Madland, 2005). To keep ahwunt of CQ(aq)
stable at equilibrium it is stated from Le Chatefigorinciple that the reaction process will go
towards the left. As the number of bicarbonate ionthe solution decreases, the reaction in
Eq. 2.57 will go towards the right — according ® Chatelier — which reduces the number of
protons (H). In other words, given that the partial pressaff€0; is high enough; pressure
reduction will contribute to (re-)precipitation 62CQ(s) and increased pH in the solution.

In some cases it can be of interest to determingtiveln a precipitation process will occur or
not, with basis in a certain reaction balance. Actien quotient can be used in this work
when real ion concentrations are known. This quotiesually referred to as the ion product
(Q), is calculated the same way as the solubilitydpod Ksp), but with the known
concentrations (Sienko & Plane, 1974). Computatioh® andKs, are compared, and the
three possible outcomes are as follows:

Q <Ksp Undersaturated solution, precipitation will notoc
Q =Ksp Solution in equilibrium, precipitation process nssirt.
Q>Kyp Supersaturated solution, precipitation will occur.

An easy and quite common way of comparing the w@i€ andKsis to calculate th&/Ksp

ratio. Logarithmic values are often used in thewlaltions, typically when the values are of
very high orders of magnitude, and let us easilyl eath positive and negative numbers. In
such cases, the ratio will be negative for undaratééd solutions and positive for
supersaturated ones, while solutions at equilibrana indicated by a ratio equal to zero;

log[Q/Ks = log [1] = 0.

Ekofisk has been mentioned as a carbonate fieldraviempaction of chalk has been
experienced after seawater injection was startéak feservoir temperature at Ekofisk is
typically close to 130 °C, and calculations shoat tithen seawater gets in contact with chalk
at this temperature, several minerals are supeatatland will precipitate. These minerals
are listed in Table 2.1 with their 1ofQ/Ks) values showing to which extent they are
supersaturated (Hiorth et al., 2008).
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Table 2.1: The supersaturated (positive ratios) minerals whasawater is flooded
through chalk at 130 °C and 8 bar. For comparisequivalent values are listed for Ekofisk
Formation (EF) brine. (From Hiorth et al. (2008)).

Mineral Log;; QK

Seawater |EF
Dolomite
CaMg(COs), 2.16 0.7
Dolonute(ordered)
CaMg(COs), 2.17 0.7
Dolomite(disord.)
CaMg(COs), 1.18 -0.29
Huntite CaMg;(CO;)y 1.98 2.42
Brucite Mg(OH), 1.37 0.1
Magnesite MgCO; 1 -0.46
Anhydrite CaSO, 0.22
Calcite CaCO;4 0 0

Most of these minerals contain either calcium¥Tar carbonate (C§") or both, and when
these common ions from a solution in equilibriunthwgalcite (chalk) precipitate as solids,
the balance will be disturbed. In an attempt tcestblish equilibrium calcite (calcium
carbonate) will dissolve from the solid formatiama the solution. Or, to quote the well
formulated concluding remark by Heggheim et al.0O@0 “Enhanced dissolution of chalk is
obtained if one or both of the common ions*Gand CQ%, is chemically removed from the
solution.” Where this dissolution process occurs is an interestiogic. A reasonable
assumption is that dissolution mainly takes placéha intergranular contacts, as they will
experience the higher stresses within a bulk (Hiettal., 2008).

2.4.3 lon substitution

Even though dissolution of chalk is a very reastem&xplanation of the experienced water
weakening, this cannot be the main mechanism alDissolution processes are typically
related to ion concentrations out of balance, sat t#olid material will dissolve until
equilibrium is reached — as described in ParagBapil DissolutionBut if this was the main
mechanism, chalk exposed to distilled water (DWuldan the main be weakened by the
lack of common ions (like calcium and carbonategnd this does not tally with the reality
(Korsnes et al., 2006Db).

The strength and stability of chalk is affected wii@oded with brines containing different
ions, for instance G4 Mg*" and S@*. Extensive research has shown this. By analyzirg t
brine for chemical components (ions) both beford after flooding through chalk, many
interesting observations have been made, and fham tthe theory ofon substitutionhas
grown. Madland et al. (2011) flooded MgQ@irines through different types of outcrop chalk,
and independent of the chalk type it was found thagignificant loss of magnesium and a
considerable additional amount of calcium are detecin the effluent”. The same
observations were made by @vstebg (2009) for Stiinschalk and in this present work for
Liege chalk. Korsnes et al. (2006b) also obsertésl ity slowly flooding seawater through
chalk at high temperature (130 °C), and explaindgd be a substitution process — illustrated
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by Fig. 2.17 — where Mg from the brine substitutes Eaon the solid chalk surface, and solid
magnesium carbonate is formed. This substitutidrere dolomite (Ca,Mg(C£) is created,
would lead to a change in the structure on thekckaiface, since the magnesium ions are
much smaller than Gaions. Such a transformation may affect the meatzdustrength of the
chalk.

Figure 2.17: Suggested mechani_srﬁ fc;;_enhanced water weakenicltalif, on the basis of
surface active ions and surface charge. (From Kesset al. (2006b)).

In general, chalk’s mechanical strength is relatethe stability of thentergranular contacts

To which degree ion substitution actually will affethe mechanical strength of chalk is
believed to be dependent atere locally, the substitution process occurs. Fomaxea, it is
not expected a very large effect on the strengfigt’-Ca* substitutions take place on chalk
surfaces in pore bodies. On the other hand, sublstisution occurring at intergranular
contacts would probably be more actuating (Korseteal., 2006b), as these contacts are
weakly cemented (Risnes et al., 1999) and far rdetermining for the strength of chalk.

An interesting observation made when flooding magme containing brines through chalk
during creep, is that the increase in calcium cottedon, [C&'], in the effluent water
happened at the same time as filglecreased, and in a quite similar scale. Resbitsined
by @vstebg (2009) showed that the sum of’{Cand [Md] in the effluent water during
creep was more or less equal to the amount of nsagnein the injected brine. In other
words, there seemed to be a more or less one-toadaon between lost magnesium and
produced calcium, and such a result may suppothéay of substitution.

However, more recent studies, among others by Mdd&t al. (2009) and Madland et al.
(2011), claim that magnesium loss and calcium prbdn must arise from other processes
than this substitution alone. This statement i®tams both calculations and observations, as
more magnesium is left inside the chalk than wioaidt be due to substitution only. One of
the main basis for claiming this, are the calcuWlatamber of adsorption sites, i.e. the amount
of calcium within the chalk which is accessible substitution. The calculations were based
on some simple analyses on a chalk core similéingcones typically used for experimental
testing — also in this present work. When the dated number of adsorption sites has been
exchanged, the substitution process is expecteddse, or at least slow down considerably.
Since the observed calcium production during criesgps typically exceed the calculated
accessible amounts, in addition to the observatimt magnesium in the effluent water
“never” increases to the same level as the injeatadunts, substitution cannot be the main
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deformation mechanism. According to the mentionattutations, magnesium from the

flooded brine will hence rather be precipitated &rih new mineral phases. If this happens,
both calcite and silicates may be dissolved in ic@mable amounts and result in additional
weakening of the chalk. Precipitated magnesiumibgararbonates and magnesium-bearing
clay-like minerals were detected by using SEM (8aam Electron Microscope) methods

(Madland et al., 2011).

2.4.4 Sulphate effects

Sulphate’s effect on the surface charge of chalk

The surface charge on chalk grains is typicallyitpasin the presence of seawater, due to a
higher concentration of positively charged calciioms than negatively charged sulphate ions
(Strand et al., 2005). As a result of this, cati¢pssitively charged) in the aqueous phase in
the pores may be repelled from the chalk due totrestatic repulsion. Especially, cations
will be repelled from intergranular contacts, wheyesitively charged surfaces together
obstruct them to approach. This will counteract nfentioned substitution reaction, as ¥g
ions would not get close enough to the chalk sertacswitch place with calcium ions. But
with a larger amount of negatively charged comptsibke sulphate (S£) in the pore fluid,
the surface charge may be decreased and substiprboesses thereby promoted (Korsnes et
al., 2006b). Fig. 2.17 illustrates such a case.

Strand et al. (2005) studied this kind of adsorptd sulphate ions onto the chalk’s surface,
and by means of a chromatographic method it was/sttbat the magnitude of adsorption
increased with increasing temperature and IC&€alculations performed by Megawati et al.
(2011) showed that there is also a pH dependencyiphate adsorption. Hiorth et al. (2010)
described the adsorption in terms of sulphate imaking complexes with calcium sites at the
chalk’s surface. The [S®] was claimed to be highest closer to surface, dealine with an
exponential rate away from it — following a so-edlBoltzmann type of distribution.

However, it should be mentioned that test resulttained by Madland et al. (2009) and
@vstebg (2009), among others, show that creep matan of chalk is experienced when
continuously flooding MgGlbrine at high temperature (130 °C). No sulphats pr@sent in
these cases, so sulphate is not an absolute neellali&a deformation to occur.

Substitution reactions may still occur in there bodieseven though sulphate is not present.
Korsnes et al. (2006b) proved this by flooding bgtic seawatewithout sulphate SSW-
(SO%), through chalk at high temperature and still obsgé some magnesium loss and
calcium production. But, no enhanced weakening exgerienced. This corresponds to what
has already been mentioned for ion substitutioat, ithis the intergranular contacts that are of
most interest when studying mechanical strengtbhalk. Hence, it can be claimed that the
presence of negatively charged sulphate ions maip*hthe substitution process at these
contact points and thereby enhance chalk weakening.

Megawati et al. (2011) also investigated the adsmwpeffect of sulphate, by exposing
different types of outcrop chalk to p&0O, brines at 130 °C. They argued that the reduced
mechanical strength of chalk may be explained bg tdisjoining pressure” at the
intergranular contacts. When sulphate is preseiimounts large enough to change surface
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charges, this may result in interactions between dirfaces in terms of repulsive forces.
These forces are suggested to originate the sedcatital disjoining pressure, and are
especially experienced close to the intergranutertacts. A correlation was found between
increased magnitudes of disjoining pressure andcertimechanical strength of chalk.

Precipitation of sulphate-bearing minerals

By reconsidering Table 2.1 in Paragraph.2 Precipitationit is seen that one of the calcium
bearing supersaturated minerals when flooding seawarough chalk at 130 °C and a
pressure of 8 bar, is anhydrite — which also cénsi$ sulphate (S§3). Sulphate has been
suggested from several sources to be an esseoiibnitor to enhanced chalk dissolution in
general. Precipitation together with calcium ios®he way to increase dissolution of chalk,
as calcite will dissolve to establish equilibriurAn interesting observation is that this
precipitation process is dependent on temperaitutbe sense that the solubility of anhydrite
experiences a maximum value at a certain temperaand a retrograde behaviour with
temperature in water (Heggheim et al., 2004). Imeotwords the solubility decreases with
increasing temperature (above this limit, natujalnd for temperatures as high as 130 °C
very small amounts of free sulphate ions will berfd in the solution. They will rather easily
precipitate as anhydrite (Cag6), causing a reduction in dissolved calcium andchean
increased dissolution of chalk formation.

Strand et al. (2005), who studied adsorption oplsale ions onto the chalk’s surface during
flooding experiments, experienced that the coneéintr of produced sulphate would not
increase to the same level as the injected amo8aoth an observation supports the theory
that an additional amount of sulphate is retaingathiw the chalk material as part of
precipitated solids. Hiorth et al. (2010) performmadculations on the loss of sulphate from
the injected brine due to sulphate adsorption ohhe calculations deviated somewhat from
the experimental data obtained by Strand et aDFR@But by including the contributed loss
of sulphate due to anhydrite precipitation to trecuglations, a much better fit to the
experimental data was achieved.

2.4.5 Intergranular Pressure Solution (IPS)

Another important suggestion to attempt being ablexplain the water weakening effect is
the theory ofintergranular pressure solutiofiPS). This theory has been extensively studied
by several different researchers, but despite ithis still poorly understood. However, the
general understanding is that pressure solutianvwster-assisted so-called physico-chemical
process driven by effective stress-induced chenpodéntial. The process is divided into
three steps occurring in series; starting vdissolutionof solid materials at grain contacts,
continuing withdiffusion (transport) of solutes along the grain boundares] ending with
precipitationat free pore walls (on surface of grains) in antically closed system (Rutter,
1983; Paterson, 1995; Renard et al., 1997; Gundetsal., 2002).

Under conditions in the upper crust, compaction rhaycaused by (for instance) fracture.

Typical for this kind of compaction is the substahtiependence on stress, and that it is more
or less independent of time. In the contrary casepaction creep caused by dissolution and
precipitation processes is expected to be time+ugrd. Hence, compaction of sediments and
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sedimentary and fault rocks occurring over geolalgperiods of time seems to involve such
dissolution and precipitation processes to a lagent (Zhang & Spiers, 2005). Other

deformation mechanisms, such as intergranularngjljdnave been proposed to be the main
one responsible for compaction as discussed heosvetker, it has been found that

intergranular sliding alone is not able to prodummmpaction strains in the orders of

magnitude that are experienced. Overall deformaltieypond this level requires the grains
themselves to deform, which also can be explainethé theory of IPS (Fischmeister et al.,

1982).

During the IPS process the slowest step will bedhe controlling the overall deformation
rate of material, as the three process steps aeaeries. Finding this rate-limiting step has
been the goal in a number of studies, but this vi@omplex and difficult. Hellmann et al.
(2002) are among them who have experienced théseulfies, while Zhang et al. (2002)
suggested that precipitation probably is the slowtp.

Over geological time spans IPS is considered atefie mechanism for deformation of both

sedimentary and fault rocks. Indirectly, as a testicementation of pore space, the effect of
IPS also contributes to rocks’ losses of porositg permeability (Gundersen et al., 2002).
According to Zhang & Spiers (2005) this theory specially valid for carbonate reservoirs,

which to a great extent experience compaction aforchation.

The main parameters influencing IPS are understimodbe grain size, effective stress,
temperature, chemistry of pore fluids and mineral@8utter, 1983). Experimental results
from Zhang et al. (2002) suggest that compactioairstrates of porous aggregates will be
enhanced by decreasing grain size and increaselieédpgtress. In other words, rock
deformation as a whole may be related to deformatdibthe individual grains themselves
(Hellmann et al., 2002). This will be further expled (mathematically) in the following with

Fig. 2.18 as a good illustration.

intergranular zone
e of dissolution 01
and diffusion

~ , Precipitation in
4 pore spaces

Figure 2.1: The pressure solution theory; Dissolution and didn (dark oval areas) and
precipitation will occur when rock grains are sutfjed to stresses. (From Hellmann et al.
(2002)).
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When a rock material as a whole is exposed tosssgghere will also be stresses acting on
the individual rock grains both in vertical and izontal direction — denoted byt ando, in

Fig. 2.18, respectively. A pore fluid will be presen the voids between the grains, holding a
fluid pressure Bs). Since this fluid pressure is lower than both thentioned stresses, the
balance of Eqg. 2.11 defines that the grains willex@osed to a certain effective stress.
Fig. 2.18 illustrates the areas in which the thpeacess steps are believed to take place —
given that no solids are transported into or outhef system in the long run. Dissolution of
solid material and the succeeding diffusion proqspseading) will occur at the boundaries
between grains. Dark oval areas mark these aretigifigure. After being dissolved in an
area of high stress (high chemical potential)sibelieved that precipitation will occur (at
interfaces) in pore spaces where the stress ig Iffox@ chemical potential). The cause of this
is explained to be the difference in chemical pté (1), mathematically expressed as
(Hellmann et al., 2002):

D=, = foe = |0 ,) - P, ¥, |+ (F, - Fs, ) (Eqg. 2.59)
where

Au - Difference in chemical potentials
Chemical potential at stressed area
: Chemical potential in pore space

Normal stress
Molar volume ofs-stressed solids

Pore fluid pressure
Ve © Molar volume of pore fluid pressure-stresseddsoli

F Helmholtz free energy af-stressed solids
Fe :  Helmholtz free energy of pore fluid pressure-stesl solids.

The difference in chemical potentialduf is established to be the essential thermodynamic
driving force for the overall pressure solution gess resulting in deformatiodu may also

be referred to as the total available free eneagy, since this is energy consumed by all three
step processes it is possible to find the ratetilvgistep viadu. Because, the division afu
among the different processes is believed to hemetibn of which step is rate-limiting, as the
vast majority of the free energy will be consumgdhe slowest step (Lehner, 1995). The net
result of the step-wise IPS process is compactfograins at the grain-to-grain boundaries,
and as well porosity reduction and (possible) rédaan permeability. If the exerting stresses
differ from each other, the deformation rate wil faster in the same direction as the higher
stress (Hellmann et al., 2002).

Since dissolution and diffusion processes probalagur at interfaces between grains, the
structure of these areas is of importance. Twoerbfit models have been suggested for
describing contact structure; ttten film and the Island & channél model. Fig. 2.19 shows,
for both of these models, how dissolved materiafgrassed grain contacts are transported via
grain boundaries of different structure.
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b) TP:

Figure 2.19: Two models of intergranular pressure soluti@n;The thin film model, anb)
the “island & channel” model. (From Zhang & Spigf2005)).

The thin film model assumes the presence of awhaiter layer (film) which is trapped inside
grain contacts. Applied stress will not be ablesdoeeze out the water (Rutter, 1983). In the
“island & channel” model it is assumed that theeifaces possess dynamically roughening
contacts of islands and channels penetrated byrwh&hner, 1990). Common for both
models is that water present in between grainsactsitplays an essential role in the IPS
process, both during the dissolving of solid miterand when dissolved materials are
transported (diffused) away from the stressed abrateea. These models are only suggested
theories, but if they reflect the real case it rhaythat IPS only occurs at contact areas where
water is present in natural conditions. In otherdgpin contact areas where the surrounding
fluid is hydrocarbons or other “dry” fluids, inteemnular pressure solution will be inhibited
(Zhang & Spiers, 2005).
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2.5 Mechanical testing

Please note that the descriptions presented in Rlaeagraphs 2.5.1 Standard triaxial
compression tesand 2.5.2 Hydrostatic tesare mainly based on formulations by Korsnes
(2007) and Madland (2005), while Paragraph$.4 Creep tesind 2.5.5 Brazilian tesare
mainly based on Fjeer et al. (2008) — unless othesws stated.

Four different types of mechanical tests were perém during the experimental work of this
thesis, and two different types of test cells wased. TheBrazilian testswere run in a
Brazilian test cell (see Paragragi2.3 Brazilian test céll while both standard triaxial
compression testshehydrostatic testand thecreep testvere carried out in a triaxial test cell
(see Paragrap® 2.4 Triaxial test cell

2.5.1 Standard triaxial compression test

Objects — in this case; test samples — that aresexpto external forces will (normally) be
deformed. The degree of deformation, measuredrainstis often compared to the stress
exerted on the test sample. The stress level depamdhe force and the surface area of the
sample on which the force acts. A common way of@mnéng the stress-strain relation is to
plot the stress (measured in megapascal) as dadaradtthe percentage value of the resulting
strain.

One of the test types that have been carried othglihe work with this thesis is the
standard triaxial testSuch a test is generally made up of two diffetest phases, namely the
hydrostatic and the deviatoric phase. Through temper phase the test sample is being
exposed to the same forces in all directions, smirgy simultaneously. The stress elevation
continues until reaching a pre-set test levelhbdase of testing cylindrical core samples, the
axial and radial stresses are the same duringahgdrostatic load.

When the pre-set stress level is achieved, theattei test phase is entered. The different
stresses acting on the sample are now not longed eqheydeviatefrom each other. Almost
all the chalk cores tested in this experimentalkweere first loaded hydrostatically before a
deviatoric phase was carried out. During this tapi@t the radial stress was, contrary to the
previous phase, kept constant at the already priegel. But the axial stress was continued
elevating throughout a so-calledmpaction testin practice, this was obtained by increasing
the pressure in axial direction through a pistorlevholding the surrounding (confining)
pressure constant. In general, axténsion testcould also have been run, if the axial stress
was decreased instead.

When presenting the entire test progress grapiitdall common to plot the axial stress)(

as a function of axial straim,j. A typical plot showing the different classificat of phases is
presented in Fig. 2.20. It is clearly shown tha tlurves of both the hydrostatic and the
deviatoric test phases are linear, and that a oirdpe slope is experienced at the transition
from the first to the second phase. The curve fottmesbasis of calculating two important
elasticity parameters, as the slope of the hydiiogthase gives three times the bulk modulus
(K), and Young’'s modulud] is obtained directly from the slope of the desrat phase. This
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is shown in the Fig. 2.20. The reason why the filspe corresponds 8K is that the abscissa
axis consists oaxial strain €) instead ofvolumetric strain €,), Which is three times the
magnitude ofe, for isotropic materials. If the values on the xsarather represented the
volumetric strain,K-modulus would be corresponding to the slope. E&4 &and Eq. 2.37
show how the&k-modulus and th&-modulus, respectively, can be calculated fromslope
value in an axial stress-axial strain plot.

G Hardening
A - Failure
---------------------- ."—-—-—— Yield paint
Deviatoric E :
phase !
i
Hydrostatic ' :
phase 3K X
Elastic " Plastic =

L

Figure 2.20: Axial stress ¢x) plotted versus axial strairzy) for a standard triaxial test. The
yield point and division of the different phases ahown. (From Madland (2005)).

In addition to the two different test phases, and#ad triaxial test can also be split into two
parts regarding the elastic properties of the nmadtérhrough the whole hydrostatic test phase
the material is said to be elastic, as it still hasability to recover from deformation — to a
considerable extent, at least. The first part efdeviatoric test phase also belongs to the so-
called elastic phase, until the material “yieldsé¢ Paragraph.5.3 Yield. At this point, the
material more or less loses its elastic propedras enters a rather plastic state where it either
experience failure or strain hardening. In the lasteess §x) versus axial strainef) plot
shown in Fig. 2.20, the yield point indicates tfansition from the elastic region to the plastic
region.

2.5.2 Hydrostatic test

Unlike the standard triaxial compression tests hiydrostatic testsire run at only hydrostatic
conditions all the way until yield is passed — nevidtoric phase is carried out. But
determination of the hydrostatic yield point is ddny using the same approach as for the
deviatoric one, and the graphical presentationheftest results will be shown in a similar
diagram.

But, it should be noticed that the equipment usethis experimental work only makes it
possible to perform so-called “quasi-hydrostatiests, and not purely hydrostatic tests. The
reason is that the used method for measuring jasgtedin, explained in Paragra?2.7
LVDT (Linear Variable Displacement Transdugeaytually measures the movement of the
piston Hence, it is necessary that the piston is resim¢pp of the tested core sample at any
time. In addition, the piston will experience sofmetion whenever moving. So to make sure
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that the piston stays in touch with the core a sdna¢ higher force than ideally must be
exerted from the piston, resulting in a slightlgher axial stress than the radial stress from
the confining (surrounding) pressure.

Failure is usually not observed under hydrostatadling. However, at high stress levels pore
collapse may give rise to failure. (This is at tehg case in chalks, while grain crushing will
be the reason in sandstones). But more close-ulestat microscopic level show that such
failure is actually caused by local excessive slieares that are acting through both grains
and grain contacts. Based on that, pore collapsebeaaconsidered locally distributed shear
failure within the material itself (Fjeer et al.,dg).

2.5.3 Yield

The yield point is considered a measure of a nm@tenmechanical strength, and determines
the elastic limit of the tested material. When gtad rock materials, the yield point can be

understood as the upper limit of stress that tlo& man withstand before experiencing pore
collapse. The deformation prior to yield will bestic, which means that the rock will recover

and return to its initial shape (more or lesshi stress is removed. Post yield, the material
has entered a region of plastic properties whesed#formation to a certain degree will be

non-reversible.

During the experimental work of this thesis rocktenal in shape of chalk cores was tested.
What happens when vyield is reached is that bontigelea chalk grains inside the core are
broken. In theory the core becomes powder, soetve if the stress is removed the core will
not recover 100% and return all to its original@hand size. Determination of the yield point
by just reading from a plot with the naked eyeasydifficult, as the transition from elastic to
plastic region is highly gradually and the yieldn®re represented by a lasting trend than a
single point. There is also more than one way dihdey the yield point, but as long as the
same method is used consistently the results widfplicable and comparable.

In this thesis each presented yield point represdrg point at which the axial stress)(
versus axial strainef) curve starts deviating from the linear trendror both the standard
triaxial compression tests (deviatoric yield poiat)[d the hydrostatic tests (hydrostatic yield
point), the axial stress values at yield will beeganted together with the corresponding
effective radial stress values; i.e. the differebetween the confining pressure and the pore
pressure. These conjugate values are called thémuax (g;') and the minimum o3’)
principal stresses, respectively, and they formitasis of both the Mohr-coulomb plot (see
Paragrapl2.3.6 Mohr-Coulomb criterionand theg-p’ plot (see Paragrapgh3.7¢g-p’ plot).

2.5.4 Creep test
Creep can be defined as a time-dependent defonmd#tat occurs in materials exposed to

constant stress at constant temperature. The thihee types of tests performed in the work
with this thesis involve increasing specific loams a chalk samples until failure (or yield),
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but thecreep tesstands out from that. It has been observed tledsroontinue experiencing
deformation for a long time after there has beehange in the applied stress, and even if the
increase in stress is stopped. Creep is said telated to the visco-elastic behaviour of the
solid framework of the rock, and therefore may @douboth dry and wet (fluid saturated)
rocks.

This test type is a good way of studying mechanstangth and behaviour post failure (or
yield), and has been performed during this workhi$ reason. Hydrostatic creep tests are
generally quite repeatable. (Hence only one sushwas carried out in this work, as it was
more interesting to perform one longer-lasting tisin several short ones. The test was
loaded hydrostatically beyond yield before the prekease was started).

The creep phase can be divided into three staged|uatrated in Fig. 2.21 where it is
indicated how the deformation — measured as s{eqir typically will be dependent on the
time of the creep phase. In the beginning, the oitehe time-dependent deformation
decreases with time. This phase is catleghsient(or primary) creep. After some time, the
rate of the dependency stops decreasing and th#érbena transition to ateady statgor
secondary) phase where the deformation rate igandRate of strain (i.e. deformation) per
time unit will be linear through this stage.

A

€

Transient Steady state Accelerating

Time

Figure 2.21: Development of creep straia)(plotted versus creep time through the three
stages of creep; transient, steady state and aatahg. (From Korsnes (2007)).

The deformation rate may also increase with timdicated in the strain-time plot by a bend
“upwards” from the linear steady state creep culles phenomenon is named acceleration,
thereof the namaccelerating(tertiary) creep. Such creep behaviour is typycalbserved
after some time when certain chemical reactionsioatthin the core sample. E.g., Madland
et al. (2011) performed creep tests on Stevns Klvak with both NaCl brine and Mggl
brine, where the latter is understood to causensite chemical reactions. After some time of
steady state creep, the cores flooded with Md&Ine experienced acceleration in the
deformation rate. This was not observed for the INl@Gded cores.

Another common way of presenting the creep datphyeally is by plotting creep straim)(

versuslogarithmic creep time. Fig. 2.22 illustrates a typical stdaig[time] plot, and shows
how a “strain rate” (or creep rate) is determineuhf the linear part of the curve.
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Figure 2.22: Alternative way of plotting creep deformation datagep strain £) versus
logarithmiccreep time. A “strain rate” is determined from thl®pe in the steady state phase.

The strain (creep) rate, usually denotedbf?o / Decade], can easily be calculated from the
following equation:

m= €2 =&
loglt,] - loglt,

(Eq. 2.60)

wheree; ande, are the axial strain values (percentages) at ctieggst; andt, (given in
minutes), respectively.

2.5.5 Brazilian test

In addition to the compressive strength of rocks titnsile strength is also of interest, but
there are several difficulties connected to thégoerance of a direct uniaxial tension test on
rock. As a result of this, a number of “indirecteasurement methods have been developed.
The experimental methods are called indirect stheg do not generate a homogeneous state
of tensile stress in the tested rock. Instead, wu¢he arrangements and set-up of the
experimental work, these methods rather lead tonmdgeneous stresses that are tensile in
only some regions of the specimen. Among theseantimeasurement tests, tBeazilian
testis probably the most popular for measuring thaeiterstrength of a material (Jaeger et al.,
2007).

The Brazilian tests is performed by applying a loadh two platens diametrically

compressed on a cylindrical shaped specimen —igmdéise; a part of a rock core. The
apparatus for a Brazilian test cell is shown in Ri@3 by a simple sketch.
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Figure 2.23: Simple sketch showing the apparatus for a Brazilest, both the front view
and the view from the side. (Inspired by Fjaer e{2008)).

The length I [mm]) of the rock cylinder should not be longeanhthe core’s diameteD(
[mm]), but typically longer than its radius. As tload is increased failure will suddenly occur
by an extension fracture in (or close to) the lehde&ametrical plane. The applied force is
denoted by [N]. Eq. 2.61 and Eq. 2.62 show the relationslupsveen the three mentioned
parameters, giving the horizontal, (MPa]) and the verticalo(, [MPa]) stress close to the
centre of the core sample, respectively.

2[F
o =— Eq. 2.61
" DO (Eq )
6LF
o = Eq. 2.62
Y gD (Eq )

As explained and “chosen” in Paragrapi3.1 Stresso compressive stresses are positive.
This means that the vertical stress) (in the Brazilian test will be positive, since the
compressive load is in this direction, and heneaehs a minus in Eq. 2.61 making the
horizontal stress negative. Close to the centrih@fspecimen the compressional stress will
always be around three times larger than the &essiéss, and since the compressivength
normally will be larger than three times the temsirength the specimen will always fail in
tension. This is also shown in Fig. 2.23. The tenstrength, often called the “Brazilian”
strength Tos [MPa]), is therefore equal to the (absolute valtithe) horizontal (tensile) stress
at the moment of failure, and given by the follogviegquation:

20F,

= Eq. 2.63
B~ DL (Eq )

whereF. [N] is the peak load, i.e. the applied load atchhthe test sample experience failure.

During the Brazilian test the horizontal and thetieal stress represent the minimum and the
maximum principal stresses, respectively. For hbéhMohr-Coulomb plot and thepp’ plot

the principal stresses at failure are of interastl the tensile (i.e. horizontal) strength obtained
from the test can be utilized with the mentioneé¢hto-one relation between the stresses to
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determine these values of interest. The minimagn[NIPa]) and the maximums{ [MPa])
principal stresses can then be given by:

0; =Ty (Eq. 2.64)
0, =30y (Eq. 2.65)

Even though the Brazilian test is both easy toguerfand a less time consuming test than
many other mechanical tests, the generally accejsdis that at least 10 tests are needed to
be able to establish a reasonable average valibddensile strength.
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3 Preparations, experimental set-up and procedure

3.1 Test material

Throughout the experimental work with this thesiggh porosity outcrop chalk was used.
When studying chalk with regards to its properassa reservoir rock, it would naturally be
ideal to perform tests on reservoir chalk which haen in contact with hydrocarbons and
reservoir brines at in-situ stresses through gecédgime. But, compared to outcrop chalk,
reservoir chalk is very difficult and expensive bbdb purchase and to preserve at correct
conditions. Regarding the latter, reservoir challkymbe damaged due to coring and
preparations of test cores, and general changsseasses and temperature. Outcrop chalk is
available in a much larger quantity, and sinceas been found that it has similar properties
(porosity and permeability) as reservoir chalkande used as a good analogue to “real”
materials (Jakobsen, 1996). This accessibility rmakpossible to perform “trials and errors”
to a larger extent, which often is useful in expemtal work for possible progress.

Several places in Europe outcrop chalks are expmsélde surface. One type which has been
extensively used in experimental work the last tieoades is obtained from the inland quarry
of Lixhe (or Hallembaye), right north of Liege, Belgium. This chalk has been used
consistently in the work with this thesis, and \ritim now on be referred to as “Liege chalk”.
Table 3.1 presents some properties of the Liegékctich, after several years of studies,
are considered to be reasonably well known.

Table 3.1:  Properties of Liége chalk.

Age Upper (Late) Campanian
Porosity Approx. 42 %
Permeability 1-2mD
Carbonate content =95 wi (=98 wid)
Specific surface area 42m’/g (1.7 m*/g)

“Traditionally” there has been an acceptance thatdarbonate content in Liege chalk is as
high as > 98 wt% (Hjuler & Fabricius, 2009). Howeveew measurements performed by
Megawati et al. (2011) suggest that the compositibhiege chalk differs somewhat from
this value, as three different measurement methads been used and all of them resulted in
a less content of carbonates; approximately 95 Wi§é.remaining 5 wt% is mainly silicates.
Hjuler & Fabricius (2009) found that half of themoarbonate part is silica, and that all this
silica is present as the mineral quartz ($i®ence, according to the results by Megawati et
al. (2011) the silica content may also be somewlgter than the traditionally suggested < 2
wt%.

A variance in measured properties are also foundh® specific surface area, as Hjuler &
Fabricius (2009) presented the value 1%gnand Megawati et al. (2011) obtained a value
more than twice as high; 4.2°fy. These experienced differences can probablyxp&iaed

by a certain degree of heterogeneity in the Liggake The fact that different chalk blocks

from the same area of the quarry even have prowiféelent results, support this idea. But

properties of reservoir rocks will also typicallye theterogeneous, so the Liege chalk is
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regarded as an ideal material for methodical studi®hen studying chalks, especially
porosity and the content of silica within the rookterial are of interest. As mentioned earlier,
there exists a general understanding that thesepasameters highly affect the mechanical
properties of the chalk as a whole, in the way thateased porosity and decreased silica
content will decrease the chalk strength, generdaSilva et al.,, 1985). From the
“classification” mentioned by Risnes (2001) Liegealk is considered to be a weak rock
material.

As seen in Table 3.1 the Liege chalk is a sedinmgmteck from the late Campanian time, i.e.
found in the upper Campanian strata. Subdivisidnthe geological time scale actual for
Liege chalk is shown in the overview in Fig. 3.1.

EON | ERA | PERIOD | epocH |  AGE | MILL YEARS
0
Quaternary
Neogene
Qligocene
Cenozoic Terti Eg
ertia ocene
v Paleogene -
Selandian
Paleocene Dant
anian -
- 65.0
Maastrichtian =3.0
Campanian
Phanerozoic pa - 83.0
Santonian
Late
Cretaceous Coniacian
Mesozoic Turonian
Cenomanian
Earl
. Y 144
Jurassic
Triassic
Paleozoic 590

Figure 3.1: Subdivision of the geological time scale actuallfigge outcrop chalk. (Please
note that the time scale is not in accordance \hth “sizes” of the different Eras, Periods,
Epochs and Ages. In this figure, only the geneahed division is shown). (Inspired by
Bjarlykke (1989)).

At the laboratories at University of Stavanger,lkifeom Liége is only one of several types
of outcrop chalks that are extensively studied. T@st common other types are outcrop
chalk from Aalborg (Denmark), Stevns Klint (Denmadnd Kansas (USA). A very good

basis for comparison is obtained by using suchde welection of test materials.
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3.2 Equipment

3.2.1 Equipment for saturating cores

In the experimental part of this thesis, chalk sosere pre-treated two different ways. About
half of them were “aged” in a heating chamber 41 4G prior to testing at the same elevated
temperature, but common for all cores is that teye first of all saturated with the testing
brine at ambient conditions. In addition to preatreent of all cores, determination of the
cores’ porosities also involved saturating the spbait distilled water was used for this.

Both when measuring porosity and when saturatiegathing cores, all cores were put in a
vacuum container at the same time. The cores tastaohbient conditions were saturated one
by one and put inside a smaller box without ajlidt slightly larger than the core itself. By
putting this box under the fluid inlet in the sehleacuum container it was possible to save the
amount of water used for saturation, as only thallsbox needed to be filled instead of the
whole container. At the lab there were two vacuumtainers of different sizes available, but
the same vacuum pump was used for them both. Byguie smaller container it was
therefore also possible to save time, as the tonredch vacuum conditions would be shorter
for that one.

Fig. 3.2 shows the vacuum system set-up. Vacuugenerated inside a solid glass container
with a heavy lid on top, and a rubber packing betwéhem assures that the chamber is
perfectly sealed. Through the lid there are twoneations to the chamber, each of them
controlled by a valve. An Edwards RV5 vacuum pumgonnected to one of them for air
suction effect, while a reservoir containing theusation fluid is connected to the other, to fill
the chamber at vacuum conditions. A pressure gandeates the pressure inside the
container.

Pipe to ﬂuid.l_/" gy <«—Pipeto
: =} 1 Vacuum pump

ITESEIVOIr =

Vacuum

Chalk core container

. Pressure

Edwards BVS
vacuum pump

Figure 3.2: The vacuum system set-up.
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For a description of the use of the vacuum systdaase see Paragraflb.1 Preparing the
core for testinggtep_).

3.2.2 Equipment for aging cores

About half of all the prepared test cores were agfetdsting temperature (i.e. 130 °C) after
being saturated with test brine. The equipmentaffing cores was simply a large, massive
aging cell (also just called an “autoclave”). Alires that should be tested at high temperature
were aged, and the size of the aging cell madessiple to age them all at once. Since the
cores were aged in saturated condition they hd tentirely submerged into brine, and since
the aging cell was put in a heating chamber at°Cthe cell had to be pressurized to prevent
the water from boiling. Compressed air of 0.7 MRauged this pressure inside the container,
which has a design pressure of 1.5 MPa. Fig. 308vsha picture of the aging cell and the
connection for air pressure.

Compressed air
connection

Figure 3.3: The aging cell, with connection for compressed ased for aging of chalk
cores prior to testing.

3.2.3 Brazilian test cell

Brazilian tests are performed for measuring thdi(ect) tensile strength of a material, and
carried out by using a so-called Brazilian test. @elshort core sample is placed edgewise in
between two loading frames, as shown in Fig. ZT22. frames with the core are then put into
the “house”. A steel rod is lowered through thedeanto the top of the frame set-up. By the
use of a load cell on top of this rod, and a hylically operated piston in the external frame
around the “house”, the steel rod set-up works pistan and makes it is possible to expose a
diametrical load to the core. A Gilson Pump, Mod8lF HPLC, delivers Tellus oil to the
piston, and the software application LabVIEW isduse control the pump and log the loading
data on a computer.
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Hydraulically
operated piston

Load cell

Compressed air 7\*

connection Py

Chalk
core

Figure 3.4: The Brazilian test cell, where a short chalk coseput in between loading
frames into the “house”, and a hydraulically opegdtpiston loads the core diametrically. A
heating element is mounted onto the front covebbeaused at high temperature tests, and
compressed air ensures pressurizes test conditions.

This apparatus also makes it possible to perfosts @ high temperature, as seen in Fig. 3.4.
A heating element is mounted onto a front covet ¢tha seal the test chamber. Since all cores
tested in this thesis are brine saturated, andhitife temperature tests are carried out at 130
°C, the chamber has to be pressurized to avoidnigodf water. 0.7 MPa compressed air is
connected to a vent through the house to prevest Hor tests performed at ambient
conditions, it is neither necessary to installfilo@t cover nor the air pressure.

3.2.4 Triaxial test cell

Most of the experimental tests were carried outi¥ing a so-called triaxial test cell. As seen
in Fig. 3.5 the cell consists of three separatetspathe lower, middle and upper part — all of
them made out of steel. To keep the parts assenalslexhe unit during testing, six or nine
solid, threaded steel bolts are tightened througfeptions in the lower and upper cell part. In
this thesis two such test cells were used to be @bperform several deviatoric tests parallel
to a long-duration creep test. Except from the nemmdd steel bolts, their appearance and
manner of operation are the same.
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Figure 3.5: The triaxial test cell.

The picture above shows only the external viewhefdell, which tells nothing about how it is
used for testing. Concerning the latter, the pplecsketch in Fig. 3.6 shows a “cross section”
of the triaxial cell where mainly fluid inlets amaitlets as well as the four different parts of

the axial piston are pointed out.

Axial piston,
upper part S, U
Confining pressure e i Axial piston pressure
bleed-off valve A bleed-off valve ~
Outtet =] \/ J—1 AN o7 | Outlet Upper
Pump #2 SR AR Pump #3 fluid
fhuid | >' cell part
Inlet ' ' ;
={V -
Pump = | LY, Y Axial piston,
B L middle part <
5 ; N
: M N | €———stectbon Middle
wer part ! \ h N >' cell part
Test | ‘ N ‘—‘—';L__._._ Radial LVDT
sample |- RN TN '
‘ | i] o Axial piston, V.
b \t %
| :'L-.. bottom part i
Outlet ;E;;w- -:-,-%r-‘ Inlet Pump #2 cell part
Pump #1 fluid =~
Figure 3.6: Principle sketch of the triaxial test cell. (Mo@ifi from Korsnes (2007)).

The lower cell part forms the pedestal for where tést action takes place as it consists of a
non-moving part onto which the cylindrical teste®s placed. This fixed device works as the
bottom part of the axial piston where the inlet émculating fluid is located. “Circulating
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fluid” will here be used as a general term for futual test brine which fills the pore system
(#1) and is flooded through the test sample. Théase at the inlet is a perforated plain so
that the fluid will spread all over the core’s loott surface and hence flow uniformly through
it. In addition to the fixed bottom piston partethxial piston consists of three moving parts
above the core; lower, middle and upper. The lawevable pistorpart is mounted on top of
the core and leads to the circulating fluid outlebugh a pipe connected to the loveet
part.

Inlet and lower outlet for the confining fluid (sgsn #2), to fill and drain the chamber around
the sample, are also located in the lower cell.pBrtaddition, through this cell part

temperature measurement device and equipment fasumiag radial deformation of the

cylindrical sample are connected.

The middle cell part is a term used for the surdig area around the test sample where the
cylindrical core undergoes radial stress, and i#iged by a solid steel cylinder (typically
called steel “skirt”). One rubber o-ring in eachdeof the cylinder makes sure that the
confining area is perfectly sealed in between thied cell parts. The confining fluid (system
#2) generating radial stress on the test core égrawic oil (Marcol oil). By mounting a
heating jacket onto the steel cylinder it is pogsib elevate the system’s temperature.

In the main, the upper cell part consist of the di@dand upper movable parts of the axial
piston, inlets, outlets and chambers for the pidtoid (system #3) as well as a device for
measuring displacement of the piston. Hydraulic ddbpil is also used as piston fluid and
can be led to two chambers (upper and lower), eathem having one inlet and one outlet.
By filling and increasing pressure in the uppelawer chamber, it is possible to move the
axial piston both downwards and upwards, respdygtive the upper cell part there is also an
upper outlet for confining fluid with a bleed-offiriction. This connection is also used as an
inlet for compressed air when emptying the celldonfining fluid through the lower outlet
after testing.

Some pressure gauges were used to show the aohfalicg and piston pressure, as well as
the differential pressure through the test coreamy time. Since several different fluid
systems, inlets and outlets have been described tre several valves connected to the
triaxial cell system. Table 3.2 presents an ovevwaé the most frequently used valves in the
different fluid systems, and which inlet, outledacell part they are connected to. When the
different valves are mentioned in Chapes Testing procedure: Hydrostatic, deviatoric and
creep testthey will only be referred to as “upper pistorety typically, with no further
specification.
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Table 3.2:  Overview of the most frequently used valves, shlipwihich fluid system,
inlet/outlet and cell part they are connected to.

Fluid system Valve Cell part connected to
Inlet Lower
#1 Pore Outlet|Lower
(Circulating fluid) Bypass test cell Lower
Bypass flooding cell |Independent of cell parts
#2 Confining Inlet Lower
. Lower outlet|Lower
(Marcol oil)
Upper outlet Upper
Lower inlet Upper
#3 Piston Upperjinlet Upper
(Marcol oil) Lower outlet Upper|
Upper outlet Upper
3.2.5 Pumps

Three different types of pumps were used in thipeexnental work. Because of the
availability of pumps, and the fact that the purhpse different properties and can be used
for different purposes, the pump set-up differetheahat between the three test cells. An
overview of this is shown in Table 3.3:

Table 3.3:  Overview of different types of pumps used for liel systems in the three
different test cells.

- < Fluid svst Triaxial test cell A Triaxial test cell B |Brazilian test cell
ump fo- uld system Hydrostatic/Deviatoric tests Creep test
Pore
#1 . . . Gilson Gilson N/A
(Circulating fluid)
Confinin
#2 & Quizix Gilson N/A
(Marcol oil)
Piston
#3 . Quizix Teledyne Isco Gilson
(Marcol oil)
#4 Back pressure Teledyne Isco (Marcol oil) (gas regulator) N/A
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Circulating fluid reservoir
Confining fluid reservoir

Figure 3.9: Quizix purhps.

Figuré .8: Teledyne Isco Syringe
Pump, Model 260D.
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Gilson Pump, Model 307 HPLC

One of the most common pumps, used in all teststypethis work, is the high pressure
Gilson Pump, Model 307 HPL@ilson pumps like this can deliver constant fl(@F) rates
in the range of 0.01-10 ml/min and handle a maxinpuassure of 60 MPa. Accuracy of the
pressure value is +0.1 MPa. Gilson pumps are usuadntrolled via the LabVIEW
programme on the computer (please see Para@raghComputer softwayebut may also be
controlled manually.

In both triaxial cell set-ups a Gilson pump is cected to the pore fluid system (#1), while in
test cell B (creep tests) there is also a Gilsangdelivering Marcol oil to the confining fluid
system (#2). Fig. 3.7 shows this set-up with thaedflreservoir placed on top of the two
pumps. When used as a pore fluid pump and duriading of confining pressure, the Gilson
pump delivers fluids at constant flow. At a certgire-set limit for maximum confining
pressure the pump will stop, and “High pressureitliill blink in the display at this
condition. This way the Gilson pump makes it isgiole to keep a steady pressure, as it will
start pumping whenever the pressure falls belowséteralue. However, a “limitation” of the
Gilson pump is that it is not able to receive fhifdom the system, so if the pressure would
increase above the maximum limit, it must be bigam@anually with a valve.

Quizix Pump

The most advanced pump used in this work isQheix Pump Two such pumps were used
under the hydrostatic and deviatoric tests, for abefining (#2) and the piston (#3) fluid
system. They are of different models. The confinmugnp is aQX-20000 HC Pumpvhich
can deliver flow rates from 0.00015 to 10 ml/mirddrandle pressures up to 20 kPSI (137.9
MPa). The piston pump, @X-6000 HC Pumphas a possible flow rate range of 0.001 to 50
ml/min, but cannot handle pressures above 6 kPISB (MIPa). They are shown in Fig. 3.9.

The Quizix pump has several functions; among thesttee abilities both to deliver constant
fluid flow (CF) and towithdraw (receive) fluids from the system. The latter prbpenakes it

a perfect pump for keeping constant pressure (@RJes. Another good quality of the Quizix
pump is its ability to combine pressure loadinghwiamp time, i.e. to increase or decrease
pressure to a pre-set value over a pre-set timgerahhis is typically used for hydrostatic
loading up to certain confining pressures, and makpossible to use the same loading rate
on all tests. Under all pressure build-ups, a ggleessure was always set somewhat higher
than the maximum pressure. Via Quizix PumpWorkspmputer software application, these
Quizix pumps were controlled.

Teledyne Isco Syringe Pump, Model 260D

Like the Quizix pump, th&eledyne Isco Syringe Pump, Model 26@Dalso able to withdraw
fluids from the system. Therefore, two such pumgesewused in this work; one to keep the
piston pressure (fluid system #3) constant (CPinduhe creep test, and one to keep the back
pressure constant (CP) during the hydrostatic awatbric tests. The manually controlled
Teledyne Isco pump can deliver constant flow (Gigs in the range of 0.001-107 ml/min
and the maximum pressure it can handle is 52 MiP&id. 3.8 a Teledyne Isco pump is
shown, with its cylinder “tower” which holds theuitl (Marcol oil) reservoir with a capacity
of 266 ml.
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3.2.6 Flooding system

When performing test in a triaxial cell, the “fland system” refers to the pore fluid part of
the test system (#1). This involves the parts comukedirectly to the test sample, starting
from the pore fluid pump (pump #1), via or bypagsm flooding piston cell, through or

bypassing the core itself, past the back presdaoelihg device and ending at the effluent
water outlet. Pump #1 delivers distilled water fr@nfluid reservoir to the system, but a
flooding piston cell can be used to switch theuating fluid.

A flooding piston cell is a massive, but hollowgedt cylinder. In each end there is a
removable lid, and the hollow space is split imm tseparate chambers by a movable piston.
Two double valves give the options of either flomgidistilled water bypass the piston cell
and directly into the pore fluid system, or to fibile distilled water into the upper piston cell
chamber. In the latter case the piston will be pdstiownwards, and the fluid in the lower
cell chamber (typically test brine) will flow intilve system. In all tests performed in triaxial
cells in this work, SSW—(S6) was the test brine — except the last part ofcieep test,
where it was switched to SSW. Fig. 3.10 shows adilag piston cell, while a principle sketch
of a cross section of the cell as well as the bgqoadl valve system is shown in Fig. 3.11.

Distilled water

- - from pump =1

ﬁ'\
Bipass

- To trigmal cell svstem

Droukle valves

| A
Figure 3.10: Floodingj piston cell. Figure 3.11: Principle sketch of the flooding piston

cell, and how it is connected to the rest of tbeding
system.

About half of the hydrostatic and deviatoric tesiad the creep test, were carried out at
elevated test temperature of 130 °C. The circugafiund would normally start boiling at this
temperature, so to avoid this from happening, thee pressure inside the test sample was
increased. A back pressure regulating system wad ts build up and control the pore
pressure at a pre-set level. Such a system is showig. 3.12. Circulating fluids move from
the outlet in the lower triaxial cell part towartthe effluent water outlet, but have to pass the
back pressure flooding device. A back pressuredmsthe circulating fluid from passing, and
the pore pressure therefore increases until thie pp@ssure level is reached. At this point, the
pore fluid will continue circulating through the dkapressure flooding device at the constant
flow (CF) rate from pump #1.
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Tubing from triaxial cell (fluid system #1)

Figure 3.12: The back pressure regulating system.

Two different ways have been used to regulate #o& pressure. A Teledyne Isco pump was
connected to triaxial cell A (hydrostatic and démie tests) to keep the pore pressure
constant, while a regulator with the use of presswupport gas (Cpwas used with triaxial
cell B. In both cases the pressure was adjustediatigrand step-wise. Regarding the creep
test it is interesting to see if something happaramically inside the chalk core. Therefore,
the effluent water was sampled (manually) once g dad analyzed for its chemical
composition (ion composition).

There were two pressure gauges connected to thoslifig system, where one showed the
differential pressure (i.e. pressure drop throulgh tore) and the other showed the pore
pressure. In all tests, the pore pressure undiémdesas 0.7 MPa.

3.2.7 LVDT (Linear Variable Displacement Transducer )

An external LVDT was used to measure the axial mhedétion of the test samples (in length).
However, it should be noticed that this method abprovides measurements of fhistoris
displacement, and makes it necessary to use a dwh@wtra force on the piston to make
sure that the piston rests on top of the core atiare. From the principle sketch in Fig. 3.6 it
is shown how the LVDT measuring pin is directlycontact with the middle movable piston
part through a hole in the upper piston part. T¢wigacy of this equipment is £0.05 mm. (No
equipment was used for measuring radial deformatfdhe samples in this work).
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3.2.8 Heating system

A so-called heating jacket, controlled by an exaéregulating system, was mounted onto the
steel cylinder of the middle triaxial cell part étevate the test temperature. In this thesis the
test temperature was either ambient (room) temyerabr 130 °C. The temperature
controlling system allows choosing a pre-set temoee which is kept constant when
reached. The device for measuring the actual teshyrer was a Pt-100 RTD (Resistance
Temperature Detector) element connected to therlaved part. To be exact it is the
confining temperature which is measured, as theéeature sensor pin stands out from the
cell platform and into the confining area.

3.2.9 Computer software

LabVIEW
Flooding rates and maximum pressure values fod fiiglivery from all Gilson pumps used in

this work, were mainly set and controlled iabVIEW a computer software application. By
using LabVIEW it is also possible to log providedttresults like flooding rates, pressure and
temperature values, deformation of test sample elagsed test time. One of the great
LabVIEW functions is the ability to view all thetmgged data live while testing as plots in a
diagram, as shown in the screen shot in Fig. 3:lsh data from other pumps not controlled
via LabVIEW. In addition, the logging file can b@emned as a spreadsheet any time during
the tests, so development of test data is contslycavailable. These properties may help
running the tests as similar as possible, and gieeopportunity to detect and improve
unwanted development before early enough. Spreatssbhentaining the logged data are the
foundation for making comparable plots from thdedént tests.
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Ele Edt Yiew Project Operate Tools Window Help
W

% Quiziz trykk 13 (M)
7,000~
6,000°

\ <
0
(L
T

5.00

4.00

3,000

2.00

0.950=; !
2,800 2.900 2,000 3.100 3.200 3.300 3,400 3.500)

| Aksiel Forflyttring {mm) | Quizix

E:Lz ?ressure start _— - [N Max pressure (MPa)
= X Effective stress (MPa)

s
El £ Biat-Factar

Confining stress start RIS | B Max pressure (MPa;
a I e e e ireas

Real time

Rosemount

Awial pressure  Confining  Diff. pressure  Pressure Pump 3
{MPa) {MPa) (kpa) MPa)

638 7,60 11,456 ln.z

v

Figure 3.13: Screen shot of the LabVIEW software applicationenehlooding rates and
maximum pressure values can be set and controdled, live logging data can be shown

graphically.
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Quizix PumpWorks

Both the Quizix pumps were controlled via the cotepusoftware applicatiorQuizix
PumpWorksPump state of either constant flow (CF) or camspaessure (CP) can be chosen,
and maximum limits can be set. The programme alkava the property of increasing/
decreasing pressure values over a set time péraag time”). Fig. 3.14 shows a screen shot
of Quizix PumpWorks.

= Quizix PumpWorks - [Pump Data & Controls ]

¥ Main Datalog AutoDp Graphing  Other Errorflog  Configure  Communications  Windows  Help - O X
Pump Mame: Pump 1 - Pistan | Pump 2 - Confining |
Culinder Murber: Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4
Piston Posiion: HN N D

Motion Status:

STOP ALL PUMPS

Current Pressure [MPa) :
Set Pressure [MPa)

A

I

0.01 0.04 0.01 0

Current Flow Rate [mldmin] - 0.0000 0.0000 0.0000 0.0000
Set Flow Rate [ml/mit] : 1.0000 3.0000 20000 2.0000

Cylinder Yolume [mi]: 2.148246) 8.228028 0.415853) 0.192726

Curnulative Yaolume [mil] :

Operating Maode: IND.CR-C IND. CR-C IND. CP-C IND.CP-C

Pistan Direction: Estend Extend Extend Retract

Fill % alwe: Cloged Cloged Clozed Cloged

Deliver Yalve: Open Open Open Open

d| I 2
IACﬁVB Pumps: 1, 2 ['ata Logging - OFF | Sequencer - OFF | Mo Emors

Figure 3.14: Screen shot of the Quizix PumpWorks software agijiic, where constant
flooding rates and steady and maximum pressuresgatan be set and controlled.

3.2.10 Equipment for chemical analysis

One of the very interesting results obtained framep tests is the chemical analysis of the
sampled effluent water. The goal is to examine trethere occurs a change in the ion
composition of the water when flooding through thalk core at test conditions. Dilution of
the water samples was the first step, and was peefib by a Gilson Syringe Pump, Model
402, in combination with a Gilson Liquid Handler,oifel GX-271. They are shown in
Fig. 3.16 as numberand?2, respectively. From sample glasses the dilutedokzswere then
filtered into 1.5 ml IC glasses by using the equepinin Fig. 3.15; a syringe with a needle,
and an IC Acrodisc 13 mm Syringe Filter from Paith 0.2um Super (PES) Membrane.
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Figure 3.15: The equipment for filtering diluted samples priorchemical testing.
1: Sample glass of diluted effluent water. 2: Syein3: Needle. 4: Filter. 5: IC glass.

A Dionex lon Chromatograph (IC), Model ICS-3000,sndilised for the chemical analysis.
This complex device is capable of determining iemaentrations in the prepared IC glass
samples. Anions and cations are examined sepatatailyo different parts of the device. The
time needed for the machine to analyze one IC gtassually 6 minutes for the anions and
18 minutes for the cations. The ion chromatograpvicg consists of elemen8sthrough7
pictured in Fig. 3.16; namely an auto sampler wlak¢he IC glass samples are placed, an
eluent organizer, a detector/chromatography modudielal pump and an eluent generator.

Figure 3.16: The equipment for diluting effluent water samplesafd 2) and the complex
Dionex lon Chromatograph, Model ICS-30(07) for chemical analysis.

1: Gilson Syringe Pump, Model 402.Gilson Liquid Handler, Model GX-271.

3: AS (Auto Sampler¥: EO (Eluent Organizer)s: DC (Detector/Chromatography) module.
6: DP (Dual Pump)7: EG (Eluent Generator).
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3.3 Preparation of test cores

A chalk block from the quarry near Liege was theiddor making all the tested cores. As
mentioned, Liége outcrop chalk seems to have saegeed of non-homogeneity, so it was
important that all cores were made from the sarmekblo make the standard of comparison
between the tests as good as possible. In add#stine cores were drilled out from the block,
their top and bottom sides were marked. This wasedim make sure that the flooding
direction through the core was the same in alls;ase vertically upwards.

Samples that were tested in a triaxial cell weeated to achieve the required test sizes of
about 70 mm in length and more precisely 37 mmiameéter (or 38.1 mm for the one core
used in the creep test). For a proper basis of eaosgn all cores should also have smooth
and uniform surfaces. 24 shorter cores were prdpfmetesting in the Brazilian test cell.
They had diameters of 37 mm, but values of lengpitally somewhere in between the radius
and the diameter.

3.3.1 Dirilling

A number of cylindrical cores were drilled out frarchalk block by using a drilling machine
with an oversized core bit, as shown in Fig. 3Te lengths of these cores were around 200
mm, each of them forming the basis of two test £o¥&hile drilling, the chalk block had to
be fastened in a box to be prevented from movind,veater was used as cooling liquid.

Drill

Chalk block
(inside the
box)

Figure 3.17: The drilling machine.
To evaporate the water from the cores, they weneualin an oven at 130 °C over night. Due

to their coarse surfaces and varying diameterctres had to be both shaped and cut to be
used in the test cells.
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3.3.2 Shaping

Shaping of the cores was performed in a turninigelad achieve the required diameter. The
turning lathe is pictured in Fig. 3.18, while F8y19 shows a close-up view of how the core is
mounted in the lathe.

lathe.

= Chalk Cor e WY
Figure 3.19: Closer view of how the
cylindrical core is mounted in the lathe.

S S P 3

Figure 3.18: The turning

To obtain a surface as uniform and correct in diemas possible, the shaping process was
carried out in two steps. The roughest outer layas first removed by shaping the cores to a
diameter of about 38.5 mm, before they were “shateetheir desired diameter of 37 mm (or
38.1 mm for the creep test core).

3.3.3 Cutting

After shaping the cores to their desired diamdtery had to be cut to the correct sample
length before they could be used in test cells. Fig0 shows the Struers Discotom-5 Cutting
Machine used for this purpose. First, the coresweeit in half. Then, about 15 mm was cut
off each end, making the core lengths 70 mm. Pecidmdrical shapes were obtained as the
cut-off wheel (diamond blade) makes plain surfeaed hardly any damage at all on the core
ends.

Chalk core Cut-off wheel

Figure 3.20: The cutting machine (Stuers Discotom-S).
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Some tens of core samples were made like thisilistd on experimental work for two
theses, and knowing that there would be some fdédsts, some cores could be excluded
because of highly deviating porosity or length/déen, and some cores was expected
damaged during aging, etc. In addition, 22 shartees were cut for testing in the Brazilian
test cell. (Ten of them — to be tested at elevédetberature — were cut from some 70 mm
long samples that had already been aged). Wheruffaged) samples had been cut to their
test size, they were put back into the oven at A3B0to evaporate any humidity before
porosity could be measured.

3.3.4 Determining porosity

For the test samples to be comparable they shdubé as similar as possible. Determination
of the cores’ porosity is one good way to be ablesxclude possible cores that are not
representative for the assembly, i.e. if their pares deviate considerably from the average
value. After the cores were dried they were weigbed by one on a scale, and their exact
lengths and diameters were measured by usingiagkdliper. The cores were then saturated
with distilled water in a vacuum container, andiagadividually weighed on the scale. When

having knowledge of each and every core’s lengdmadter, dry and saturated (wet) weight,

the equations Eqg. 2.3 through Eq. 2.5 could e&&lysed to compute the porosi) (

From now on, the samples were stored dry in a ingai@bined at 130 °C before being either
saturated with or aged in test brine prior to tepti

3.4 Mixing test brines

All test cores were saturated with or aged whilenserged in the testing brine before testing,
and flooded with the same brine during testing. &brtests, the used brine wagnthetic
seawater without sulphat@bbreviatedSSW—(S¢))), and for the creep test this brine was
after some time switched t®ynthetic seawatecontaining sulphate (abbreviat&SW. In
addition, this thesis was processed in close coatipa with another thesis (Davidsen, 2011)
using the opposite brines, i.e. mainly SSW. TablepBesents the recipes for these two fluids.
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Table 3.4: Recipes for making 1 litre of SSW—(3D (synthetic seawater without
sulphate) and 1 litre of SSW (synthetic seawaterorrect order from top to bottom. The
salts are mixed into distilled water.

Amount added to make | Amount added to make
Chemical | 1litre of SSW—50,”) 1litre of SSW
[g/1] [mol/1] [g/1] [mol/1]
NaCl 27.58 0.472 23.38 0.400
KCl 0.75 0.010 0.75 0.010
MgCl, - 6H,0 9.05 0.045 9.05 0.045
CaCl, - 2H,0 191 0.013 191 0.013
Na,SO,4 341 0.024
NaHCO; 0.17 0.002 0.17 0.002

Salts were added one by one to distilled waterticoously mixed on a magnet stir. After
they were all mixed in, distilled water was addedilihe solution volume was exactly 1 litre,
and the brine was then left for mixing for some fsod’he mixed brine was filtrated by using
a filter paper (from Millipore) with 0.6wm mesh size, before used for saturation, aging or
testing. Fig 3.21 and Fig. 3.22 show equipmentsatelip for mixing and filtration of brines,
respectively.

Filter
Volumetric
flask
Magnet
stir
“NVacuum™
chamber

N Fy j.- -
Figure 3.21: The equipment for mixing Figure 3.22: The set-up for brine filtration.
brines; magnet stir and volumetric flask.
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3.5 Testing procedure:
Hydrostatic, deviatoric and creep test

Both the hydrostatic and deviatoric tests and tlee test were carried out in triaxial test
cells. The procedureduring the tests themselves differed naturally somewha feach
other, but the preparatiomsfore testing, e.g. mantling and obtaining test condgjowere
more or less the same for all these three typéssts. StepkthroughVI below show a rough
summary of this general “preparation procedure’lf ldathe hydrostatic and deviatoric test
cores were aged prior to testing. Procedure paogikal for testing these cores at elevated
temperature (130 °C) have been given the index 8Age

I Saturated test core with brine at least one déyrédesting.

laged: Cores were aged for three weeks while submergesbtrbrine, and stored in the aging
brine in a refrigerator until testing.

Il Assembled the triaxial test cell.

[I: Built up pore and confining pressure to 0.7 MPa &12 MPa, respectively.

V: Flooded 1 pore volume of brine (SSW) through tesé.

Vaged: Heated the system up to 130 °C, while floodingéri
VI:  Lowering the piston onto the test sample.

Test: A hydrostatic test, deviatoric test or creep test be run after the general preparation
procedure has been completed.

The full and detailed preparation procedure willpgpesented chronologically in the following
paragraphs, followed by detailed testing procedtweshe three test types. Please note that
the type of pumps differ between the two triaxiall cset-ups, where hydrostatic and
deviatoric tests are carried outTniaxial test cell Aand the creep test ifriaxial test cell B
(See Table 3.3 for the overview). This causes selight differences in the procedure as
different pumps have different properties and abdi These differences will be pointed out
by separate descriptions.

3.5.1 Preparing the core for testing ( step 1)

Saturating test core with brine at least one day Were testing

All samples tested at ambient conditions, plusdteep test core, wesaturatedwith brine
(SSW—(S@)) at least one day before running test. A choseme evas first placed in a
cylindrical box with open top and put inside a vatucontainer. The container lid was put on
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top and placed so that the fluid inlet to the cheambkas vertically above the chalk core. The
valve at this inlet was closed, but the other valvéhe outlet connected to the vacuum pump
was open so that air would be sucked out from trember when starting the pump. Test
brine was poured into the reservoir above the @oataand made sure to fill the whole tubing

down to the closed chamber inlet — it was importhat no air was let inside the chamber
when opening the valve to fill the core at vacuwnditions.

Not more than a couple of hours should be neededchieve “vacuum conditions” (a
chamber pressure of 5 Pa, at®? was considered acceptable). At this point, thepualve
was closed and the fluid inlet valve opened slighal fill the box with brine and cover the
core. The fluid inlet valve was then closed, anel ¢bre left in the vacuum system for one
hour to make sure that the brine would fill all @arDuring this time the container could be
carefully shook a couple of times to “help” the argpenetrate the pores. In the end, the pump
was disconnected from the lid and the valve opeaddt air into the chamber, and the core
was kept submerged in the box with a lid at ambtenditions until testing.

Cores were aged for three weeks while submerged iest brine, and stored in the aging
brine in a refrigerator until testing

Chalk cores that were tested at elevated temperatere allagedprior to testing. The reason
for doing this was to make sure that the test bané the chalk were in equilibrium before
testing. Since the chalk cores were flooded witinébboth before and during testing, this
balance would be disturbed and any possible chémifects yielded by the brine would be
enhanced.

After being saturated with brine, all of them tdg&tin a large vacuum container, they were
put in a large aging cell (also called “autoclavai)d entirely covered with test brine. The
aging cell was properly sealed and put in a heatingmber at 130 °C. Compressed air
holding a pressure of 0.7 MPa was connected tahlaenber inside the cell, to prevent the
water from boiling. After three weeks of aging, t@es were put separately in each of their
box, fully submerged in aging water from the awwel cell. Each box was sealed with a lid
and extra tightened with tape. As mentioned, it ofasterest to keep the brine and chalk in a
state of chemical equilibrium before testing a cdre hinder, or at least slow down, any
chemical reactions to occur, the test samples kegpecool in a refrigerator until testing.

3.5.2 Assembling the triaxial cell ( step 1)

First of all the pipes in the pore fluid system)(#&re filled with the circulating fluid, SSW-
(SO). After each test, the pipes were filled with illist! water to avoid any possibilities of
salt precipitations causing blockage. Hence, piaoevery test, the pipes had to be refilled
with brine until it seeped out from the bottom pairthe axial piston — on which the sample
should be placed. A thin layer of brine on thisface would ensure that no air would be
flooded through the wet core.

A prepared wet (saturated or aged) test sampleputisn a cylindrical shrinking plastic

sleeve, about 3 cm longer than the core and opéotimends. On each end face of the core
there was put a coffee filter covering the wholdate, to prevent any possible solid particles
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from the core to enter the pipes. The core wapuhe bottom piston part — surrounded by
the sleeve, and in the same direction verticallyt &amd been cored from the block — and he
lower movable piston part (see Fig. 3.6) was maiiotetop of the core. To reduce the risk of
leakage of confining fluid into the core, high silne vacuum grease (from Dow Corning) and
two rubber o-rings were put on the piston parts gl®ve and underneath the core. The sleeve
was then shrunk around the core and piston partasbyy a heating gun (from Wattson
Enterprise). The set-up so far is viewed in Fig33.

Lower
movable Paliber
piston part o-ring
Chalk core Pore fluid
in shrinking outlet
sleave
il Rubber
Bottom __ ~ 0-rings

piston part

Figure 3.23: The “internal” set-up of the triaxial test cell, @ived before the middle and
upper cell parts were mounted.

The lowermost rubber o-ring ensured that the cammedetween the lower (platform) and
the middle cell part would be entirely sealed, tes steel cylinder (“skirt”) was put in top of
the platform. The lower confining outlet valve wealssed and the confined area around the
test core was filled with Marcol oil to the top thie skirt. Two things were checked before
mounting the upper cell part (or steel lid) onte #gkirt; that the movable piston was at its
upper position, and that the upper confining ouwtlgize was open so that excess confining
fluid could be removed while fitting the steel liélnother rubber o-ring attached to the steel
lid made sure that the whole confining area wateded o make sure that the cell parts were
properly assembled to withstand high confining puess, the six/nine massive, threaded steel
bolts connected the upper and lower cell partsattheother. In the end, the LVDT pin was
mounted on the very top of the cell. As the measerd pin goes through a hole in the upper
movable piston part, it is important that it canvadreely vertically without touching the
hole walls. A compressed coil spring was also atdcto press the LVDT pin in vertical
direction down onto the middle movable piston part.
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3.5.3 Building up pore and confining pressure ( step lll)

To avoid boiling of the pore fluid when testing dgmres at 130 °C, a pore pressure was built
up to 0.7 MPa. And to avoid leakage of pore flumhi the core out to the confining area, the
confining pressure was kept 0.5 MPa above the pagssure at any time during the gradual
pressure build-up. (The shrinking sleeve shouldiéineakage the other way around). For the
basis of comparison between aged cores (testedjlattémperature) and “un-aged” cores

(tested at ambient temperature), these mentionesspre build-ups were also performed for
the latter tests (un-aged/ambient).

Building up confining pressure to 0.5 MPa

First, LabVIEW was started, the confining inletwalopened, and pump #2 set to a constant
flooding (CF) rate of 2 ml/min and a maximum pressaf 0.5 MPa. The lower confining
outlet valve was closed, but the upper one was liedd open to release any possible air
inside the confining area. When also the upperinomf outlet valve was closed the confining
pressure started increasing, and did so until tagimum limit was reached and the pump
stopped.

Triaxial cell A The confining pump was then set to constant pres<CP) at 0.5 MPa.
Triaxial cell B The CF rate was then set to a lower value, tfgi€a2 ml/min, just to make
sure that the pump would start and the pressurekigustabilized again if the confining
pressure should drop.

Building up pore and confining pressure to 0.7 MPand 1.2 MPa, respectively

Starting at pore and confining pressure values evb zand 0.5 MPa, the pressures were
gradually built up to the mentioned values. By ating the confining pressure it was kept
constantly 0.5 MPa above the pore pressure. Pumwatlset to deliver a CF rate of 2

ml/min, and as soon as brine started seeping out fhe waste outlet — i.e. the end of the
circulating fluid system, meaning that no air wa# In the pipes — the back pressure was
increased to 0.7 MPa. During the whole pressurkeltwg, both the inlet valve to the test core
and the bypass test cell-valve (bypassing the wti@eial cell) were kept open. When the

pore pressure reached the values of 0.4 MPa, 0.& & finally 0.7 MPa, the pump #1 CF

rate was step-wise reduced to 1 ml/min, 0.1 ml/amd 0.05 ml/min, respectively. In the end,

when the pressure had reached their set-valuepotteefluid would again be able to pass the
back pressure flooding device with the CF ratevéeéid by pump #1.

NB: For tests at effective radial stress (confinprgssure minus pore pressure) of 0.3 MPa,
the confining pressure was not elevated higher th@rMPa.

3.5.4 Flooding 1 pore volume of testing brine throu  gh core ( step [V)

All cores were flooded with testing brine, SSW—(SPprior to testing; one pore volume
(PV) during 24 hours. The main reason for doings tihas to disturb the established
equilibrium between the chalk and the pore fluidd do enhance any possible chemical
effects by the brine on the chalk’s strength.
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For each and every test core a flooding rate etpnvdo 1 PV/24 hrs was calculated, and
with very few exceptions this rate was 0.021 ml/mWhen the pore and confining pressure
were stabilized at the levels of 0.7 MPa and 1.2aNd® 1.0 MPa), respectively, pump #1 was
set to a CF rate of the calculated value (0.02Inm). As soon as it was made sure that the
pore pressure was stable at this low flooding rdite,bypass test cell-valve was closed, so
that all delivered brine was flooded through theecd.abVIEW was set to log every five
minutes, and the test cell was left for 24 hoursiess it was an aged core which was to be
tested at high temperature (see the next paragrépe)flooding rate of 1 PV/24 hrs was held
constant throughout the testing.

3.5.5 Heating (step V aged)

Some time after the brine flooding had started, ¢k# was heated to an elevated test
temperature. When the heating element was turnesithna set temperature of 130 °C, the
temperature started to gradually increase. Thidavcause the confining fluid (Marcol oil) to
expand, so a spring relieve valve — connecteddaiffper confining outlet — had to be used to
release some Marcol oil and keep the confining qunes stable at 1.2 MPa. When the set
temperature was reached and stabilized, the ugpginang outlet valve was closed and the
cell left flooding to the next day (1 pore volunme24 hours).

Triaxial cell A Hydrostatic and deviatoric tests:

During heating the confining pump (Quizix) was gteg, because otherwise it would have
received considerable amounts of fluid from thé aelthe fluid expanded.

Triaxial cell B, Creep test:

The CF rate of confining fluid was typically incsssl to 2 ml/min during heating, to ensure
that the confining pressure would quickly be siabd at 1.2 MPa if it of some reason should
drop below this value. After heating it was redute.2 ml/min again, typically.

NB: Only the aged cores were tested at elevategdemture.

3.5.6 Lowering the piston ( step VI)

After (almost) 24 hours of flooding, the pistontsan the upper cell part were lowered to get
in contact with the core. By opening all valvesdtimlets and two outlets) and setting pump
#3 to a CF rate of 1 ml/min, the upper and lowstqs chambers were filled with Marcol oil.

When no more air bubbles would seep out from tteandyer, the lower inlet and upper outlet
valve were closed. The pressure in the upper chambeld increase and eventually exceed
the friction force obstructing the piston to movewshwards. While moving downwards,

excess fluid from the lower chamber was drained ant the movement was viewed in
LabVIEW by plotting the axial movement versus thstgn pressure. Logging rate was
changed from every five minutes to every half autenand kept at this rate throughout the
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testing. A safety piston pressure was set a few(tyarcally 0.3-0.4 MPa) higher than the
friction pressure, which typically was 0.6 MPa. ®ben the piston reached the core, the
piston pressure would increase rapidly to thisllenel the pump would stop. This way, it was
clear that the piston had landed, and it would oestop of the core.

The testing could now be initiated. Further progedudor the three test types executed in the
triaxial cells — starting from the moment the pmsteached the test sample — are described in
Paragraph8.5.7 Hydrostatic tes8.5.8 Deviatoric tesand3.5.9 Creep test

3.5.7 Hydrostatic test

Please note that both the two hydrostatic testewarried out by using theriaxial test cell
A set-up, where a Gilson pump delivered test brinduid system #1, and Quizix pumps were
connected to fluid systems #2 and #3 for delivéoafining and piston fluid, respectively.

Loading

At the moment the piston landed on top of the tesg, the piston pump (#3) was switched
from CF to a CP set value of about 0.3 MPa aboeeettperienced friction pressure during
lowering. The set value of 0.9 MPa was therefoedualmost exclusively. The reason why it
was set a bit higher than actually necessary wdme tabsolutely sure that the piston was in
contact with the core at any time during the hytatis loading. This type of load is therefore
just as well called “quasi-hydrostatic”.

During hydrostatic loading, the live plotted diagran LabVIEW showed axial movement of
the piston (i.e. axial deformation of the core)aafunction of the confining pressure. The
loading itself was carried out by using the “Autd@pnction on the confining Quizix pump
(#2). This is an automatically controlled rampingemation which allows to choose a certain
“ending set pressure” value and a set “ramp tirtrether words, it is possible to decide how
long time the pump shall be running to reach aagegressure, and this gives the opportunity
of using the constant and same loading rate (MPabmimin/MPa) during all hydrostatic
loadings and tests.

For the hydrostatic tests the confining pressurse lualt up from 1.2 MPa to an ending set
pressure of 12.7 MPa. Ramp time was set to 430tesnor 7 hours 10 minutes, which gives
a loading rate of about 37.4 minutes per MPa presswcrease. The Quizix PumpWorks
programme continuously measured the pressure antbtied the pump to deliver Marcol oll
as required for a steady pressure build-up. TalBecBntains an overview of the (typical)
pump settings and set values during the hydrogsiedis, as well as the LabVIEW settings.
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Table 3.5:  Overview of the (typical) pump settings and seti@s| and LabVIEW settings,
during hydrostatictesting. (CF: Constant flooding rate. CP: Constaméssure. SP: Safety
pressure).

Pump No.| Pump type Fluid system Settings and set values
" Gilson Pore CF=1PV/24 hrs
(Circulating fluid) (0.021 ml/min)
Start pressure =1.2 Mpa
.. Confining Ending set pressure =12.7 MPa
#2 Quizix

(Marcol oil) SP =13.0MPa
Ramp time =430 minutes
Piston CP =0.9Mpa
(Marcol oil) SP=1.1MPa
Back pressure

#4 Teledyne Isco (Marcol oil) CP=0.7 MPa

LabVIEW settings
Diagram view: Axial movement [mm] vs. Confining pressure [MPa]
Logging rate: Every 0.5 min.

#3 Quizix

Unloading

During the hydrostatic loading, the test sample l@ventually go into failure. The yield
point was registered as the maximum principal stresile the effective radial stress at the
yield point was used ag’. When the ending set pressure was reached, tHmiognpump
automatically switched to a CP mode at 12.7 MP& ddnfining pressure was then unloaded
back to 1.2 MPa by using the AutoOp function agailso the piston pressure was unloaded
this way. Ending set pressure for the confining tedpiston pump was set to be 1.2 MPa and
0.8 MPa, respectively, and a ramp time of 120 n@suvas used. Neither safety pressure
values nor LabVIEW settings were changed.

NB: For tests at effective radial stress (confinprgssure minus pore pressure) at 0.3 MPa
and 0.5 MPa, this part was not needed, as the omgfipressure was already at test level.

3.5.8 Deviatoric test

Please note that all deviatoric tests were carreed by using thdriaxial test cell Aset-up,
where a Gilson pump delivered test brine to fluigtem #1, and Quizix pumps were
connected to fluid systems #2 and #3 for delivégoaofining and piston fluid, respectively.

Deviatoric tests were executed for many differeatugs of effective radial stress, i.e.
confining pressure minus pore pressure. Since ahe gressure was held constant at 0.7 MPa
in all tests, this means that the confining pres$iad to be increased to a certain level. Unless
for tests carried out at an effective radial stres9.3 MPa or 0.5 MPa. In those cases, no
extra confining load was needed from the value$.0fMPa or 1.2 MPa, and the deviatoric
testing could be initiated at the moment the pisamaed on top of the core.
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Hydrostatic loading

Confining pressure build-up to a level correspogdio the correct radial stress for the test
was done hydrostatically — the exact same way pkied in ParagrapB.5.7 Hydrostatic
test under the headlineLbading. (The only differences were the ending set canfin
pressure and its related safety pressure, andathp time. Under all hydrostatic loadings the
safety pressure was set to a value of 0.3 MPa atbevending set pressure).

The “ending set pressure” was set to a value 0.a K4Ppore pressure) above the wanted
effective radial stress, and the ramp time wasutailed by multiplying the standard loading
rate & 37.4 min/MPa, see the previous paragraph abouAub@Op function) with the needed
increasein confining pressure. E.g., for a test to be ateffective radial stress of 4.0 MPa,
the ending set pressure for the confining pump seago be (4.0 MPa + 0.7 MPa) 4.7 MPa.
Hence, a confining pressure increase of (4.7 MPa2-MPa) 3.5 MPa was needed. By
multiplying this value with the loading rate, themp time was obtained which in this case
would be (3.5 MPa37.4 min/MPa) 130.9 minutes.

Deviatoric testing

When the confining pressure eventually reached gék level, pump #2 automatically
switched to a CP (constant pressure) mode at thpressure value and the deviatoric test
could be started immediately. This was simply doypehanging the piston pump (#3) to a CF
(constant flow) mode with a flow rate of 0.01 mlfimiThe piston safety pressure was
typically set to 8.0 MPa. (The test core would tglly yield before reaching this level by a
clear margin). Settings for LabVIEW and the pumpsrdy the deviatoric testing are shown
in Table 3.6. As the axial stress increased, teedample would eventually go into failure
(yield). o1/ and o3 were registered as the yield point and the efectiadial stress,
respectively. The deviatoric test was consideneidlied some time after passing yield.

Table 3.6:  Overview of the (typical) pump settings and seti@s| and LabVIEW settings,
during deviatoric testing. (CF: Constant flooding rate. CP: Constgmessure. SP: Safety

pressure).
Pump No.| Pump type Fluid system Settings and set values
P CF=1PV/24h
#1 Gilson . t?re . / s .
(Circulating fluid) (0.021 ml/min)
.. Confining CP = (effective radial stress + 0.7 MPa)
#2 Quizix N
(Marcol oil) SP =(CP value + 0.3 MPa)
L. Piston CF=0.01 ml/min
#3 Quizix .
(Marcol oil) SP =8.0 MPa
#4 Teled | Back pressure CP=0.7 MP
eledyne Isco (Marcol oil) =0. a

LabVIEW settings
Diagram view: Axial movement [mm] vs. Piston pressure [MPal]
Logging rate: Every 0.5 min.
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3.5.9 Creep test

Please note that the creep test was carried ouidayg theTriaxial test cell Bset-up, where
two Gilson pumps delivered test brine to fluid eystt1 and Marcol oil to the confining fluid
system (#2), while a Teledyne Isco pump contrahediston fluid system (#3).

Please also note that the creep test core wasrhesample of the high temperature (130° C)
tested cores which wasot aged prior to testing. Just like the cores testgédambient
temperature, it was only saturated with testinqibriSSW—(S®), one day before testing.

When the piston had landed on top of the test santipé specific preparations for the creep
test could be started. Similar to the deviatorgtdehe creep test was also hydrostatically
loaded to a certain confining pressure level bethie test itself was initiated. Since the
confining fluid system (#2) was connected to a @ilpump, and no AutoOp function was
available, the loading was done by using a congtawt(CF) rate of 0.05 ml/min. The creep
test was decided to be carried out at a constarfintog pressure of 12.0 MPa. Hence, pump
#2 was set to a maximum pressure at this level.

For a (quasi-)hydrostatic loading, the piston puessvas increased to a constant (CP) level of
0.85 MPa when reaching the core, and kept at ¢sl throughout the creep test. During the
hydrostatic pressure build-up the core sample weuthtually go into failure (yield), and the
loading rate was decreased after this. When théntiog pressure after some houis this
case nine hours) reached 12.0 MPa, pump #2 stoppededielg fluids to the system — and by
this, the creep period was started. The CF rateingzagased a bit to 0.2 ml/min, to rapidly be
able to stabilize at 12.0 MPa in case of a pressuog.

For chemical analyses of the brine flooded throtlgh chalk core, one water sample was
taken of the effluent water every day of the crésgi. In addition, a water sample of the
standard brine was taken before it was floodedutjinadhe core. By doing this, it was possible
to compare the change in ion concentrations imter after flooding.

When the creep had lasted for exactly five weelks, dirculating fluid was changed from
SSW—(SG*) to SSW (containing sulphate). This was mainly eldo investigate if any
change in deformation rate was experienced. Thepctest was continued like this for four
more weeks, still saving one water sample for ekgh

3.5.10 Finishing the triaxial cell tests

After the test was finished, the piston was firtath raised back to its upper position by
switching all the four piston valves; i.e. lowetenand upper outlet valve should be opened,
the other two closed. The piston pump (#3) wascsatCF rate of 1.0 ml/min.

For tests performed at elevated temperature

When the piston had “left” the core, the heatirgne$nt was turned off. This would cause the
temperature, and hence also the confining prestudecrease, so to keep the pressure stable
the CF rate of the confining pump was set to 2 nm/rAfter some few hours the temperature
had sunk to such a level that it was possible gméntle it with bare hands.
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When the piston arrived at its upper position, ghessure in the lower chamber was bled off.
All three pumps were stopped and the back pressececased to zero. The pore pressure
would sink, and then the confining pressure wasl & through the upper outlet valve.
Afterwards, compressed air (0.7 MPa) was conneiddtlis valve, and confining fluid was
removed through the lower outlet. In the end, tilets were closed and the cell was taken
apart and cleaned.

3.5.11 Chemical analysis of effluent water

Throughout the creep test, daily water samples heeh taken of the effluent water for
chemical testing. The samples were diluted 2004imigh distilled water and filtered into IC
glasses for use in the ion chromatograph devicee @uthe amount of water samples, the
samples taken when flooding with SSW—(SPwere tested separately from the ones when
flooding SSW. For each of these two batches thexeewnade four IC glasses of standard
SSW—(S@) solution, four of standard “H-sal” solution arwiot of distilled water to be used
as concentration references. All IC glasses weaieenl in a rack and put in the autosampler
device, and two test programmes were made — oloa éest and one cation test. Some hours
after starting the programmes, the results coulérmyzed and plotted in diagrams of ion
concentration in effluent water versus creep time.

Chemical analysis like this was also performedwater samples of the water that had been
in the aging cell with the cores for three weekaoTsuch samples were compared to two
standard SSW—(SO) solutions in the IC device.

3.6 Testing procedure:
Brazilian test

The Brazilian test is generally a quite quick tesperform, as it is easy to install the sample
in the test cell and the loading time before falwsually only takes some few minutes.
However, executing a Brazilian test at high tempeeatakes considerably longer time. The
test procedure is more or less the same, but the timekiés to reach the correct test
temperature before every test slows down the pssgr@nd the loading of the piston takes
extra time since the chamber pressure of 0.7 MRathébe exceeded before the core is
actually loaded. In the following, the test procedat ambient conditions is first described,
and then the additional info for testing at eleda®mperature is given.

Ambient testing conditions

12 shorter test samples had already been shapeduandaturated with distilled water for
porosity measurements, and put in a heating chafobelrying. A straight vertical line had
been drawn on samples cut from the same core, k@ reare that they were put into the
loading cell with the same orientation. After dryjnthey were all saturated with SSW-
(SO%) brine before being tested one by one in the Beawitest cell. Each of them was
placed edgewise in between the two loading framdsch again was put inside the cell
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“house”. The steel rod was lowered to rest on tofh® upper frame, the load cell was placed
on top of the rod, and the piston in the exterpalding frame was manually lowered to a
position just above the load cell by using a hamehp.

Then, the Gilson pump was started, delivering Belbil to the piston at a CF rate of
0.5 ml/min. The pump was controlled via LabVIEW, evd also the live load onto the core
was plotted versus time. Logging rate was typica#y to every 0.01 (or 0.001) minute. The
sample was loaded diametrically until it suddentpezience failure. This is usually clearly
seen on the sample itself, but is also indicatedhm logging data (plot) as a sudden
considerable drop in the load. The load at the tpoirfailure, referred to as “peak force”
(Fc [N]), can be used in Eg. 2.63 together with thesia’'s diameter and length to calculate
the “Brazilian” tensile strengthlgs [MPa]).

High temperature (130 °C) conditions

Ten test samples were cut from five different 70 fomg cores that had already been aged
and kept cool in a refrigerator. (Each core shdddcut into three test samples, but due to
“difficulties” during cutting the number of sampless reduced to ten). The porosity listed
for these samples in the results is the averageewa the ten samples, assumed that each of
them holds the same porosity as the 70 mm corastaut from.

All of the ten samples were put together in a smagilhg cell, fully covered by the aging brine
they had been submerged in. The aging cell wasdeald put in a heating chamber over
night. Before testing the next day, the aging wae&ls cooled down so that the water would not
boil when opening it. These samples were testddgdt temperature conditions, i.e. at 130
°C. One by one, the tests were executed as expldorethe Brazilian tests at ambient
conditions in the previous paragraph. But sometaufdil moves were carried out to achieve
correct testing conditions. Prior to the very fiss$t, the front cover with the heating element
was sealed, and heating started. Compressed 8i7 dlPa was connected to the testing
chamber, but the valve was kept closed. When tlanbler temperature had reached and
stabilized at 130 °C, the first core was put inlteing frame. All the samples were properly
sparged with testing brine so that they would reitdyy during testing. In addition, a small
“cup” located below the loading frame, was alstedilwith brine. The front cover was then
mounted to seal the testing chamber, and the casgdeair valve was opened to pressurize
the chamber. During this time of installing a neamgple into the cell, the temperature
typically sunk with 7-10 °C. For the temperaturedestabilize at 130 °C, the test cell was left
for half an hour, approximately.

At stable temperature conditions, the Gilson pungs wtarted and the test carried out the
same way as described for tests at ambient condit{previous paragraph). The only

difference was that the piston force first needeédxceed the upwards directed force from the
chamber pressure before the sample actually exjpedeany load. In the load versus time
plot in LabVIEW, this “transition” was identifiedsaa horizontal line, i.e. a constant load

value, used as a reference point (correction péonthe actual load of the core.
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4 Results

First of all, it should be noted that the experitaémork in this thesis was carried out in close
co-operation with another master thesis, David2811). A total number of 57 chalk cores
were prepared and tested in several different nrann€he tests were executed in
combinations of four different test types (Brazlishydrostatic, deviatoric with different
effective radial stresses, and creep tests), tiferdnt temperature conditions (ambient and
130 °C) and two different brines — synthetic seawaifithout sulphate, SSW—(S0), and
synthetic seawater, SSW (containing sulphate).riaix in Table 4.1 shows an overview of
how these different “variables” were combined fibtlze 57 tested cores.

Table 4.1:  Overview of how many cores that were tested wighdifferent combinations
of test types, types of brines and testing conutio
e Un agE1‘;;'_15':W_iSml2 Lgedf Un-aged/ — Aged/ Total number
Test conditions - Ambient temp. 130 °C Ambient temp. 130°C of cores
o 12 samples 10 samples cut 10 samples 9 samples cut
a |Brazilian 8
o from 5 cores from 3 cores
g Hydrostatic 1 1 2 2 6
2 |Deviatoric 9 11 10 10 40
Creep 1 2 3
Total number of cores 10 18 12 17 57

All samples tested at ambient temperature were satiyrated with testing brine before tested
— they were “un-aged” — while all samples tested 180 °C were aged at the same
temperature prior to testing.

The type of brine is the parameter which distingessthis thesis from the parallel work done
by Davidsen (2011). But for the great basis of carngon all results from both studies will be
presented and treated in the following — first 88W—(SQ*) tested samples and then the
results from Davidsen (2011) where cores were atdfaged and tested with SSW.

Each chalk sample has been given a simple namestiogsof the letters “LK” and a given
number, where the “L” indicates chalk from Lieg&”“represents the person from the lab
crew who was responsible for drilling out the chalires, and the numbers separate the
samples from each other. In the two following tabl@able 4.2 and Table 4.3, some
parameters for measuring porosities, and the pasghemselves, are listed for all the 57
core samples. The first table shows the overviewarsés saturated and tested with SSW-
(SO2) brine, while the second table contains the edentanfo for tests where SSW brine
was used.

The average porosity of all 57 chalk cores wasutaled to be 39.57%wvith a standard
deviation of £ 0.51%.

77



Table 4.2:  Overview of porosities and parameters for findihgr, for all cores tested
with SSW—(S€3) brine.

Test |Diameter|Length|Pore volume|Bulk volume | Porosity Test

core [mm] [mm] [ml] [ml] [%] | temperature
LK38 | 36.99 | 68.28 29.49 73.38 40.19p Ambient temp.
LK46 | 36.99 | 66.34 28.16 71.29 39.50 Ambient tefmp.
LK48 | 36.97 | 70.12 29.89 75.27 39.7L  Ambient tepmp.
LK64 | 37.01 | 70.22 30.38 75.54 40.2P Ambient tepmp.
LK66 | 37.02 | 68.84 29.77 74.10 40.18 Ambient tep.
LK67 | 36.99 | 70.32 30.20 75.57 39.96 Ambient tefmp.
LK68 | 36.96 | 68.99 29.48 74.02 39.88 Ambient temp.
LK92 | 36.99 | 70.19 29.49 75.43 39.10 Ambient tepmp.
LK93 | 37.01 | 70.05 30.11 75.36 39.96 Ambient temp.
LK98 | 37.00 | 70.15 30.12 75.43 39.98 Ambient tefmp.
LK27 | 37.13 | 68.93 29.39 74.64 39.3B 130 °C
LK41 | 37.00 | 65.81 28.55 70.76 40.3b 130 °C
LK47 | 37.03 | 70.03 29.47 75.42 39.017 130 °C
LK49 | 37.01 | 68.85 29.32 74.07 39.5P 130 °C
LK50 | 36.96 | 69.53 29.49 74.60 39.5B 130 °C
LK51 | 37.03 | 70.01 30.30 75.40 40.1P 130 °C
LK52 | 37.00 | 70.10 30.23 75.37 40.11 130 °C
LK57 | 36.99 | 70.18 30.17 75.42 40.0p 130 °C
LK58 | 36.97 | 70.13 30.21 75.28 40.1B 130 °C
LK59 | 37.02 | 70.10 30.02 75.45 39.7P 130 °C
LK62 | 37.00 | 70.36 30.43 75.65 40.2p 130 °C
LK63 | 36.96 | 70.24 29.41 75.36 39.08 130 °C
LK65 | 37.03 | 70.22 29.70 75.62 39.2[7 130 °C
LK69 | 36.97 | 70.17 29.45 75.33 39.1p 130 °C
LK70 | 36.94 | 70.16 29.89 75.19 39.7p 130 °C
LK72 | 36.92 | 70.16 30.22 75.11 40.2B 130 °C
LK74 | 36.96 | 70.13 29.78 75.24 39.5B 130 °C
LK79 | 38.08 | 70.03 32.07 79.76 40.21L 130 °C

Of the 28 cores saturated and tested with SSW,2(B6rine, ten were tested at ambient
conditions; nine of these were tested in deviatddsts and one (LK66) was tested
hydrostatically.

Five (LK27, LK41, LK49, LK63 and LK72) of the 18 pes that were aged and tested at
elevated temperature, were cut into smaller samiolesesting in the Brazilian cell. One
(LK79) was tested in a creep test, one (LK52) vestetd hydrostatically and 11 deviatoric
tests were performed at 130 °C.
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Table 4.3:  Overview of porosities and parameters for findihgr, for all cores tested
with (sulphate containing) SSW brine.

Test |Diameter|Length|Pore volume|{Bulk volume [ Porosity Test

core [mm] [mm] [mi] [mi] [%] | temperature
LK4 36.96 | 72.70 30.97 78.00 39.7L Ambient temp.
LK71 | 36.97 | 70.08 30.03 75.23 39.92 Ambient temp.
LK75 | 37.00 | 70.17 28.61 75.45 37.92 Ambient tefmp.
LK80 | 36.95 | 70.32 28.85 75.40 38.26 Ambient temp.
LK82 | 36.95 | 70.19 29.24 75.27 38.8b Ambient temp.
LK84 | 36.97 | 70.16 29.76 75.31 39.501 Ambient tefmp.
LK85 | 36.99 | 69.93 29.59 75.15 39.38 Ambient temp.
LK87 | 36.97 | 69.90 29.18 75.04 38.89 Ambient tepmp.
LK89 | 37.03 | 70.09 30.05 75.48 39.8L Ambient tepmp.
LK96 | 37.01 | 70.05 29.88 75.36 39.6b Ambient tefmp.
LK97 | 36.98 | 70.22 30.13 75.42 39.95 Ambient tepmp.
LK99 | 36.99 | 70.18 30.08 75.42 39.88 Ambient temp.
LK7 37.04 | 70.00 29.95 75.43 39.71L 130 °C
LK11 | 37.05 | 70.07 29.42 75.54 38.94 130 °C
LK15 | 36.99 | 69.86 29.33 75.07 39.017 130 °C
LK17 | 37.02 | 70.11 29.59 75.46 39.211 130 °C
LK18 | 36.96 | 70.07 29.97 75.18 39.8)7 130 °C
LK19 | 37.05 | 70.25 30.12 75.74 39.7[7 130 °C
LK20 | 36.97 | 70.15 29.27 75.30 38.87 130 °C
LK21 | 37.03 | 70.11 29.73 75.51 39.3)7 130 °C
LK25 | 36.99 | 69.98 29.79 75.20 39.6[L 130 °C
LK26 | 37.09 | 70.17 29.95 75.81 39.5D 130 °C
LK28 | 36.93 | 69.41 29.20 74.35 39.2[7 130 °C
LK29 | 37.00 | 69.98 30.18 75.24 40.10 130 °C
LK32 | 36.98 | 69.78 29.95 74.95 39.96 130 °C
LK34 | 37.10 | 70.30 29.34 76.00 38.6[L 130 °C
LK35 | 36.99 | 69.95 29.54 75.17 39.3D 130 °C
LK94 | 37.00 | 70.18 29.52 75.46 39.1p 130 °C
LK95 | 36.98 | 69.91 29.73 75.09 39.5p 130 °C

For the 29 cores tested by Davidsen (2011) witplsate containing SSW brine, 12 cores
were tested at ambient temperature. Two (LK4 an®@MKof them hydrostatically, and the
other ten were deviatoric tests.

The 17 cores tested at high temperature were dividi® four groups of test types. Three
(LK25, LK32 and LK35) of them were further cut t@edome Brazilian test samples, two
(LK95 and LK95) creep tests were performed, two ZDKand LK34) were tested
hydrostatically while the remaining ten were usedifferent deviatoric tests.
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4.1 Synthetic seawater without sulphate, SSW—(SO %)

Some of the main and underlying objectives of sk were to obtain as-good-as-possible
estimates of the chalk’s failure envelope (ig-p’ plot) at different testing conditions and
with different brines, and to find the cohesi&) (@nd friction angle() of the chalk. Several
Brazilian tests, hydrostatic tests and deviatoggts were executed to be able to determine
these parameters. The minimumy'] and maximumd;’) principal stresses at failure from
each test were used as basis for a Mohr circleaaplbtting point in they-p’ plot. When a
number of tests had been performed, the cohesiatiph angle and failure envelope could
be determined. In the following subsections, resfilom mechanical tests where SSW-
(SO%) was used as brine are presented in tables, Mtdts @nd g-p’ plots. When
considering theg-p’ plot, the results from the Brazilian tests and thalrostatic tests
contributed to plotting points closer to thaxis and the’-axis, respectively.

First, the tests of un-aged cores at ambient comgditwill be regarded, followed by results
from aged cores tested at high temperature (130TI® creep test results will be presented
in the end.

4.1.1 Un-aged cores tested at ambient temperature

Results in tables

The results from Brazilian, the hydrostatic and tiwee deviatoric tests (listed as “Dev.”)
executed with SSW—(S©) brine at ambient temperature are listed in Tdble while Table
4.5 contains more detailed result information fritv@ Brazilian tests.

Table 4.4:  Overview of results from mechanical tests wheraged samples were tested
at ambient conditions with SSW—(S&®brine.

Porosity| 03’ o;' q p' |E-modulus|K-modulus
Test type Test core [%] [MPa] | [MPa] | [MPa] | [MPa] [GPa] [GPa]
Brazilian (see Table 4.5) 39.49 -0.46 1.38 1.84 0.15
0.3 MPa Dev. LK68 39.83 0.3 5.2 4.9 1.93 1.376
0.5 MPa Dev. LK48 39.71 0.5 4.2 3.7 173 1.480
avg(0.5 MPa Dev.) | LK48/LK46 0.5 4.5* 4.0 1.83 1.357*
0.5 MPa Dev. LK46 39.50 0.5 4.8 4.3 1.93 1.234
1.0 MPa Dev. LK38 40.19 1.0 6.2 5.2 2.73 1.262
1.2 MPa Dev. LK93 39.96 1.2 6.2 5.0 2.87 1.299
2.3 MPa Dev. LK67 39.96 2.3 8.4 6.1 4.33 1.577
4.0 MPa Dev. LK64 40.22 4.0 9.3 5.3 5.77 1.508
7.0 MPa Dev. LK92 39.10 7.0 11.4 4.4 8.47 1.907
8.0 MPa Dev. LK98 39.93 8.0 12.5 4.5 9.50 1.805
Hydrostatic LK66 40.18 10.2 10.7 0.5 10.37 0.689

(*The listed value is an average value from two sindeviatoric tests, both executed with an
effective radial stress of 0.5 MPa

80



As a general trend, it is obvious that the yieléhfg(s1') increase with increasing degree of
radial supportds’) for the deviatoric tests. Two deviatoric test&K4B8 and LK46) are run
with an effective radial stress of 0.5 MPa. For panson, the values of yield point aid
modulus representing this radial stress will beegias the average values between the two
tests. When regarding the Mohr circle plots andggpe plot, thess” ando;’ values from the
table above are the basis material. They are tireased when drawing a Mohr circle, and the
g andp’ values can be calculated from these two parametdys For every deviatoric test
the E-modulus is given, an&-modulus for the hydrostatic test is also listetie porosity
listed for the Brazilian tests in Table 4.4 is #heerage porosity value of the twelve shorter
samples tested in the Brazilian cel. ando,’ based on these tests are directly determined
from the average Brazilian tensile strengffvg) of all the Brazilian tests, and easily
calculated by using Eq. 2.64 and Eq. 2.65, respayti

Table 4.5:  Overview of results from the Brazilian testing ofaged samples at ambient
temperature with SSW—($Q brine.

Core Diameter |[Length |Pore volume |Bulk volume |Porosity |[Peak force | Tos
sample [mm] [mm] [mI] [mi] [%0] [KN] [MPa]
LK (5.1) 36.98 24.30 10.25 26.10 39.27 0.61 0.44
LK (5.2) 36.96 24.89 10.70 26.70 40.07 0.80 0.55
LK (5.3) 36.95 21.62 9.40 23.18 40.55 0.68 0.54
LK (6.1) 36.98 22.83 9.75 24.52 39.76 0.73 0.55
LK (6.2) 36.97 24.04 10.30 25.81 39.91 0.76 0.54
LK (7.1) 36.99 22.06 9.54 23.71 40.24 0.41 0.32
LK (7.2) 36.98 19.91 8.48 21.38 39.66 0.50 0.43
LK (7.3) 36.98 21.18 8.92 22.75 39.21 0.56 0.46
LK (8.1) 36.96 21.90 9.10 23.50 38.73 0.46 0.36
LK (8.2) 36.97 20.39 8.30 21.89 37.92 0.46 0.39
LK (8.3) 37.00 20.43 8.63 21.97 39.29 0.46 0.38
LK (9.1) 36.96 22.84 9.62 24.50 39.26 0.76 0.57

Average 39.49 0.46
Standard deviation 0.08

Table 4.5 shows an overview of test results fortihelve Brazilian test samples, as well as
data used for calculating their porosities. Therage Brazilian tensile strength was found to

be T,, = 046MPa with a standard deviation of + 0.08 MPa. The sasighorosities and the
parameters used to calculate them are also listédble 4.5.

Example of graphical attainment of yield point andelasticity moduli data

As explained in Paragraph5.3 Yieldthe maximum principal stress;{() for hydrostatic and
deviatoric tests is defined as the axial stresgevat which the test material goes into failure
(starts yielding), or graphically in an axial sgegersus axial strain plot; the stress value at
which the curve starts deviating from the lineantt. Such an example is stated in Fig. 4.1
where the stress-strain plot is shown for the dexi@m test of LK93, tested at ambient
conditions with SSW—(S§J) brine. For this core, the effective radial stréssnfining
pressure minus pore pressure) was held constdn &fPa ;' = 1.2 MP@, and yield was
observed when the axial stress had been increas@@ MPa §," = 6.2 MPQ. These values
are listed in Table 4.4.

81



LK93, SSW—(SO,2"), Deviatoric at 1.2 MPa, Un-aged/Ambient temp.
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Axial strain [%]

Figure 4.1: Typical axial stress versus axial strain plot fodaviatoric testHere LK93,
saturated and tested with SSW—{S)brine as circulating fluid at ambient conditioramd at
an effective radial stress of 1.2 MPa. The yielthpwas determined to be 6.2 MPa for this
test.

Table 4.4 also contains elasticity moduli for test$, which are also found from the axial
stress versus axial strain plot — but from the logglata prior to yield. That is, when the
material still behaves elastically. For hydrostaésts aK-modulus is found as described in
Paragrapi.3.3 Bulk modulusk(-modulus)while E-modulus (see Paragraj@3.4 Young’s
modulus E-modulus)is determined from deviatoric tests.

For the same deviatoric test (LK93) as presenteBign 4.1, Fig. 4.2 shows how a linear
regression line is drawn in the stress-strain mofit a section of the plotted curve prior to
yield. The slope of this linear line (in this cad@.99 MPa) is the basis for simple calculation
of the elastic modulus. For hydrostatic tests tbhpesvalue can be divided by 30 to obtain the
bulk modulus K) in GPa (see Eqg. 2.34), while tlemodulus [GPa] for deviatoric test is
calculated by dividing the slope by 10 (see Eq7R.85 the deviatoric test of LK93, tHe
modulus is therefore equal to 1.299 GRhbich is also listed in Table 4.4.
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LK93, SSW—(SO,*), Deviatoricat 1.2 MPa, Un-aged/Ambient temp.— E-modulus
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Figure 4.2: Typical axial stress versus axial strain plot foetelastic part of a deviatoric
test before yield has been reacheiére LK93, saturated and tested with SSW—£{Sbrine

as circulating fluid at ambient conditions, andeaat effective radial stress of 1.2 MPa. The E-
modulus was determined to be 1.299 GPa for this tes

Based on the assumption that chalk behaves likearopic material, deformation can also
be expressed in terms wblumetricstrain. From the deduction of Eqg. 2.29 it becolear
that the volumetric strain for such a materialhiee times the magnitude of the axial strain.
From an axial stress versus volumetric strain fdota hydrostatic test prior to yield, tike
modulus [GPa] can be determined by dividing th@elof the linear curve by 10. Fig. 4.3
shows how a linear regression line is drawn in gtress-strain plot to fit a section of the
plotted curve prior to yield — equivalent to thesean Fig. 4.2 for Young’s modulus. In this
case, the slope of the linear line is 6.89 MPa,thadralue oK is thus equal to 0.689 GPa
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LK66, SSW—(SO,27), Hydrostatic, Un-aged/Ambient temp. — K-modulus
10
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Figure 4.3: Typical axial stress versus volumetric strain pfot the elastic part of a
hydrostatic test before yield has been reachtete LK66, saturated and tested with SSW-
(SQ?) brine as circulating fluid at ambient conditionEheK-modulus was determined to be
0.689 GPa for this test.

Mohr plot and g-p’ plot

As mentioned, the minimum and maximum principasied obtained from a test can be used
directly in ar—o diagram to draw a Mohr circle. The two values wkefthe lower and upper
intersection point with ther-axis, respectively, and the difference in betwdkem is
therefore equal to the diameter of the circle. Redtom Brazilian and deviatoric tests may
be plotted as Mohr circles together in-a diagram. The actual results from the tests carried
out on un-aged samples tested at ambient temperatith the use of SSW—(S), are
presented as Mohr circles in Fig. 4.4. (Resultsnfloydrostatic tests are often not plotted as
Mobhr circles because of small difference betwegrandss’).

The Mohr circle for a Brazilian test will intersettte z-axis, as the minimum principal stress
will be negative. This intersection point with thaxis can be regarded as a good estimate for
the cohesiongy) of the chalk material. (At least for chalks thésea good correspondence
between this intersection point asg). A linear line can be drawn so that it touches th
leftmost Mohr circles, i.e. the circles represegtiasts with lower effective radial stresses.
This line is called “failure line”, and the Mohrrcie for the Brazilian test will be good as a
reference for “guiding” the failure line towardsth-axis, and thus determining the cohesion.
When the units on both diagram axes are of equghinales of order, the angle between the
failure line and the horizontataxis defines the friction angle), and by using Eq. 2.40 and
Eq. 2.43 it is easy to compute the friction coédiint () and failure anglef), respectively.
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Mohr circle plots, SSW—(SO,27), Un-aged/ambient temp.

¢ <)

Brazilian tests
7 — | K68, 0.3 MPa
Pie —— avg(LK48/LK46),
'~ I‘
© prd 0.5 MPa
e’ LK38, 1.0 MPa
td
c Pad
5 - LK93, 1.2 MPa
td
— ”
& / LK67, 2.3 MPa
s 4 -7
[} ’/’
- o = K64, 4.0 MPa
td
3 s
o ‘ LK92, 7.0 MPa
"”
) 2 O\ N ! : Lk98, 8.0 MPa
=== Failure line, calc.
Ny ¢ \
/ ///
\
1 0 1 2 3 4 5 6 7 8 9 10 11 12 13
o [MPa]

Figure 4.4: Mohr circles for Brazilian and deviatoric tests cigd out on un-aged cores at
ambient temperature with the use of SSW-{$@s test brine. Based on some of the leftmost
circles a failure line can be drawn (solid line)lténatively, the failure line can be calculated
(dotted line) from theg-p’ plot in Fig. 4.5. CohesionS() and friction angle ¢) can be
determined directly from the failure line(s).

From the actual results presented in Fig. 4.4 ttemgt of drawing a failure line can be made.
This is often very difficult as it is not easy &ltwhich and how many circles that should be
equalled by the linear line. In this case the mada strength results of LK68(3 MPa
Dev) are considered to be deviant from the “norm”the sense that it seems abnormally
strong. This is also indicated by the yield poistdd in Table 4.4, which is higher than both
the deviatoric tests at 0.5 MPa effective radisdsst. LK68 is therefore ignored when drawing
the failure line. From the resulting drawn linasitpossible to determine the cohesion and the
friction angle, and based on the latter, the failangle and friction coefficient are calculated.
All these parameters are listed to the left in €ahb.

In addition to the drawn failure line based on tehr circles, there is another “more
reliable” way of determining the failure line. Nalypdy calculating it, based on thep’ plot
presentation. The procedure will be explained enfthlowing.

A failure envelope is obtained from tlgep’ plot when a proper number of tests have been
performed. Consisting of a linear shear failure liar lowerp’ values and a changeover to an
end cap for highep’ values, the failure envelope as a whole delinmnésedlastic area for the
material. At the end cap part of the curve, porkapee is suggested to be the dominating
failure mechanism. Fig. 4.5 shows tip@’ plot for all mechanical tests performed on un-aged
cores at ambient temperature, saturated with siiotbeawater without sulphate.
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g-p'plot, SSW—(S0O,27), Un-aged/ambient temp.
7 I T T

v=1,2363x +1,6798
R?=0,993 /
6 y=-01746x2 +1,8422x + 12574 | |
/ R2=0,7969
° O avg(Brazilian)
&
5 ® LK68,0.3 MPa
/ ® avg(LK48/LK46), 0.5 MPa
LK38, 1.0 MPa
4
LK93, 1.2 MPa
LK67, 2.3 MPa
3 / ® LK64,4.0 MPa
LK92, 7.0 MPa
LK98, 8.0 MPa

2 ;5 ® LK66, Hydr.

q[MPa]

= Failure line

1 End cap

p' [MPa]

Figure 4.5:  ¢p’ plot for Brazilian, deviatoric and hydrostatic te<arried out on un-aged
cores at ambient temperature with the use of SSB§=)Sas test brine. The failure line is
found from a linear regression, while the end dap Is estimated by the use of second order
polynomial regression.

Plotting points for some of the tests carried dubwer effective radial stresses form a linear
trend, and the Brazilian test result is a very ggpdding point” for this trend line. By using
a linear regression for these points, a “calculasbear failure line is obtained. Similar to the
case when drawing the failure line in the Mohr damg, LK68 is also here neglected, and
only the average value of the two 0.5 MPa deviatoests is used. (The following test
samples were included for the linear regressioraziBan tests, avg(LK48/LK46), LK38,
LK93). This yields a very good fit with the plot§mesult points, as the’Ralue for the shear
calculated shear failure line4§.99.

As explained in Paragraph3.7g-p’ plot, the slope of this line and its intersection peiuith
the g-axis can be used in Eg. 2.52 and Eq. 2.53 to l&dhe friction angleg) and the
cohesion &), respectively. These parameters, as well as toeiesponding failure angle and
friction coefficient, are listed to the right in Bla 4.6, while the corresponding failure line is
drawn as a dotted line in Fig. 4.4.
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Table 4.6:  Overview of cohesionS(), friction angle ¢), failure angle ) and friction
coefficient 1) values determined for un-aged cores tested atiermhbemperature by the use
of SSW—(S£J) as testing brine. The values are obtained froendtawn failure line based on
Mohr circles (to the left) and the calculated faéuine based on thg-p’ plot.

Mechanical | Drawn failure line, |Calculated failure line,
parameter |based on Mohrcircles| basedongq-p’ plot
S, [MPa] 0.85 0.81
o [] 33 31
B[] 62 60
u 0.65 0.60

From Table 4.6 it is seen that there is a fairlpdyonatch between the results from the two
different failure lines. The good match betweemthtells that the method of calculating the
parameters and (regression) failure line from thp’ plot is highly acceptable. For
comparison in the discussion part of this thesmy theg-p’ plot based failure lines will be
regarded.

In the presentations within this thesis, secondeorpolynomial regression is used for
estimating the end cap parts of the failure enwedogPlotting points stretching from the
transition from the linear trend of the shear faldine to the hydrostatic test result, are
included for this regression. (These test samplesavg(LK48/LK46), LK38, LK93, LK67,
LK64, LK92, LK98, LK66). In this case, for un-agedres tested at ambient temperature with
SSW—(SQ@) as test brine, the results are scattered in suctanner that the second order
polynomial regression does not give a too good muaiith the experimental data. However,
relative to the other end cap lines estimated withis thesis, the Ralue 0f~0.80 is more or
less the average. In the same manner as the Braz#isult is a good guiding point for
orientation of the shear failure line, the restdini the hydrostatic test gives a good indication
of where the end cap line will “end” (relative teefp’-axis).
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4.1.2 Aged cores tested at 130 T

Results in tables

Results from Brazilian tests, the hydrostatic tesd the eleven deviatoric tests with varying
degree of radial support — all carried out with S$BO>) brine at high temperature
(130 °C) — are listed in Table 4.7.

Table 4.7:  Overview of results from mechanical tests wheredaggmples were tested at
130 °C with SSW—(S0) brine.

Porosity| 03’ o;' q p' |E-modulus|K-modulus
Test type Test core [%] [MPa] | [MPa] | [MPa] | [MPa] [GPa] [GPa]
Brazilian (see Table 4.8) 39.69 -0.51 1.53 2.08 0.17
0.3 MPa Dev. LK50 39.53 0.3 4.4 4.1 1.67 1.155
0.5 MPa Dev. LK62 40.22 0.5 4.9 4.4 1.97 1.277
0.8 MPa Dev. LK69 39.10 0.8 5.4 4.6 2.33 1.378
1.0 MPa Dev. LK57 40.00 1.0 6.2 5.2 2.73 1.346
1.2 MPa Dev. LK70 39.75 1.2 6.7 5.5 3.03 1.094
1.5 MPa Dev. LK65 39.27 1.5 7.4 5.9 3.47 1.169
1.8 MPa Dev. LK74 39.58 1.8 8.3 6.5 3.97 1.172
2.3 MPa Dev. LK58 40.13 2.3 7.1 4.8 3.90 1.186
3.0 MPa Dev. LK59 39.79 3.0 8.1 5.1 4.70 1.355
4.0 MPa Dev. LK47 39.07 4.0 9.0 5.0 5.67 1.134
7.0 MPa Dev. LK51 40.19 7.0 11.8 4.8 8.60 1.360
Hydrostatic LK52 40.11 10.3 10.8 0.5 10.47 0.587

Yield point and elasticity modulus for each testfasind by using the same methods as
described in the example for tests at ambient teatpe. Also here, there is a clear
increasing trend in yield point values with incriegs degree of radial support for the

deviatoric tests. However, there are a couple hfesawhich does not match this trend, in the
radial stress range of 1.5-3.0 MPa. It is not dastgll which values are most representative
from only one test at each radial stress value.eMimtailed result information showing how
the averagdyg is found from the ten individual Brazilian testsgiven in Table 4.8. This

value, from which thes' ands;’ are easily calculated, was determined toTge= 051MPa
with a standard deviation of + 0.08 MPa.

Table 4.8 also contains the porosity value of esample. It should be noted that the ten
Brazilian test samples were cut from five 70 mmesowhich had already been aged. It was
impossible to determine porosity for each of thesamples, as they were to be submerged in
aging brine until testing. Thus, their dry weigletsuld not be measured. Of this reason, the
porosity listed for a sample in Table 4.8 is eqoahe measured porosity of the 70 mm core
which the sample was cut from. As long as no otiion is possible, this should be an
acceptable assumption. In addition it should bé&adtthat during high temperature Brazilian
tests, the test chamber holds a pressure of 0.7. MiRa piston load must first exceed this
pressure to get in contact with the loading frameass] a correction factor is therefore
subtracted from the peak force (load) to obtainattteial force that the sample was exposed to
at failure. These correction factors are alsodisteTable 4.8.

88



Table 4.8:  Overview of results from the Brazilian testing gkd samples at 130 °C with
SSW—(SE) brine.

Core Diameter |[Length [Porosity |Peak force* |Correction | Tog
sample [mm] [mm] [%4] [kN] factor [kN] | [MPa]
LK27 B 36.95 24.36 | 39.38 0.65 0.237 0.46
LK41 B 36.96 21.82 | 40.35 0.70 0.270 0.55
LK41 M 36.96 20.66 | 40.35 0.61 0.233 0.51
LK41 T 36.96 20.95 | 40.35 0.58 0.254 0.47
LK49 M 36.94 20.12 | 39.59 0.67 0.242 0.57
LK49 T 36.94 22.54 | 39.59 0.80 0.223 0.60
LK63 B 36.95 22.68 | 39.03 0.87 0.208 0.66
LK63 M 36.95 22.51 | 39.03 0.52 0.248 0.39
LK63 T 36.95 22.76 | 39.03 0.64 0,255 0.48
LK72 B 36.95 23.47 | 40.23 0.62 0.238 0.45

Average 39.69 0.51
Standard deviation 0.08

(*The listed peak force includes the correction dajt

Mohr plot and g-p’ plot

Based on the minimum and maximum principal stresd#ained and listed in Table 4.7,

Mohr circles can be drawn for all the differenttsesThe diagram in Fig. 4.6 contains Mohr
circle plots for the Brazilian and all deviatorests carried out at high temperature with the
use of SSW—(S§)) as brine.

Mohr circle plots, SSW—(S0,%"), Aged/130 °C
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Figure 4.6: Mohr circles for Brazilian and deviatoric tests cad out on aged cores at
130 °C with the use of SSW—(SPas test brine. Based on some of the leftmostesira
failure line can be drawn (solid line). Alternatlyethe failure line can be calculated (dotted
line) from theg-p’ plot in Fig. 4.7. CohesionS{) and friction angle ¢) can be determined
directly from the failure line(s).
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A failure line can be drawn in the Mohr diagrarmgant to some of the Mohr circles of low
effective radial stresses (Igqw values) and guided towards theaxis by the Mohr circle from
the Brazilian tests. This line is shown as a slitidar line in Fig. 4.6. For another estimate of
the failure line, the shear failure line from the’ plot is calculated by using a linear
regression. The corresponding failure line in thehMplot is plotted in Fig. 4.6 as a dotted
line. (The following test samples were included fbe linear regression; Brazilian tests,
LK50, LK62, LK69, LK57, LK70, LK65, LK74).

g-p'plot, SSW—(S0,%"), Aged/130 °C
8
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Figure 4.7:  ¢p’ plot for Brazilian, deviatoric and hydrostatic tescarried out on aged
cores at 130 °C with the use of SSW={SQs test brine. The failure line is found from a
linear regression, while the end cap line is estedaby the use of second order polynomial
regression.

Fig. 4.7 shows the-p’ plot for the results from all tests listed in Tall.7, as well as the
failure line and end cap line calculated by regoessnethods. There is a very good linear
trend for the results from tests at radial strgs$oul.8 MPa, with an Rvalue of~0.99. But

for these results it is really difficult to detemmeihow the transition from failure line to the end
cap line will be, as the plotting points in the gapent) transition area are highly scattered. For
instance, there is a significant dropgwalue from the 1.8 MPa deviatoric test to theMBa
deviatoric test, even though tipé values are very much alike. A second order polyabm
regression was used to achieve the end cap linerstioFig. 4.7. The Rvalue for this line is
~0.82. (The following the test samples were incluftedhis regression; LK70, LK65, LK74,
LK58, LK59, LK47, LK51, LK52).

From both the failure line drawn in the Mohr pléid. 4.6) and the failure line calculated
from theg-p’ plot (Fig. 4.7), the cohesion and friction angda e directly interpreted. These
values, as well as their respective calculatedifaibngles and friction coefficients, are listed
in Table 4.9. Again, there is a relatively good chabetween the two methods, which

90



indicates that the way of calculating the failuneelfrom theqg-p’ plot is acceptable. For
comparison in the discussion part of this thesiy the g-p’ plot based failure line will be

regarded.

Table 4.9:

Overview of cohesionSg), friction angle ), failure angle ) and friction

coefficient (1) values determined for aged cores tested at 136y’@e use of SSW—(§0Q as
testing brine. The values are obtained from thendrdailure line based on Mohr circles (to
the left) and the calculated failure line basedtb@g-p’ plot.

Mechanical | Drawn failure line, |Calculated failure line,
parameter |based on Mohrcircles| basedongq-p’ plot
Sy [MPa] 0.93 0.97
o [] 32 29
B[] 61 59
u 0.62 0.55
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4.1.3 Creep test

One chalk core, LK79, was prepared and saturatédd 38W—(SG) brine for creep testing

at a constant confining pressure of 12.0 MPa at bégnperature (13€C). Ideally, for the
basis of comparison, more than one test of eaahgkipuld be executed. But since creep tests
have been experienced to be fairly repeatable, omé/sample saturated with SSW—(SPD
was tested in this present work to rather obtasulte from a longer-lasting creep phase.

Unlike all other core samples tested at 1@0in this present work, none of the creep test
cores were aged prior to testing. After being sdad with testing brine, LK79 was flooded
with the same brine for 24 hours at a flooding ratel PV/day which was held constant
throughout the whole creep test. To obtain creeps#t creep testing conditions, a hydrostatic
loading up to the creep stress level was perforbefdre the test was left to creep at this
stress level. During this loading, the hydrostaireld point andK-modulus for the sample
were measured. These parameters are listed in Hab@ together with the axial strain
experienced during loading.

Table 4.10: Overview of mechanical parameters for the creep dese, obtained from the
hydrostatic loading up to the creep stress lev@l@IMPa confining pressure). The test core
was not aged, but tested at 18D while flooded with SSW—($Q at the rate of 1 PV/day.

Porosity Yield point | K-modulus Axial strain during
s eois [%] [MPa] [GPa] | hydrostatic loading [%
LK79 40.21 8.2 0.924 0.55

A hydrostatic yield point was determined from thaenp at which the axial stress-axial strain
curve started deviating from the linear trend, whileK-modulus value was calculated from
the slope of the linear trend. Examples showing hbese parameters are determined
graphically are given in Fig. 4.1 through Fig. 4TBe test was left to creep immediately after
the set creep stress level was obtained by hydiodtzading. Brine was continuously
circulated through the core during testing.

The first five weeks the chalk core was floodedwBSW—(SG") brine (i.e. the same brine
as it was saturated with before testing), but tineulating fluid was changed to sulphate
containing SSW after 50,110 minutes of creep. Way, sulphate was introduced to the chalk
and any possible difference observed in deformatd® or the chemical composition of the
brine could hence be related to the presence phats.

Creep test data for LK79 will in the following beegented graphically in two ways. The axial
creep strain can be plotted as a function of cte@ep, as shown in Fig. 4.8. Such a plot
focuses on the development of deformation througle,tand yields a very good figuration
for investigating the effect of introducing newres with new ion compositions to the chalk.
It is seen that a significant increase in defororatiate was experienced from about one day
after SSW flooding was started. A more profounduaésion regarding the creep test results
will be presented in Chaptér3 Creep behaviour
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LK79, Creep test, flooded 1 PV/day, SSW—(SO,2") - SSW, Un-aged/130 °C
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Figure 4.8: Creep curve (axial creep strain versus creep tifoel.K79; Un-aged sample,
creep test executed at confining pressure levdldd MPa at 130C. The test was flooded
with SSW—(S¢3) brine at the rate of 1 PV/day the first 50,11(utés, before the circulating
fluid was changed to SSW at the same flooding rate.

Another way of presenting the creep data is bytiplptaxial creep strain versiggarithmic
creep time, as have been done for LK79 in Fig. #8 creep curve in such a plot will
eventually achieve a more or less linear shape tlamdtrain rate can be calculated from the
slope of the linear curve section by using Eq. 28hce LK79 was flooded with two
different circulating fluids in two phases a straate value has been calculated for each
flooding phase, with basis on the last logging po{before switching brine).
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LK79, Creep test, flooded 1 PV/day, SSW—(SO,%") - SSW, Un-aged/130 °C
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Figure 4.9: Creep curve (axial creep strain versiagarithmic creep time) for LK79; Un-
aged sample, creep test executed at confining ypredsvel of 12.0 MPa at 13T. The test
was saturated with SSW—($Q brine and flooded with this fluid at the rate bPV/day the

first 50,110 minutes, before the circulating flmchs changed to SSW at the same flooding
rate.

As also seen from Fig. 4.8, an additional deforomatiate is observed when introducing
sulphate to the chalk — naturally. In the lattest pthere the x-axis contains logarithmic time,
a steeper curve corresponds to a higher strain €aéulated strain rates are listed in
Table 4.11, together with the creep time at theé lagging point (;, &) used in the
calculations. The strain rate measured when flap@8W is in this case a factor of almost
2.8 higher than what was observed for synthetiovagsr without sulphate.

Table 4.11: Overview of calculated strain rate values for teotflooding phases of the

LK79 creep test. Creep times at the last logginmsof,, €2) used in the calculations are
also listed.

Test Circulating Creep time at Strain rate
core fluid end point [min] | [ %/ Decade ]
2_
Lk79 |SSWs0.") 45,016 1.15
SSW 84,306 3.21

Results from chemical analyses of the effluent wséenpled during creep, will be presented
in Paragrapi.3.2 Chemical results from creep tests
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4.2 Synthetic seawater, SSW

Please note that results from all tests performgdhe use of SSW as testing brine have been
provided from Davidsen (2011), a parallel masteedis. The only difference between the
work performed in these two theses have been #mepce of sulphate ($Q in saturating

and testing brine. Thus, the effect of sulphatelzastudied.

In the following, all results from experimental wowhere SSW has been used as testing
brine are presented in tables, Mohr plots g plots. First, the tests of un-aged cores at
ambient conditions will be considered. Then, resultom aged cores tested at high

temperature (130 °C) will follow, and in the ene ttreep tests will be presented.

4.2.1 Un-aged cores tested at ambient temperature

Results in tables

Similar to the experimental work performed and désed in this thesis, the same types of
tests were executed by Davidsen (2011) with symtiseawater (SSW) as testing brine. Both
Brazilian tests, deviatoric tests at different efifee radial stresses and hydrostatic tests were
carried out with SSW. Results from all tests perfed on un-aged cores, saturated and tested
with SSW at ambient temperature, are given in Tdhl. The listed yield point value{)

and elasticity modulus for each test is determimgdhe use of the method explained for the
example in Paragraphl.1 Un-aged cores tested at ambient temperature

Table 4.12: Overview of results from mechanical tests, wheraged samples were tested
at ambient conditions with SSW brine.

Porosity| o3’ 0; q p E-modulus | K-modulus
Test type Test core [%] [MPa] | [MPa] | [MPa] | [MPa] [GPa] [GPa]
Brazilian (see Table4.13) 39.82 -0.61 1.83 2.43 0.20
0.3 MPa Dev. LK80 38.26 0.3 5.6 5.3 2.07 1.465
0.5 MPa Dev. LK71 39.92 0.5 5.8 5.3 2.27 1.320
0.8 MPa Dev. LK87 38.89 0.8 6.8 6.0 2.80 1.302
1.0 MPa Dev. LK82 38.85 1.0 7.0 6.0 3.00 1.597
1.5 MPa Dev. LK89 39.81 1.5 7.4 5.9 3.47 1.394
2.0 MPa Dev. LK75 37.92 2.0 8.4 6.4 4.13 1.450
3.0 MPa Dev. LK85 39.38 3.0 9.5 6.5 5.17 1.622
4.0 MPa Dev. LK84 39.51 4.0 9.5 5.5 5.83 1.534
7.0 MPa Dev. LK96 39.65 7.0 12.0 5.0 8.67 1.349
8.0 MPa Dev. LK99 39.88 8.0 12.3 4.3 9.43 1.540
Hydrostatic LK4 39.71 9.6 10.1 0.5 9.77 0.907
Hydrostatic LK97 39.95 10.2 10.3 0.1 10.23 0.703

Ten deviatoric tests and two hydrostatic tests vesexuted under these conditions. Just like
the test results for chalk samples exposed to SS®2(), there is a clear increasing trend in
yield point valuesd;’) with increasing effective radial stresseg ) for the deviatoric tests.
The values listed in the top row in Table 4.12 based on average values from all the ten
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samples tested in the Brazilian cell. Minimusg' Y and maximumd;’) principal stress for the
Brazilian tests are easily calculated from the agerBrazilian tensile strength, which was

calculated to bél,, = 061MPa with a standard deviation of + 0.04 MPa. Table34shows

the basic data and results from the individual Beaztests used to obtain the average values
of Tog and porosity.

Table 4.13: Overview of results from the Brazilian testing ofaged samples at ambient
temperature with SSW brine.

Core Diameter |[Length |Pore volume |Bulk volume |Porosity [Peak force | Tog
sample [mm] [mm] [ml] [ml] [%0] [kN] [MPa]
LK (1.1) 37.00 21.60 9.21 23.22 39.66 0.82 0.65
LK (1.2) 37.00 20.43 8.71 21.97 39.65 0.64 0.54
LK (1.3) 37.00 22.00 9.55 23.65 40.37 0.83 0.65
LK (2.1) 36.96 21.06 8.92 22.59 39.48 0.68 0.56
LK (2.2) 36.96 22.49 9.66 24.13 40.03 0.82 0.63
LK (2.3) 36.96 20.78 8.93 22.29 40.05 0.71 0.58
LK (3.1) 36.93 19.80 8.40 21.21 39.61 0.67 0.58
LK (3.2) 36.93 20.76 8.86 22.24 39.84 0.72 0.59
LK (4.1) 36.95 23.30 9.92 24.98 39.70 0.91 0.67
LK (4.2) 36.95 20.34 8.68 21.81 39.80 0.74 0.63

Average 39.82 0.61
Standard deviation 0.04

Mohr plot and g-p’ plot

Mobhr circles for the Brazilian tests and all thevidéoric tests executed with SSW at ambient
conditions are plotted in Fig. 4.10. The basic datadrawing these circles are the yield point
values and effective radial stress values liste@ahble 4.12. In the same manner as described
for tests run with SSW—(S®) brine it is possible to draw a failure line “bwrd” in the
Mohr plot which is tangent to (some of) the circtepresenting tests of low radial stress (or
low p’ values). The Mohr circle representing the Braailiests provides a good guidance for
the intersection point with theaxis.

In Fig. 4.10, the drawn failure line is shown b thlack, solid linear line. From the Mohr
circle for the 0.3 MPa deviatoric test (LK80), desns that the same observation is made as
for the 0.3 MPa deviatoric test when SSW—{5Dbrine was used for testing at ambient
temperature (LK68); The test sample seems to hie gtrbnger (i.e. has a somewhat higher
yield point) than the trend from the other test$oat radial stresses. In this case, for LK80,
the deviation from the trend is not as significastfor LK68, so it will still be taken into
account when comparing results in the “Discussipaft of this thesis. Nevertheless, when
drawing the failure line the Mohr circle for LK88de Fig. 4.10) is ignored.

The dotted failure line shown in the Mohr plot ilgF4.10 is obtained from an alternative
method, namely by calculation based on plottedtpamtheqg-p’ plot in Fig. 4.11. The-p’
plot is based on the same data as the Mohr plst,fabricated in a new manner. So by
estimating the shear failure line in tlgegp’ plot, a corresponding failure line (dotted) is
obtained for the Mohr plot.
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Mohr circle plots, SSW, Un-aged/ambient temp.
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Figure 4.10: Mohr circles for Brazilian and deviatoric tests ci&d out on un-aged cores at
ambient temperature with the use of SSW as tast.dBiased on some of the leftmost circles a
failure line can be drawn (solid line). Alternatlygthe failure line can be calculated (dotted
line) from theg-p’ plot in Fig. 4.11. Cohesiors§) and friction angle ¢) can be determined
directly from the failure line(s).
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Figure 4.11: ¢p’ plot for Brazilian, deviatoric and hydrostatic tearried out on un-aged
cores at ambient temperature with the use of SSWsadrine. The failure line is found from
a linear regression, while the end cap line isrestied by the use of second order polynomial
regression.
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The basis for the calculated failure line aredh@ plotting points for tests at lower effective
radial stresses. As these plotting points formraesghat linear trend, a linear regression can
be used to calculate the so-called shear failme ([The test samples included for the linear
regression are as follows: Brazilian tests, LK8B7IL, LK87, LK82). From this regression
line it is further possible to calculate the cobesiand friction angle, and to draw the
calculated failure line in the Mohr diagram. Thisel is comparable with the manually drawn
line. Both these lines can be represented by tleenesponding cohesion and friction angle,
which further can be used to calculate the failamgle and friction coefficient. Table 4.14
contains the overview of these four parametersetarh of the two drawn failure lines. As
seen, the values are quite alike, and especiady dbhesion. When comparing these
parameters with others obtained in this thesisy dhk values based on thep’ plot
regression will be considered.

Table 4.14: Overview of cohesionS(), friction angle ¢), failure angle ) and friction
coefficient 1) values determined for un-aged cores tested atiermhbemperature by the use
of SSW as testing brine. The values are obtainad the drawn failure line based on Mohr
circles (to the left) and the calculated failuradibased on thgp’ plot.

Mechanical | Drawn failure line, |Calculated failure line,
parameter |based on Mohrcircles| basedongq-p’ plot
S, [MPa] 1.10 1.11
o [] 36 33
B[] 63 61
u 0.73 0.64

In addition to the shear failure line, the fail@m®velope drawn in thgp’ plot also consists of
the end cap line. A second order polynomial regoess here used to estimate this curve.
(Plotting points for all the deviatoric tests amattbthe two hydrostatic tests were included in
this second order polynomial regression). In tlasec the linear regression showed that the
included plotting points form a good fit with theggested failure line, with anRalue equal

to ~0.98. To achieve a very good fit for the end cae,lia large number of test should be
executed. From the (relatively) few tests carried i this thesis, and by the use of the
mentioned regression, thé Ralue is~0.84. Ideally this match indicator should be higliert
still; this is the highest Rvalue achieved for any estimated end cap lineimithis thesis.
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4.2.2 Aged cores tested at 130 T

Results in tables

Davidsen (2011) also performed high temperatureiBsa, deviatoric (10) and hydrostatic
(2) tests on aged cores. Table 4.15 shows the ieveif the resulting data from these tests,
all of them performed with SSW as aging and tedhirge.

Table 4.15: Overview of results from mechanical tests, wheredagamples were tested at
130 °C with SSW brine.

Porosity| o3’ o;' q p' |E-modulus|K-modulus
Test type Test core [%] | [MPa] | [MPa] | [MPa] | [MPa] [GPa] [GPa]
Brazilian (see Table 4.16) 39.62 -0.27 0.81 1.1 0.09
0.3 MPa Dev. LK28 39.27 0.3 3.4 3.1 1.33 0.794
0.5 MPa Dev. LK17 39.21 0.5 4.2 3.7 1.73 0.947
0.8 MPa Dev. LK11 38.94 0.8 5.2 4.4 2.27 0.810
1.0 MPa Dev. LK29 40.11 1.0 54 4.4 2.47 0.998
1.2 MPa Dev. LK26 39.50 1.2 5.6 4.4 2.67 0.932
1.5 MPa Dev. LK7 39.71 1.5 6.1 4.6 3.03 0.930
2.3 MPa Dev. LK15 39.07 2.3 6.5 4.2 3.70 1.116
4.0 MPa Dev. LK18 39.87 4.0 8.1 4.1 5.37 1.097
6.0 MPa Dev. LK21 39.37 6.0 9.2 3.2 7.10 1.150
6.5 Mpa Dev. LK19 39.77 6.5 8.8 2.3 7.27 1.022
Hydrostatic LK34 38.61 6.9 7.4 0.5 7.05 0.556
Hydrostatic LK20 38.87 7.1 7.6 0.5 7.29 0.478

For each test the yield point and elasticity modutulisted. The example in Paragraph.1
Un-aged cores tested at ambient temperatescribes how these values are determined
graphically. The standard trend of increasing yiptints ¢;') with increasing degree of
effective radial stresw{') is also observed here.

Table 4.16: Overview of results from the Brazilian testing gked samples at 130 °C with
SSW brine

Core Diameter |Length |Porosity |Peak force* | Correction Tos
sample [mm] [mm] [%0] [kN] factor [kN] | [MPa]
LK25 (1) 37.02 22.42 | 39.61 0.43 0.277 0.12
LK25 (2) 37.02 22.23 | 39.61 0.45 0.241 0.16
LK25 (3) 37.02 23.01 | 39.61 0.62 0.261 0.27
LK32 (1) 36.89 23.53 | 39.96 0.84 0.250 0.44
LK32 (2) 36.89 18.74 | 39.96 0.53 0.289 0.22
LK32 (3) 36.89 25.36 | 39.96 0.80 0.260 0.36
LK35 (1) 36.97 22.77 | 39.30 0.75 0.241 0.38
LK35 (2) 36.97 23.71 | 39.30 0.50 0.265 0.17
LK35 (3) 36.97 21.23 | 39.30 0.60 0.268 0.27

Average 39.62 0.27
Standard deviation 0.10

(*The listed peak force values include the corractiactor).
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Table 4.16 shows detailed data for the nine Biazitest samples, including their porosities
and calculatedos. These nine shorter samples were cut from thresnmOcores which had
already been aged. This made it impossible to megmarosity for each of the samples. It has
therefore been assumed that the porosity of a sampqual to the porosity of the 70 mm
core it was cut from.

The Brazilian tensile strengtigg) is dependent on the peak force (load) at failMvéen
running Brazilian tests at high temperature, tha&lexktesting chamber holds a pressure of
0.7 MPa which has to be exceeded for the pistageton contact with the loading frames. By
taking the correction factor — also listed in Tabl&6 — into account, the actual load exerted
to the sample is obtained. Hence, the correct vafu€g can be calculated, and for this

assembly of samples the average valueTjs= 027MPa with a standard deviation of

+ 0.10 MPa. This value is the basis for calculatihg minimum and maximum principal
stress for the Brazilian tests, listed in the tow in Table 4.15.

Mohr plot and g-p’ plot

One way of presenting results from mechanical tgstphically is to draw Mohr circles based
on the minimum 43') and maximum ;') principal stress values. The values listed in
Table 4.15 — obtained from Brazilian and deviattests on aged cores tested at 130 °C with
SSW brine — are used as a basis for the Mohr gololes in Fig. 4.12. A failure line is drawn
as a tangent to some of the circles representineic tests at low radial stresses. This is
reflected by the solid linear line in Fig. 4.12. eTkeftmost Mohr circle, representing the
Brazilian tests, is very valuable for determinihg brientation of the failure line.
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Figure 4.12: Mohr circles for Brazilian and deviatoric tests cad out on aged cores at
130 °C with the use of SSW as test brine. Basesbre of the leftmost circles a failure line
can be drawn (solid line). Alternatively, the faduline can be calculated (dotted line) from
the g-p’ plot in Fig. 4.13. CohesionS¢) and friction angle ¢) can be determined directly
from the failure line(s).
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A g-p’ plot can also be created from the same basis valsi¢he Mohr circle plots. Based on
the shear failure line in thgp’ plot, a corresponding (calculated) failure lin@ t& drawn in
the Mohr diagram. This is shown as a dotted lindneénMohr diagram (Fig. 4.12).
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Figure 4.13: ¢p’ plot for Brazilian, deviatoric and hydrostatic tescarried out on aged

cores at 130 °C with the use of SSW as test bfihe.failure line is found from a linear
regression, while the end cap line is estimatedth®y use of second order polynomial
regression.

In Fig. 4.13 results from mechanical testing amspnted in terms of the parametgendp’.
The failure envelope can be estimated based oe tlessilts. A linear regression is used for
calculating the shear failure line, while a seconder polynomial regression is used for the
end cap line. (When considering the tests listetthe¢oright in Fig. 4.13, the linear regression
is based on the five first tests from the top, efiie tests LK29 through LK34 form the basis
for the end cap regression line).
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Table 4.17: Overview of cohesionS(), friction angle ¢), failure angle ) and friction
coefficient (1) values determined for aged cores tested at 13By’@e use of SSW as testing
brine. The values are obtained from the drawn failine based on Mohr circles (to the left)
and the calculated failure line based on thp’ plot.

Mechanical | Drawn failure line, |Calculated failure line,
parameter |based on Mohrcircles| basedongq-p’ plot
Sy [MPa] 0.47 0.52
o [] 40 36
B[] 65 63
u 0.84 0.72

The parameters listed in Table 4.17 reflect thedqalrawn) failure line and the dotted-g’
based) failure line in Fig. 4.12. Cohesion valugg &nd friction angles¢) are determined
directly from the linear lines, while the failuragies ) and the friction coefficients] are
both calculated based a@n Again, the drawn line is experienced to fit thecalated line
pretty well. For comparison with other similar rissdrom other tests, only the line calculated
from theg-p’ plot will be taken into account.
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4.2.3 Creep tests

For creep testing while flooding SSW, two chalkeowere prepared and saturated; LK94
and LK95. But, even though the tests were carrigdad high temperature (13C) these
samples were not aged prior to testing, like aldkther cores tested at high temperature were.
Each of these cores was first saturated with SSidrédlooded with the same brine for 24
hours at a flooding rate of 1 PV/day. This floodirege was held constant throughout the
testing procedure. A hydrostatic loading up to 1¥Pa confining pressure was performed
and the test was then left to creep at this stezgd. Table 4.18 shows the yield points &xd
moduli, as well as the experienced axial straim, tfee two cores during the hydrostatic
loading.

NB:. Due to a mistake with a closed valve on the fingdpiston cell, LK95 was
unintentionally flooded with distilled water (DW)nstead of SSW during the whole
hydrostatic loading and the first 9,602 minuteshaf creep test. At this moment, the mistake
was detected and circulating fluid was switchedS®®W. Both the yield point and the
K-modulus (during the hydrostatic loading) and theep strain experienced through the first
part of the creep were affected by the DW flooding.

Table 4.18: Overview of mechanical parameters for the two cresp cores, obtained from
the hydrostatic loading up to the creep stresslI€i2.0 MPa confining pressure). The test
cores were not aged, but loaded/tested at I30vhile flooded with SSW/DW at the rate of
1 PV/day.

Flooding Porosity Yield point | K-modulus Axial strain during
veeiae fluid (%] [MPa] [GPa] | hydrostatic loading [%4
LK94 SSW 39.12 8.4 0.655 0.85
LK95 DwW* 39.59 9.6 0.814 0.52

(*Due to a mistake, this core was flooded with destiwater during the hydrostatic loadipg

The hydrostatic yield points were determined frdra point at which the axial stress-axial
strain curve started deviating from the linear dremvhile the K-modulus values were
calculated from the slope of the linear trend. Epla® of these kinds of determinations are
shown graphically in Fig. 4.1 through Fig. 4.3. dngparison of the measured values for the
two different tests tells that the strength of &hial higher when DW is present, as a higher
stress was needed for the core to experience daillreK-modulus is also noticeable higher,
while the total deformation (axial strain) durirtgethydrostatic loading was a factor of 1.63
higher for the SSW flooded core. Even though the fidding was done by a mistake, these
comparable results give an indication on how iamsséawater like brines can affect the
strength and deformation of chalk.

When the creep stress level was reached througtostatic loading, the tests were left to
creep while flooding brine. LK94 was exclusivelgdded with synthetic seawater during the
whole creep test. The execution of the LK95 cresgh turned out to be somewhat different
from the initial plan. The original idea was nam#dyflood SSW through the chalk sample
during creep until steady state creep was readretithen “remove” the sulphate in the brine
by switching circulating fluid to SSW—(S©). Ergo, the opposite of what was done in the
creep test of LK79. (See Paragrapii.3 Creep tekt This action would contribute to the
studies of the effect of sulphate present in theebras for instance a decrease in deformation
rate would indicate that presence of sulphate leadslditional deformation.
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In addition to studying the effect of sulphate,epdests give the opportunity of introducing
brines of several different compositions to thelkcha specific orders. When regarding the
possible dissolution of calcium carbonate (CgC@ has been presented in Paragrapisl
Dissolution and 2.4.2 Precipitationthat a lack of certain common ions may trigger such
dissolution, as there does not exist an equilibraiate. On the other hand, if the pore fluid
contains a calcium concentration muligher than the amount needed to be in chemical
equilibrium with the chalk, no dissolution should tsiggered by this. In such a case, and if
dissolution was the main deformation mechanismordeétion would probably be decreased
significantly, or even ceased. Since a case likewlould have been very interesting to study,
the initial plan was to introduce a modified SSWo4%) brine to the chalk — containing ten
times the normal amount of calcium — after somestofi“standard” SSW—(S@) flooding.
The reason for using synthetic seawaté&hout sulphate for this experiment was to neglect
the opportunity of anhydrite (Cag)Qprecipitation, as sulphate in the aqueous phersgstto
react strongly with calcium. But, as a result af thistake of flooding DW instead of SSW
from the beginning, it was decided to shorten tedaga of SSW flooding and rather only
introduce standard SSW—($Q solution.

Creeptests, flooded 1 PV/day, Un-aged/130 °C
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Figure 4.14: Creep curves (axial creep strain versus creep fohogs) for LK94 and LK95;
Un-aged chalk cores tested at 13C while continuously being flooded with different
circulating fluids at a rate of 1 PV/day.

Fig. 4.14 shows the creep curves for these twopctests, plotted in an axial creep strain
versus creep time diagram. The curves show thadlw&s flooded with SSW throughout the
whole creep period of 32,040 minutes. The test fir@shed at this time due to a high
differential pressure through the core sample,ciaiig that the core (at the outlet) was
blocked probably as a result of anhydrite (Cg@Sfecipitation. An increase in the differential
pressure was detected already after less than@&0tutes of creep. About 24 hours after, at
creep time of 19,447 minutes, the flooding ratemfrpump #1 (pore system) was halved to
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0.5 PV/day in an attempt to be able to carry oetltK94 test as long as possible. The test
could therefore be run for additional 13,600 misutefore it was decided to finish it and start
a new test. It is worth noticing that even thoulgh flooding rate was halved, no clear change
is observed in the creep behaviour of the core.

LK95 was flooded with DW the first 9,602 minutes afeep before SSW flooding was
initiated, and at a creep time of 16,811 minutesutation fluid was switched to sulphate less
SSW—(SG). At the moment of writing this paragraph, loggidgta not longer than until
29,910 minutes of creep time were available. Th& flooding phase shows that the chalk
sample experienced deformation less than half @twias experienced for the SSW flooded
LK94 through the same period of time. The introductof SSW to LK95 increased the
deformation rate significantly, while the defornmattirate (curve slope) seems to decrease
somewhat when sulphate is removed after 16,811 tesn8oth these changes in deformation
rate were observed from about one day after imecstart of the new brine. Further
comparison of creep strain values between therdiftecreep tests is treated in Cha@e&
Creep behaviour

Creeptests, flooded 1 PV/day, Un-aged/130 °C
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Figure 4.15: Creep curves (axial creep strain verdagarithmiccreep time plots) for LK94
and LK95; SSW saturated un-aged chalk cores teste30 °C while continuously being
flooded with different circulating fluids at a raté 1 PV/day.

In Fig. 4.15 the creep data for LK94 and LK95 haeen plotted as axial creep strain versus
logarithmic creep time, where Eq. 2.60 can be used to caécslkaain rates from the linear
sections of the curves which eventually will be eved. Strain rate values have been
calculated for each of the three flooding phasethefLK95 test, based on the last logging
points before circulating fluid was switched. Straates calculated for both LK94 and LK95
are listed in Table 4.19, together with the craepetat the last logging pointy( ) used in
the calculations.
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Table 4.19: Overview of calculated strain rate values for ea¢hhe flooding phases of the
LK94 and LK95 creep tests. Creep times at the lagying points 1, ;) used in the
calculations are also listed.

Test Circulating Creep time at Strain rate
core fluid end point [min] | [ %/ Decade ]
LK94 |SSW 31,086 0.98
DW 9,006 0.36
LK95 |SSW 16,416 1.46
SSW—s0,>) 29,910 0.81

It is interesting to see how the strain rates Yarythe different circulating fluids, as distilled
water (DW) yields the lowest rate while the abselhighest rate is observed when flooding
SSW. When switching from SSW to sulphate less S®@%) the strain rate is almost
halved. However, by comparing the SSW flooding pka®r LK94 and LK95 a noticeable
difference is observed. This has probably somettondo with the shortened SSW flooding
time for LK95 which only lasted for about 7,200 mies, compared to the 32,000 minutes
long-lasting SSW flooding of LK94. The differencewd not be this large if LK95 had been
flooded with SSW for a longer period of time, ae #train rate probably would have been
decreased by that.

Results from chemical analyses of the effluent wséenpled during creep, will be presented
in Paragrapi.3.2 Chemical results from creep tests
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4.3 Chemical results

Within this present work, chalk has been exposedsdawater like brines in different
situations. Especially at high temperatures itndarstood that chemical reactions occur when
chalk gets in contact with water containing certiaim components. In an attempt to explain
and describe these chemical reactions, sampldsedbrine which has been in contact with
chalk in different situations can be analyzed cloatty and compared to the standard brine
solutions.

Chemical analyses were performed for two situatwhere chalk material was exposed to
synthetic seawater without sulphate. Both undengand during creep tests chemical
reactions are expected to occur. By studying sasnpfethe brine after aging/testing and
comparing their ion compositions with the stand@8W—(SG*) solution, relative changes
in the different ion concentrations can be obsenkglivalent analyses are carried out by
Davidsen (2011) for SSW brine, and hence it is giessible to study if the presence of
sulphate affects the chemical reactions.

Chemical results from the aging process and thepcirests are presented in the two following
subsections.

4.3.1 Chemical results from the aging process

All chalk cores that were tested at high tempeeafiB0°C) — except from the creep test core
— were aged prior to testing. This process waserhout by saturating the cores with testing
brine and keeping them submerged in the brine seaed aging cell at 13@ for three
weeks. In Table 4.20 the ions present in SSW-{3®rine are listed with their respective
amounts both before and after aging.

Table 4.20: Overview of ion concentrations observed in standaiditions of SSW—(S9)
and SSW brine (“before aging”), and in the respeetbrines after being used for aging chalk
cores at 130C for three weeks.

lon Concentration in SSW—(SO42_) brine Concentration in SSW brine
S before aging after aging before aging after aging
[mol/I] [mol/I] [mol/I] [mol/I]
K" 0.010 0.010 0.010 0.010
Na" 0.474 0.491 0.450 0.455
ca”* 0.013 0.042 0.013 0.035
Mg”* 0.045 0.020 0.045 0.020
Cl 0.597 0.629 0.525 0.545
S0, 0.024 0.015

As seen for both brines, a change in concentrasoexperienced for all ion components
except one; Potassium is the only component seetoifge absolutely unaffected by the
contact with chalk. When SSW—($Q is used as aging brine, magnesium {flgs the only

component which experiences a decrease in contientralhe trends are similar when
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sulphate containing SSW is used during aging, heddecrease in [M{ is in fact observed

to be the same for the two brines. The concentraifosulphate (S€) in the SSW brine is
also observed to decrease. As a first-hand obsenvahen regarding the relative changes, it
is interesting to notice that the calcium {Qaoncentration increases for both brines, but to a
higher level when sulphate is not present.

These chemical results will be further discusse®anagraptbv.4.1 Chemical changes under
aging

4.3.2 Chemical results from creep tests

In collaboration with Davidsen (2011) chemical fesf@rom three different creep tests were
obtained. During all of the creep tests the efftugater, which had been flooded through the
core at a rate of 1 PV/day, was sampled daily. @hsmmples were analysed in an ion
chromatograph to study the development of the miffeion components through the creep.
By introducing new brines with different compositgoto the chalk, different creep behaviour
was observed. By studying the chemical results fioensame time of creep, possible trends
and changes may be linked to the change in defammaate, e.g. Hence, the chemical
analyses are very interesting objects for invetitga The three creep test cores were LK94,
LK79 and LK95, and the chemical results from eachthe@m will be presented in the
following.

In Paragraplb.4.2 Chemical changes during creaftempted explanations of some of these
observations will be given.

LK94 Flooded with SSW only

LK94 turned out to be the “simplest” creep testtagas only flooded with SSW through the
whole time of creep, 32,040 minutes. Fig. 4.16 shtve results from the chemical analysis
of the water samples as development of differentdoncentrations versus the creep time.
(Please note that the curves of sodium*Nand chloride (C) are related to the secondary
concentration axis, i.e. to the right, due to tlégh concentrations compared to the other ions
present). For each ion component, a dotted hotdime is also plotted in the diagram to
show the concentration initially in the injectedner A deviation from this standard line
indicates that the ion component is involved ieaction of chemical kind.

First of all, at about 9,800 minutes of creep thisra peak in all concentration curves (except
chloride). But since this peak is common for alinpgmnents, and since the next logging points
seem to follow the trend seen before the peak,d&isation point is probably caused by a
“diluting error” or something similar.

When regarding concentration development througtimitest, both potassium K sodium
(Na") and chloride (C) are produced in the same amounts as injecteds ordess, and none
of them therefore seem to react with the chalk. Butthe other ions present, interesting
developments are seen. Especially the first 10r0dQites of creep, large amounts of injected
magnesium are retained within the chalk core, atsgime time as a lot of calcium is being
produced at much higher concentration than theeci standard SSW.
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It is also interesting to see that none of thenthiea the original concentration during the
creep time, but rather stabilize at certain corregions deviating from the injected amounts.
From about 16-17,000 minutes of creep, ffgand [C&'] are fairly stable. Magnesium
production in the very first sample was only 47%tloé injected concentration, while it
stabilizes at about 80% of the standard value. \Eedgmt values can also be calculated for
calcium, for which production in the first samplingas a factor 2.73 higher than in the
standard brine, and the concentration at stakibdimavas about 16% higher (factor 1.16). In
addition to magnesium, also sulphate {50s lost inside to core. The sulphate product®n i
more or less constant through the whole periodedm at an average concentration of 72% of
the initial value. Hence, during a creep of morantt32,000 minutes significant amounts of
sulphate are also removed from the aqueous solution

LK94, Creep test, flooded SSW 1 PV/day, Un-aged/130 °C
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Figure 4.16: Results from the chemical analysis of the efflweaater (sampled daily) during

the creep test of LK94; Un-aged chalk core testedl20 °C. SSW brine was flooded
throughout the whole test at a rate of 1 PV/daya'Nand [CIT] are related to the secondary
axis (to the right) due to their high concentratimalues compared to the other ion
components.

An increase in the differential pressure was detkciprobably due to precipitation of
anhydrite (CaSg). To reduce the possible precipitation rate s¢ tihe flooding outlet from
the core would not be totally blocked, and so thatcreep test could last longer, the flooding
rate was halved at a creep time of 19,447 minuliess interesting to see that the
concentrations of magnesium and sulphate in tHaesff seem to decrease somewhat from
this point in time. At the same time, there alsensg to be a slight decrease in calcium
production — but this trend is not as clear agHerother two ions, and the calcium production
even seems to start increasing again a coupleysfaféer.
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LK79 Flooded with SSW~(SO*) > SSW

In contrast to LK94, LK79 was saturated with SSWG4{%) brine prior to the creep test, and
flooded with this brine the first 50,110 minutesapéep time. At this time, circulating fluid
was switched to SSW and hence sulphate was inteadtecthe chalk. In total, the test was
run for nine weeks, and SSW was flooded througltiigt period of time. Every day one
sample from the effluent water was stored for clvaimanalysis of the ion composition, and
the results from this analysis is shown in Fig.74.Both the logging point at 41,600 and
75,000 minutes of creep deviate significant from ¢ieneral curve trends. But as long as the
next plotting points follow the initial trend theskeviation points do probably not reflect
actual concentration changes, but are rather camgeliluting errors or so. The vertical line
through the diagram represents the time for sgu®8W injection, and dotted horizontal lines
reflect the ion concentrations in standard solgiofithe brines. Sodium (Naand chloride
(CI") are related to the secondary concentration axis.
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Figure 4.17: Results from the chemical analysis of the effluaater (sampled daily) during
the creep test of LK79; Un-aged chalk core testeti3 °C. SSW—(S©) brine was flooded

at a rate of 1 PV/day the first 50,110 minutesplefSSW was started flooding at the same
rate. [Na'] and [CIT] are related to the secondary axis (to the rigbt)e to their high
concentration values compared to the other ion camepts.

Independent on the flooding fluid neither potassigodium nor chloride seem to react with
the chalk, as no noticeable changes in concentiatie seen. For magnesium and calcium,
on the other hand, large changes are detectedns tef comprehensive magnesium )g
loss and additional calcium (€3 production - especially the first 25,000 minutéscreep.
Compared to their injected amounts, the very firater sample contained calcium at a factor
of 3.80 higher than the standard while only abob®%3of the injected magnesium was
produced. Short time before the SSW injection wasted, from about 45,000 minutes of
creep, both [M§] and [C&'] seem to stabilize at certain levels. But non¢hefn match the

110



injected amounts, as magnesium stabilizes at a®@t of the standard concentration, and
calcium production “never” drops to the standarcle

At the moment of sulphate was added to the porid #everal changes occurred. Due to
different sodium and chloride concentrations in the brines both of these components
experienced a drop in production. However, they @diately stabilized at the standard
concentration level. When regarding developmentaf@inesium concentration immediately
after introducing sulphate, some strange resuéissaen. A noticeable drop is first observed,
but followed by a “jump” back to a value matchitg tstable trend before SSW flooding was
initiated. The next sampling point shows anothepdiand then a series of sample analyses
indicate an increase in concentration up to a rtablelevel.

The measured calcium behaviour is also somewhaiapsonnected to the introduction of
sulphate. Immediately after the switch of brinedrap in [C&"] is detected. Sulphate content
in the effluent increased relatively quickly to itgected amount. After the mentioned drop,
[Ca®"] followed the sulphate concentration trend thramghthe rest of the creep — the
concentration of calcium in the effluent was cotesidy 4 mmol/l less than [SO]. From the
creep time value of 63,100 minutes the sulphatelyion (and the calcium production)
started decreasing, and did so throughout thentgstWhen the test was ended, the
concentration of calcium in the effluent water did longer exceed the injected calcium
amounts. Similar to the case for LK94, the creep ¢¥entually had to be terminated due to
blockings in the circulating fluid system (probaldgused by anhydrite precipitation). An
increasing differential (and pore) pressure indiddhis.

LK95 Flooded with DW > SSW > SSW-(SQO?)

The last creep test carried out (LK95) was commeénei#h an unintended flooding with
distilled water (DW). This mistake was simply cadid®y a closed valve, and when it was
detected after 9,602 minutes of creep SSW floodiag started. Five days later, sulphate was
“removed” from the circulating fluid by changing ®SW—(SG@") brine (at creep time of
16,811 minutes). Hence, this test consisted oktAmding phases. Daily water sampling for
chemical testing was terminated after 22,950 msyued the results are shown in Fig. 4.18.
(The meaning of vertical and horizontal lines ahd secondary concentration axis are the
same as described for the two other creep test®iprevious).

The fact that the core was saturated with SSW paddesting explains the amounts of ion
components in the first flooding phase (DW). As tiistilled water displaced the SSW
already present, some higher concentrations wejisteeed in the effluent for the very first
water sample. After SSW flooding was started all @oncentrations in the effluent increased,
but only [C&"], [Na'] and [CI] increased immediately. The two latter componémtseased

to the levels of their injected amounts, while tlaécium concentration was first observed as a
peak at a factor 3.84 higher than the standardesaration. This kind of peak for the calcium
concentration when changing flooding fluid from DY seawater like brine is a common
observation for those types of tests. At this paintime, barely any magnesium or sulphate
was produced, but in the next water sample largee@ses in [Mg] and [SQ?] were
observed, as well as a significant drop in {¢aMagnesium and sulphate production
immediately stabilized at levels at around 65% 80% of their original concentrations in the
brine, respectively.
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LK95, Creep test, flooded 1 PV/day, Un-aged/130 °C
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Figure 4.18: Results from the chemical analysis of the effluaater (sampled daily) during
the creep test of LK95; Un-aged chalk core tested3D °C. Distilled water (DW) was
flooded at a rate of 1 PV/day the first 9,602 masutThen, SSW was started flooding at the
same rate until 16,811 minutes of creep, before -§S@?") was flooded until the end of
testing. [Nd] and [CI] are related to the secondary axis (to the rigttle to their high
concentration values compared to the other ion camepts.

When flooding of the last brine was started, magmesproduction seems to increase further.
An increase in calcium is also noticed in the effluwater, while the sulphate concentration
decreases significantly (as no more sulphate iscieg). When the sulphate reaches and
stabilizes at a minimum level, calcium concentraippears as a peak, and starts decreasing
again. Potassium, sodium and chloride are all moiless produced in the same amounts as
injected for the last two flooding phases.
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5 Discussion

In the main, all tests in this present work in abbration with Davidsen (2011) were carried
out as combinations of either:

* un-aged cores tested at ambient temperature
aged cores tested at high temperature (I3))

and by using either:

* synthetic seawater (SS\W)
synthetic seawater without sulphate (SSW={3)0

as saturation and testing brine.

From this, four different combinations of “testimgnditions” are obtained. By comparing
tests in certain manners it is possible to studi iweeffect of temperature and agimg the
mechanical strength of chalk, as well as ¢ffect of sulphat@resent in the testing brine. In
the following, these effects are studied by compasield point, Young’s modulu€f and
bulk modulus K) for several different tests, as well as paransetde cohesion &) and
friction angle ) and failure envelopes obtained from differgqt’ plots.

(Please notice that when comparing results fromatianvc tests, only tests of equal effective
radial stresses are listed (in pairs). This is doneonsider only the entirely comparable tests.
It should also be noticed that all values listedables are obtained from one individual test
only, unless otherwise is stated. Ideally, to bre $bhat such a value is representative it should
be calculated as an average from a number of @ststo time limitations, obtaining results
from different testsat several different radial stressdsas been prioritized rather than
performing several identical tests. At least, thiss needed to at all being able to estimate
cohesion, friction angle and failure envelopes).

Further, there will be one section concerning crdmghaviour, and one last section
considering chemical aspects related to the agiogegs and water sampling during the creep
tests.
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5.1 Effect of temperature

The effect of temperature and aging on the mechasicength of chalk is first studied for
tests performed by using SSW—(E® as testing brine, and then for tests where thént
brine used was SSW.

5.1.1 SSW—(S0,%)

All tests considered in this subsection were pemtat by the use of SSW—(SPas testing
brine.

Yield point

For the good overview, Table 5.1 contains obsemielti points listed in pairs for tests of
similar type (or the same effective radial strggsformed at ambient and high temperature.
The pairwise differences and difference ratiosadse calculated and listed. For all the tests,
SSW—(SG*) was used as testing brine. The vyield point vahresfound from Table 4.4 and
Table 4.7 in the result presentations.

Table 5.1:  Comparison of yield pointss{’) obtained from different test types at ambient
temperature and 130 °C — by using SSW-{3@s testing brine. The difference (130 °C
value minus ambient value) and ratio between yietint values for the two testing
temperatures is given for each test type.

;' [MPa] Difference | Difference
Test type : .

Un-aged/Ambient Aged/130°C [MPa] ratio
Brazilian 1.38 1.53 0.15 1.11
0.5 MPa Dev. 4.5%* 4.9 04 1.09
1.0 MPa Dev. 6.2 6.2 0.0 1.00
1.2 MPa Dev. 6.2 6.7 0.5 1.08
2.3 MPa Dev. 8.4 7.1 -1.3 0.85
4.0 MPa Dev. 9.3 9.0 —0.3 0.97
7.0 MPa Dev. 11.4 11.8 0.4 1.04
Hydrostatic 10.7 10.8 0.1 1.01
Average 1.02

(*The listed value is an average value from two lsindeviatoric tests, both executed at
ambient temperature with an effective radial stres6.5 MPa.

No clear temperature dependency is observed wheapaning the yield points for samples
tested with SSW—(S@) brine. For almost all test types the yield paialues are very much
alike. And even though the highest yield pointsrmiast cases are found in high temperature
tests, there are two test types where the oppissitbserved, as well as one test type where
the same yield point was experienced for both amband high test temperature. The
difference ratio also provides a good basis for ganson, as it considers thelative
differences instead of the magnitudes only. Asdifierence ratio varies around 1, and the
average ratio is more or less equal to 1, the yeldts for high and ambient temperature tests
are generally so alike that no clear trend is okeskr
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Elasticity moduli

Other parameters which could be of interest tondggare the elasticity moduli obtained from
deviatoric and hydrostatic tests. Table 5.2 anderal3 contairE-modulus andK-modulus
values, respectively, measured for the comparabléatbric and hydrostatic tests at ambient
and high temperature. (l.e. elasticity moduli valder the same tests as considered in
Table 5.1).

Table 5.2: Comparison ofE-modulus values for deviatoric tests at differeffeaive
radial stresses performed at ambient temperaturd 280 °C — by using SSW—(8) as
testing brine. The difference (ambient value mia@® °C value) and ratio betweds
modulus values for the two testing temperaturegvien for each test type.

E-modulus [GPa] Difference | Difference
Test type - .

Un-aged/Ambient Aged/130°C [GPa] ratio
0.5 MPa Dev. 1.357* 1.277 0.080 1.063
1.0 MPa Dev. 1.262 1.346 -0.084 0.938
1.2 MPa Dev. 1.299 1.094 0.205 1.187
2.3 MPa Dev. 1.577 1.186 0.391 1.330
4.0 MPa Dev. 1.508 1.134 0.374 1.330
7.0 MPa Dev. 1.907 1.360 0.547 1.402
Average 1.208

(*The listed value is an average value from two ksindeviatoric tests, both executed at
ambient temperature with an effective radial stres6.5 MPa.

E-modulus can be defined as a measure of a materi@sistance against uniaxial
compression, or as a measure of the stiffnesseohtaterial. (See Paragra@t8.4 Young’s
modulus E-modulus). As a general trend, it seems that Eaenodulus is measured to be
higher when tests are carried out at low tempegailg. that these cores are more rigid. Only
in the case of 1.0 MPa effective radial stresshigjh temperature test experienced the highest
E-modulus. Another trend which is observed is tl&amodulus values increase with
increasing degree of radial support (i.e. with @axsing confining pressure). No such trend
seem to be valid for the high temperature testd,l@nce also the difference and difference
ratios between low and high temperature tests aserevith increasing radial stress. The core
sample experiencing the definitely highest Youngadulus of 1.907 GPa, is an un-aged core
tested at ambient temperature with a high degremadifl support during testing (7.0 MPa
effectively).

In other words, at low effective radial stresseis itlifficult to determine whether the testing
temperature affects the material’s stiffness. Buthee radial support increases it seems more
evident that high temperature and/or aging may cedilne material's resistance against
uniaxial compression. The average difference ratid.208 is not entirely valid as there is
one increasing and one “constant” trend in the amegb data, but it still tells th&modulus
values for ambient temperature tested cores areigiher, in the overall perspective.

Table 5.3:  Comparison oK-modulus values for hydrostatic tests at ambiemipirature
and 130 °C — with SSW—($Q as testing brine. The difference (high — low) amtio
betweerK-modulus values for the two testing temperaturegvien.

K-modulus [GPa] Difference |Difference
Test type - = .
Un-aged/Ambient Aged/130°C [GPa] ratio
Hydrostatic 0.689 0.587 0.102 1.174
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The same observation is made for bulk modulus gahtesame testing conditions and also
with SSW—(S@) as testing brineK-modulus for the hydrostatic test run at ambient
temperature was a factor 1.174 higher than for Higla temperature test. However, this

difference is not tremendous. And as only one hastbeen performed for each temperature
condition with this testing brine it is difficultot tell whether this is a representative

observation, knowing that such values may varydigrin between identically run tests.

g-p’ plots — Failure envelopes and mechanical parameter

In theg-p’ diagram in Fig. 5.1, results from all tests parfed by the use of SSW—($Q as
testing brine have been plotted. With basis inredr and a second order polynomial
regression, a failure envelope has been estimateddach testing temperature. (The failure
envelopes are presented separately in Fig. 4.%@nd.7. In the respective subsections, more
detailed information is given on how these failereselope lines are obtained). Each failure
envelope is composed by two parts, where the litdanost line is called the shear failure
line and the curved line to the right is called ¢imel cap line.
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Figure 5.1: Comparison of}-p’ plots with respect to temperature effect, foragmsrformed
with SSW—(S§) as test brine. The solid failure envelope linpresents tests at ambient
temperature, while the dotted line represents igh kemperature tests.

As seen from the diagram, the estimated failureslifor low and high temperature testing are
very much alike. It is interesting to see that tfamsitions from the linear to the curved line
for these two failure envelopes appear to occutliersamey-p’ combination, more or less.
However, it must be mentioned that such transitiars very difficult to determine, in
addition to the fact that these estimations areedbas the assumption of a second order
polynomial fit for the end cap line. These uncettias should be taken into account, but as a
general and rough interpretation these measureraentd course interesting.
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The shear failure line for ambient temperaturestésts a slightly steeper slope, and since the
transition points are almost equal it intersecescHaxis at a lower value. From Eq. 2.52 and
Eq. 2.53, in addition to the related explanatiomsParagrapl2.3.7 g-p’ plot, it is thereby
known that the determined friction anglg) (s higher and the cohesiof) lower for the
ambient temperature tests when comparing to the &sigh temperature. Since the failure
angle ) and the friction coefficientu are both directly determined frog these will
naturally also be (slightly) higher for the testsambient conditions. Brazilian tests are really
valuable for determination of the shear failureeliand affect both the slope and the
intersection point with the-axis to a large extent. The maximum principal sgré;’) was
found to be a bit higher for the tests at T80 (See Table 5.1). This reflects a somewhat
higher strength, and logically corresponds to ah&igcohesion value — which can be
considered as thaherent shear strengtbf the material.

As seen from Table 5.1 the yield points observedtlie similar test types (equal radial
support) were in most cases very alike. This i® asen from tha}-p’ plot, as the dots
(ambient temperature) and the triangles (I8Pare mainly mixed. The end cap line for the
high temperature tests is estimated to follow adreelow the ambient temperature end cap
line. Usually, such an observation is equivalenthva weaker material — but as already
discussed for the yield points listed in Table i5i$ really difficult to notice any typical trend
for these mechanical data. In addition, resultanfrbydrostatic tests are valuable for
determination of the end cap line’s orientation dodé thep’-axis. The results from the two
hydrostatic tests seem independent of the teséngpérature as they almost overlap in the
g-p’ plot, and as long as the transition point for tilve failure envelopes also seemed very
alike, the end cap lines should not be supposelkv@te too much from each other. Ideally,
more tests should be performed at the differerctiffe radial stresses, to make sure that the
results were actually representative. The presesults are highly “exposed” to naturally
variations in between the cores.

Table 5.4:  Comparison of cohesiors), friction angle ¢), failure angle §) and friction
coefficient (1) values for tests at ambient temperature and 130-°with SSW—(S©) as
testing brine. The values are obtained from thiifailines calculated from thegp’ plots.

“:::;:::LZT Un-aged/Ambient| Aged/130°C DI:::;:n/cﬁ) :3; '
So [MP3] 0.81 0.97 1.20
¢ [ 31 29 1.07
B[ 60 59 1.02
U 0.60 0.55 1.09

Table 5.4 shows the values of cohesion, frictiogl@nfailure angle and friction coefficient
calculated based on the two shear failure linettgdan Fig. 5.1, and the pairwise difference
ratios. When comparing the pairwise values it iglent that the rough comparison method
mentioned earlier (based on Eq. 2.52 and Eq. 258)plicable. When regarding the values it
is interesting to see that the cohesion based @mitih temperature tests is “as much as” a
factor 1.20 higher than for the low temperaturésteSonsidering this ratio alone, it may seem
a bit high compared to all observations showingsigmificant difference in between results
from the different testing temperatures. Howevdrewcomparing with equivalent difference
ratios presented in the three following subsectitims is definitely the lowest. The friction
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angles are very alike, as suggested from the slopabe shear failure lines, so these
parameters do not seem to be very temperature depewhen tested with SSW—($0.

Summary

From the data compared and discussed in this stitiseno specific temperature effect has
been observed on the mechanical strength for clsatksated and tested/flooded with SSW-
(SO). The only “trend” observed was an increasing drén E-modulus values with
increasing radial support for low temperature teBigt for high temperature tests no such
trend was observed.
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5.1.2 SSW

All tests considered in this subsection were pentd by the use of SSW as testing brine.

Yield point

Yield point values for comparable tests performedmbient and high temperature are listed
in Table 5.5. These values were originally listedr@sults in Table 4.12 and Table 4.15, but
this new combined table makes the comparison psogdst easier. In addition, the pairwise
differences and difference factors are given faheast type.

Table 5.5: Comparison of yield pointss{') obtained from different test types at ambient
temperature and 130 °C — by using SSW as testing.bfhe difference (ambient value minus
130 °C value) and ratio between yield point valtmsthe two testing temperatures is given
for each test type.

;' [MPa] Difference | Difference
Test type : .

Un-aged/Ambient Aged/130°C [MPa] ratio
Brazilian 1.83 0.81 1.02 2.26
0.3 MPa Dev. 5.6 3.4 2.2 1.65
0.5 MPa Dev. 5.8 4.2 1.6 1.38
0.8 MPa Dev. 6.8 5.2 1.6 1.31
1.0 MPa Dev. 7.0 5.4 1.6 1.30
1.5 MPa Dev. 7.4 6.1 1.3 1.21
4.0 MPa Dev. 9.5 8.1 1.4 1.17
Hydrostatic 10.2* 7.5* 2.7 1.36
Average 1.45

(*Each of the listed values is an average value ioleté from two hydrostatic tests executed at
the same temperatyre

In contrast to the data from tests run by using SE&®°) as test brine, there seems to be a
consistent trend in the observed yield points whdphate is present in the brine. For every
test type, i.e. all degrees of radial support, dh@bient condition test experienced a higher
yield point. In other words, the cores tested ghltemperature were the weaker. Except from
the Brazilian tests and the deviatoric tests atidinest effective radial stress, the difference
factors are fairly similar to each other. Excluded two mentioned tests, yield points from
ambient temperature tests are on average a fa@6érhigher than for the tests at 130.
(Included the two tests the average value incretsels45, as seen in Table 5.5. But by
including them the standard deviation increasesifstgntly from 0.07 to 0.33). Apparently,
there is a certain degree of temperature dependent® mechanical strength of chalk when
sulphate containing SSW is used for saturatiomgagnd flooding.

Elasticity moduli

When considering the rigidity of the test coreser¢h also seems to be a temperature
dependency. For all the regarded deviatoric tekessE-modulus values were substantially

higher for the low temperature tests, as shownahbld 5.6. Another interesting observation,

unlike the standard observation for yield poirgghiat there is no clear trend that the Young’s
modulus values change with the degree of radigbaugconfining pressure) for tests at the
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same temperature. For increasing valuegsofeffective radial support) only every other
modulus value increase.

Table 5.6: Comparison ofE-modulus values for deviatoric tests at differeffeaive
radial stresses performed at ambient temperatuict 30 °C — by using SSW as testing brine.
The difference (ambient value minus 130 °C value) @atio betweerkE-modulus values for
the two testing temperatures is given for eachtigst.

E-modulus [GPa] Difference | Difference
Test type - .

Un-aged/Ambient Aged/130°C [GPa] ratio
0.3 MPa Dev. 1.465 0.794 0.671 1.845
0.5 MPa Dev. 1.320 0.947 0.373 1.394
0.8 MPa Dev. 1.302 0.810 0.492 1.607
1.0 MPa Dev. 1.597 0.998 0.599 1.600
1.5 MPa Dev. 1.394 0.930 0.464 1.499
4.0 MPa Dev. 1.534 1.097 0.437 1.398
Average 1.557

If anything should be considered to be a trendjotild be that thé&-modulus for the lowest
and the highest radial supports for high tempeeatests, are by far the lowest and highest
measured values, respectively. But, it should b#ced that from the lowest to the second
highest value of effective radial support considerthere is only a difference of 1.2 MPa.
While from the second highest to the very highest there is a jump of 2.5 MPandde
observing a higher value for the 4.0 MPa deviattast than for the others should not be very
unlikely, but may indicate a slight increaseeimodulus with radial support, nevertheless.

The 0.3 MPa deviatoric test at high temperaturenis of the two tests which was suggested
could be neglected when calculating the averagterdiice ratio in yield points, as it
contributed to an extra high standard deviatioree(previous subsection regarding yield
points). It seems that that test core was abnoymadbk, with conspicuously low yield point
and E-modulus value compared to “trends” from the ottests. If the 0.3 MPa deviatoric
tests are ignored, the-moduli achieved from ambient temperature testsosreaverage a
factor 1.500 higher (or 50% higher) than for higimperature tests with a standard deviation
of 0.093. By including the 0.3 MPa deviatoric tethts equivalent values of 1.557 and 0.154
are obtained, respectively. As an overall obseowatihe Young's modulus at least seems to
be temperature dependent when sulphate is pres&8W brine, in the manner that the chalk
is less resistant against uniaxial compressionghieh temperatures.

Table 5.7:  Comparison oK-modulus values for hydrostatic tests at ambiemipirature
and 130 °C — with SSW as testing brine. The diffege(high — low) and ratio between
K-modulus values for the two testing temperaturegvisn.

K-modulus [GPa] Difference |Difference
Test type : .
Un-aged/Ambient Aged/130°C [GPa] ratio
Hydrostatic 0.805* 0.517* 0.288 1.557

(*Each of the listed values is an average value ioleté from two hydrostatic tests executed at
the same temperature

Both of the two hydrostatic tests were carried autach of the temperature conditions when
SSW was used for testing. By applying the averadees of both yield and bulk modulus)(
more representative data can be compared, prob@bbse averag&-modulus values are
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shown in Table 5.7 together with their reciprocéledence and ratio. There is a significant
difference between results from the two temperatoraitions, as the average bulk modulus
value for the ambient temperature tests is a fagsomuch as 1.557 higher than what was
observed for the tests at 13D. (Worth noticing, even though it is most probaiohglevant,

is that this factor is identical to the averagetdacalculated for thé&-modulus values for
deviatoric tests at the same testing conditiongnhcluding all comparable tests). This can
be interpreted in the manner that aged cores tedtbijh temperature have a weaker ability
to resist hydrostatic compression.

g-p’ plots — Failure envelopes and mechanical parameter

Experimental results from all tests carried outthwy use of SSW as test brine, are plotted in
the g-p’ plot shown in Fig. 5.2, and a failure envelope éarch of the two temperature
conditions is estimated and drawn. (The failure edopes are presented separately in
Fig. 4.11 and Fig. 4.13. More detailed informatamm how these failure envelope lines are
obtained, is given in the respective subsections).
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Figure 5.2: Comparison of}-p’ plots with respect to temperature effect, fordgmrformed
with SSW as test brine. The solid failure enveltipe represents tests at ambient
temperature, while the dotted line represents igh kemperature tests.

For the same temperature conditions as considerédgl 5.1 for cores tested with SSW-
(SO%), where the failure envelopes hardly could be s®pd from each other, Fig. 5.2
shows that when sulphate is present it is quitdeti that temperature and aging affect the
mechanical strength of the chalk. The failure eopelrepresenting the high temperature tests
on aged cores (dotted lines) clearly lies below degmated lines for ambient temperature
tests (solid lines). Since the failure envelopearsesf the elastic area in tlggp’ diagram, the
chalk appears to be weaker when it is aged andsexbto high temperature during testing
(when SSW is present). In other words, the matevithigo into failure at an earlier stage of

121



stress loading — an observation which correspomdset observations in yield points, listed in
Table 5.5. As the shear failure line and the ermllicee constituting the failure envelope for
high temperature tests both are related to logeand p’ values, these test cores are
understood to be weaker both when considering sladare and failure by pore collapse.
(The failure mechanism related to the end capi$imeainly pore collapse).

When roughly considering the linear shear failured it is clear that the cohesiof)(
obtained from the high temperature tests is bytHarlowest, since the dotted line intersects
the vertical axis at a much lower valuefBut for increasing values @' the failure lines
slightly approach each other, telling that the slap steeper for the line representing high
temperature tests, and hence the friction anglanust also be a bit higher for these tests.
Even though the shear failure lines are clearlyasspe, the major difference is however
registered for the end cap lines. This may indichtg the major reduction in mechanical
strength is observed for conditions where poreapsk is believed to be the main failure
mechanism.

Table 5.8: Comparison of cohesiorg{), friction angle @), failure angle g) and friction
coefficient (1) values for tests at ambient temperature and 136 With SSW as testing brine.
The values are obtained from the failure lines chdted from they-p’ plots.

l::::::::‘ Un-aged/Ambient| Aged/130°C DI:::‘;:n/cﬁ’ ‘r:; '
Sy [MPa] 1.11 0.52 2.13
o [ 33 36 1.09
B[] 61 63 1.03
U 0.64 0.72 1.13

From each of the estimated linear shear failureslithe mechanical parameters listed in
Table 5.8 can be calculated. As already suggested the shallow “analysis”, the cohesion
and friction angle obtained from the high tempamtests are significantly lower and slightly
higher, respectively, than the values obtained ftests at ambient conditions. In fact, the
cohesion related to low temperature tests is catledIto be more than the double of the value
related to high temperature tests. As this parammigors the inherent shear strength, this
observation supports that the aged chalk coresdedthigh temperature are the weaker. (At
least for stress conditions where shear failuteeiseved to be the main failure mechanism).
The differences in failure angle and friction ca@ént are directly dependent on the friction
angle values, which are observed to be 9% highetefts performed at high temperature.
Similar to the observation shown in Table 5.4 foe talculated parameters when the test
brine used was SSW—($0), the temperature condition providing the highehesion also
gives the lower friction angle.

Summary

It seems quite evident that when chalk cores apesed to SSW (containing sulphate) during
aging and testing at high temperature (13} their general strength is weakened — both in
terms of mechanical strength, like seen from ymadhts, failure envelopes and the cohesion,
as well as the ability to resist both uniaxial amgbrostatic compression, seen from the
elasticity moduli.
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5.2 Effect of sulphate (SO 4°)

When studying the temperature effects in ChaptérEffect of temperaturét was observed
that there was no clear temperature dependency whieg SSW—(SE) as testing brine,
while tests carried out with SSW as test brine sftba clear difference in results for the low
and high temperature tests. The only differencenndmnparing these two observations is the
presence of sulphate in the test brine. Hence rtaicedegree of sulphate effect has been
revealed already.

In the following, the effect of sulphate presencetioe mechanical strength of chalk is first

considered for un-aged cores tested at ambienteetyre, and then for high temperature

tests where aged chalk cores were treated. The sxane table set-ups will be presented here
as done for the temperature effect studies, extepthere, results from using different test

brines are compared for the same temperature comslit

5.2.1 Ambient temperature

All tests considered in this subsection were pentt on un-aged chalk cores at ambient
temperature.

Yield point

In Table 5.9 the yield point values obtained froomparable tests carried out by the use of
the two different testing brines, are listed. Hily, these values were listed as results in
Table 4.4 and Table 4.12, but they are here cormdbinea new manner to make the

comparison process much easier. Table 5.9 alsoaiosnthe pairwise differences and

difference factors calculated for each test type.

Even though the differences in yield points are major when comparing the two different
brines, it is interesting to see that the testslving SSW experienced a higher yield point for
all test types except two. The exceptions aredhbtstwith the higher radial support, but there
does not seem to be a very clear trend that tHerelifce in yield points decrease with
increasing radial support. Hence, the differencay just be caused by naturally variations.
However, the difference ratios are decreasing withheasing radial support, but also from
these values it is difficult to tell whether this @ standard or just incidental case. When
comparing tests with the two different test brirtbg, average difference factor with respect to
the SSW—(SG) tests is slightly more than 1, indicating thaé thigher yield points are in
general related to SSW tests. But the fact thaheedifference values nor difference factors
are very high, and that there is not a consisteeated to which test brine generates the
highest yield point, these variations may be regaras results of natural variations. At least,
it is difficult to tell if the presence of sulphateas affected the yield points at ambient
temperature.
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Table 5.9:  Comparison of yield points{ ) obtained from different test types by the use of
SSW—(SE) and SSW as testing brine — at ambient temperafthe difference (SSW value
minus SSW—(SO) value) and ratio between yield point values foe two testing brines is
given for each test type.

o;' [MPa] Difference | Difference
Test type = .

SSW—(S0,") SSW [MPa] ratio
Brazilian 1.38 1.83 0.45 1.33
0.5 MPa Dev. 4,5* 5.8 1.3 1.29
1.0 MPa Dev. 6.2 7.0 0.8 1.13
4.0 MPa Dev. 9.3 9.5 0.2 1.02
7.0 MPa Dev. 11.4 12.0 0.6 1.05
8.0 MPa Dev. 12.5 12.3 —0.2 0.98
Hydrostatic 10.7 10.2%* -0.5 0.95
Average 1.11

(*The listed value is an average value from two sindeviatoric tests, both executed at an
effective radial stress of 0.5 MPa and with SSW-{3@s testing bring
(**The listed value is an average value obtainedvirwwo hydrostatic tests executed by the
use of SSW as testing brjne

A general understanding and theory is that presehcellphate in pore fluids within chalk
may contribute to additional weakening and deforomabf the chalk. However, this is not
observed here for ambient temperature testingfeany trend can be noticed at all it would
rather tell the opposite.

Elasticity moduli

The same “lack of trends” is observed for the Ydsngodulus values measured for the
deviatoric tests compared. As seen from Table SH®E-modulus was higher for testing
with SSW in two out of five comparable tests, amthde there is no consistency seen when
considering this. But it could be mentioned that Hverage difference ratio tells that the
slightly overall higheE-modulus values are observed for testing with SS@:).

Table 5.10: Comparison ofE-modulus values for deviatoric tests at differeffeaive
radial stresses, performed by using SSW-{3@nd SSW as testing brine — at ambient
temperature. The difference (SSW-fSOvalue minus SSW value) and ratio between
E-modulus values for the two testing brines is gilcgreach test type.

Test type E -mc:dulus [GPa] Difference | Difference

SSW—(SO,") SSW [GPa] ratio
0.5 MPa Dev. 1.357* 1.320 0.037 1.028
1.0 MPa Dev. 1.262 1.597 —0.335 0.790
4.0 MPa Dev. 1.508 1.534 —0.026 0.983
7.0 MPa Dev. 1.907 1.349 0.558 1.414
8.0 MPa Dev. 1.805 1.540 0.265 1.172
Average 1.077

(*The listed value is an average value from two sindeviatoric tests, both executed at an
effective radial stress of 0.5 MPa and with SSW-{3@s testing bring
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The main reason for this is probably the high valaktained from the 7.0 MPa and 8.0 MPa
deviatoric tests, which stand out from the restwelger, even though the difference ratios for
some comparable tests show that there is somealefrelative difference, the fact that no
brine consistently gives the higher values makekfficult to make any statements based on
these data. In other words, no specific sulphdexeis observed for the Young’'s modulus.

Table 5.11: Comparison oK-modulus values for hydrostatic tests where SSWA(S&hd
SSW were used as testing brine — at ambient temyperal he difference (high — low) and
ratio betweerK-modulus values for the two testing brines is given

s K-modulus [GPa] Difference |Difference
YPe [ ssw—(s0,2) SSW [GPa] ratio
Hydrostatic 0.689 0.805* 0.116 1.168

(*The listed value is an average value obtained ftaum hydrostatic tests executed by the use
of SSW as testing bripe

Since only one hydrostatic test was performed withuse of SSW—(SO) as testing brine
the validity of the measured bulk modulus couldgbestioned. Based on the obtained data
listed in Table 5.11, the average value measured the two SSW tests is almost 17% higher
than for the SSW—(S0) test. However, it should be noticed that the agervalue for the
SSW tests is actually based on the ®vmodulus values of 0.703 GPa and 0.907 GPa, and
the smallest of these are very similar to the valbserved from the SSW—($O test. Hence,

the “actual” K-modulus for SSW—(S§J) tests could in theory be a lot different from the
listed value. It is impossible to predict if anathest would have increased or decreased the
K-modulus value, so the uncertainty of this andldinge difference between the two obtained
values from the SSW tests (0.204 GPa) makes it digfigult to claim whether the sulphate
has an effect on the bulk modulus or not.

g-p’ plots — Failure envelopes and mechanical parameter

Results from all tests performed at ambient tentpegaare plotted in thg-p’ plot shown in
Fig. 5.3. Two failure envelopes are drawn in tpp’ diagram, each of them related to
different testing brines. (These failure envelopes presented separately in Fig. 4.5 and
Fig. 4.11. Their respective subsections containengletailed information on how these failure
envelopes are obtained).

First of all, a somewhat strange observation iserfadm theg-p’ plot as the end cap lines
cross each other for highpi values. But this explained by the observationigidypoints,
which turned out to be lower for the SSW floodestgeonly for the tests at the highest
values (8.0 MPa deviatoric tests and hydrostasitsjeAs described earlier, it is very difficult
to estimate the end cap lines. But the estimatedrdiailure lines usually give a better fit with
the data, which indicates that they are probablyemeliable. Based on the shear failure lines
drawn in Fig. 5.3, it is seen that the line repnéisg SSW—(SG) test lies below the line
related to the SSW tests. From this, it may be ssiggl that chalk is somewhat weaker when
exposed to SSW—(SO) at ambient conditions — at least for low radigpport. The end cap
line also indicates this, until it crosses the eag line representing SSW tests at &alue of
about 7.6 MPa.
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g-p'plot, Un-aged/Ambient temp., Sulphate effect
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Figure 5.3: Comparison ofj-p’ plots with respect to sulphate effect, for tegtidgymed at

ambient temperature. The solid failure envelope hepresents tests where SSW was used as
testing brine, while the dotted line is connectetests performed by the use of SSWA$O

A quick look at the linear shear failure lines ddhat cores tested with SSW brine experience
a higher cohesion (due to higher intersection whthg-axis) and a slightly higher friction
angle (due to a steeper line). These rough obsengatorrespond to the calculated values
listed in Table 5.12.

Table 5.12: Comparison of cohesiors), friction angle ¢), failure angle §) and friction
coefficient (1) values for tests executed with SSW-{3@nd SSW as testing brine — at
ambient temperature. The values are obtained fiwanfailure lines calculated from theep’
plots.

Mechanical P Difference ratio
parameter SHREDT SSW (high / low)
So [MPa] 0.81 1.11 1.37
o [ 31 33 1.06
B[] 60 61 1.02
U 0.60 0.64 1.07

The calculated friction angles for tests perfornbgdusing the two different brines are very
much alike. This is also seen from tipp’ plot, where the slope is almost equal for the two
shear failure lines. Calculated cohesion valuesthenother hand, differ more significantly
from each other, and the cohesion obtained from $&f¢ happens to be as much as a factor
1.37 higher than observed for SSW—{(SDtests. By this, the inherent shear strength shoul
be higher for cores tested with SSW, and this mpmatible with the observations made by
simply regarding the yield point comparisons in [Eh9.
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Summary

From some individual observations, both based enyibld points, the failure lines and their
related mechanical parameters, it could be sugdiéiséé the chalk appears to be weaker when
tested with SSW—(S£) than when SSW was used as testing brine at atrieieperature. In
other words; the chalk seems to be stronger whigahaie is present in the brine. But due to
small differences, as well as the inconsistenciethe data as described in the previous, it is
difficult to tell if these observations are resutik the sulphate presence or only natural
variations within the chalk. At least, when considg the whole spectrum of tests, and the
whole failure lines.

However, if only the shear failure lines are coesgdl, including only the tests at lower radial
support where shear failure seems to be the maiumganechanism, it may be suggested that
the SSW filled cores are the stronger. It is irdBng to see that this is the opposite from the
observations at high temperature (see Paradgi&ph High temperature (13@)).
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5.2.2 High temperature (130 )

All tests considered in this subsection were pemtat on aged chalk cores at high
temperature (130C).

Yield point

For the comparable tests performed by the use ef ttho different testing brines
(SSW—(SQ@) and SSW), the comparable yield point values iated in pairs in Table 5.13.
These values were listed as results in Table 4d7Table 4.15, but by recombining them like
done in Table 5.13 it is easier to compare theaslin addition, this new table also contains
the pairwise differences and difference factorswated for each test type.

Table 5.13: Comparison of yield points{ ) obtained from different test types by the use of
SSW—(Sg¥) and SSW as testing brine — at 130 °C. The differd SSW—(SO) value minus
SSW value) and ratio between yield point valuedHertwo testing brines is given for each
test type.

o;' [MPa] Difference | Difference
Test type P. .

SSW—(S0,") SSW [MPa] ratio
Brazilian 1.53 0.81 0.72 1.89
0.3 MPa Dev. 4.4 3.4 1.0 1.29
0.5 MPa Dev. 4.9 4.2 0.7 1.17
0.8 MPa Dev. 5.4 5.2 0.2 1.04
1.0 MPa Dev. 6.2 5.4 0.8 1.15
1.2 MPa Dev. 6.7 5.6 1.1 1.20
1.5 MPa Dev. 7.4 6.1 1.3 1.21
2.3 MPa Dev. 7.1 6.5 0.6 1.09
4.0 MPa Dev. 9.0 8.1 0.9 1.11
Hydrostatic 10.8 7.5% 3.3 1.44
Average 1.26

(*The listed value is an average value obtained ftaum hydrostatic tests executed by the use
of SSW as testing bripe

The first striking observation is that yield poirits all test types were found to be higher
when cores were tested with SSW—(SPDbrine. Based on this alone, it seems that chalk i
weaker when sulphate is present at high temperatarglitions. When considering the
differences and difference factors in between ie&l\points obtained from the same type of
test, or the same degree of radial support, thdtseBom two test types stand out from the
others. For all the deviatoric tests there is adref a fairly constant difference ratio of 1.16
with a standard deviation of 0.07. But as seen fii@hle 5.13 the overall average ratio from
the compared tests is higher, 1.26, and with a narger standard deviation of 0.24. This is a
result of the much higher difference ratios obserfrem the Brazilian and the hydrostatic
tests. The difference in maximum principal stresisigs §;') in between the Brazilian tests is
not extraordinary high compared to the other tgstg, but the relative ratio stands out as the
absolutely highest and thereby contributes to aneased average value and a considerably
increased standard deviation. For the hydrostasts} the difference is measured to be as
high as 3.3 MPa, which is very high compared todtheer test types. But since the stresses
handled in the hydrostatic tests are quite high,difference does not generate a very high
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relative ratio — but still enough to increase bt average difference ratio and the standard
deviation.

Even though the difference ratios are not very higa fact that the magnitude of all of them
is above 1 indicates a consistent trend; Namedt, ttie chalk goes into failure at lower stress
exposure (i.e. is weaker) when sulphate is praaghe pore fluid.

Elasticity moduli

Similar to what was observed for the yield poirkgere seems to be a consistent trend that
also theE-modulus is lower for chalk when filled with SSWire than in the cases where
sulphate is not present. Or, the resistance agamakial compression seems reduced when
sulphate is contained in the testing brine. Meas-enodulus values obtained from the
comparable deviatoric tests, only differed by testing brine, are listed in Table 5.14. On
average, for cores tested with synthetic seawattrout sulphate thé&-modulus value is
obtained to be a factor 1.298 higher than for S8dfchalk cores.

Table 5.14: Comparison ofE-modulus values for deviatoric tests at differeffeaive
radial stresses, performed by using SSW={3@nd SSW as testing brine — at 130 °C. The
difference (SSW—(S6) value minus SSW value) and ratio betwEenodulus values for the
two testing brines is given for each test type.

Test type E -mc:dulus [GPa] Difference | Difference

SSW—(SO,") SSW [GPa] ratio
0.3 MPa Dev. 1.155 0.794 0.361 1.455
0.5 MPa Dev. 1.277 0.947 0.330 1.348
0.8 MPa Dev. 1.378 0.810 0.568 1.701
1.0 MPa Dev. 1.346 0.998 0.348 1.349
1.2 MPa Dev. 1.094 0.932 0.162 1.174
1.5 MPa Dev. 1.169 0.930 0.239 1.257
2.3 MPa Dev. 1.186 1.116 0.070 1.063
4.0 MPa Dev. 1.134 1.097 0.037 1.034
Average 1.298

It seems that the E-modulus value for the SSW testease somewhat in magnitude with
increasing confining pressure (or effective radiaéss). As the equivalent values for SSW-
(SO tests seem to be independent on the confiningspre, thé&E-modulus values thereby
approach each other for higher radial stresses. i$hndicated by decreased difference values
and ratios with increasing degree of radial sup@irice the only difference in between the
two brines is the presence of sulphate, then stépmay affect (reduce) the stiffness of the
chalk. However, if the presence of sulphate isetkidanation of the observed differences, this
makes it difficult to explain the apparently apprioimg E-modulus for higher radial stresses.

For theK-modulus obtained from hydrostatic tests and coegpar Table 5.15, it is difficult
to tell if there is an effect of the sulphate présm the SSW brine. The bulk modulus
measured for the test run by using SSW—{90s a factor 1.135 higher than the average
value obtained from the SSW tests. But, in onehefttvo hydrostatic tests executed by the
use of SSW as test brine, tkemodulus was found to be 0.556 GPa. Hence, justthke case
when studying any possible sulphate effect for amibtemperature tests, more hydrostatic
tests should be carried out both with the use aVS®d SSW—(SE) to achieve a good
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basis for comparison. From these very few and taicemeasurements it is very difficult, if
not impossible, to tell whether there is a sulpledtect on the bulk modulus or not.

Table 5.15: Comparison oK-modulus values for hydrostatic tests where SSWZ(S&hd
SSW were used as testing brine — at 130 °C. Theretice (high — low) and ratio between
K-modulus values for the two testing brines is given

K-modulus [GPa] Difference |Difference
Test type 2 :
SSW—(S0,") SSW [GPa] ratio
Hydrostatic 0.587 0.517* 0.070 1.135

(*The listed value is an average value obtained ftaum hydrostatic tests executed by the use
of SSW as testing bripe

g-p’ plots — Failure envelopes and mechanical parameter

Results from all tests performed on aged coresght temperature (130C) are plotted in the
g-p’ plot shown in Fig. 5.4. Thg-p’ diagram also contains two drawn failure envelopes,
each of them is related to the different test lwin@he failure envelopes are presented
separately in Fig. 4.7 and Fig. 4.13, and more il@etanformation on how these failure
envelopes are obtained is given in the subsect@ated to them).
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Figure 5.4: Comparison ofg-p’ plots with respect to sulphate effect, for testsfggmed
at 130 °C. The solid failure envelope line reprdsetests where SSW was used as testing
brine, while the dotted line is connected to testsormed by the use of SSW—SD

Fig. 5.4 clearly shows that the failure enveloptnested for the tests executed by the use of
SSW as testing brine, is situated underneath thel@pe drawn for SSW—(SO) tests. In
other words, SSW filled chalk cores tested at Higimperature are clearly weaker when
sulphate is present. Especially for the end capthardifference is significant. This diagram
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depicts graphically the observations made for fle&ypoint comparisons in Table 5.13. The

shear failure lines are not as different as theaapudline, but the line estimated for SSW tests
is still placed clearly below the line representB§W—(S@) tests. From the slopes of the

shear failure lines, and their intersection powsiih the g-axis, it is clear that the cohesion is

determined to be considerably lower for chalk cdileed with SSW. A higher friction angle

is determined for these cores, due to the steepgrishear failure line. Numerical values for
these mechanical parameters are calculated aad IistTable 5.16.

Table 5.16: Comparison of cohesiorg{), friction angle ¢), failure angle g) and friction
coefficient (1) values for tests executed with SSW-{3@nd SSW as testing brine — at
130 °C. The values are obtained from the failunedi calculated from thep’ plots.

Mechanical P Difference ratio
parameter SHREDT SSW (high / low)
So [MPa] 0.97 0.52 1.87
o [ 29 36 1.24
B[] 59 63 1.07
U 0.55 0.72 1.31

It is interesting to see that the inherent sheength (cohesion) is almost halved when
sulphate is present in the testing brine. Hends, evident that the sulphate has a weakening
effect on chalk at high temperature, especiallyidarer radial supports (confining pressures).
The difference in friction angle calculated in th&se — i.e. in between SSW tests and SSW-
(SO tests at high temperature — is also the abstdugest observed within this thesis. This
difference propagates to the failure angle and aalbe to the friction coefficient, which is
seen to be 31% higher for the SSW tests.

Summary

The essence from these comparisons is that thpeaepto be a clear sulphate effect on chalk
exposed to high temperature. The presence of delpbeems to reduce the mechanical
strength of chalk noticeably. It is also interegtto notice that this is the opposite from what
was observed when comparing tests with differemielsratambienttemperature — at least for
lower radial stresses for which shear failure esrain failure mechanism.
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5.3 Creep behaviour

Graphical and tabulated compilations of creep data

In this section, compilations of different kindg fibhe three creep tests will be presented. For
the record; These tests were carried out on un-afpatk cores exposed to a constant
confining pressure of 12.0 MPa and high temperatd® °C). Firstly, Fig. 5.5 shows the
creep curves for all the tests together in an axegp strain versus creep time plot.

All creep tests, flooded 1 PV/day, Un-aged/130 °C
2,5

2,0

#1

1,5

—4—LK94
——LK79
——LK95

1,0 #1 - #2

Axial creep strain [%]

0,5

#1 #2 #3

0,0 ¢
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Creep time [min]

Figure 5.5: Compilation of all creep curves (axial creep straiersus creep time plots);
Un-aged chalk cores, saturated with SSW (LK94 &@5l) or SSW—(SH) (LK79), tested at
130 °C while continuously being flooded with differentcglating fluids at a rate of
1 PV/day. The different flooding phases for eadt tge separated by vertical lines and
identified by numbers 1 through 3.

The three cores tested were LK79, LK94 and LK9% o latter were both saturated with
SSW brine before testing, while LK79 was saturawith synthetic seawater without
sulphate, SSW—(S@®). During the creep tests the cores were contirlyofisoded with
different fluids at a rate of 1 pore volume per .d#yhen considering a test, a “flooding
phase” defines the period where the circulatingdfis unchanged. LK94 was only flooded
with one brine, SSW, throughout the whole testiegqu, and therefore only one flooding
phase is defined for this core. LK79 was first led with SSW—(S¢) brine and after some
time this fluid was switched to SSW. LK95 was, bynestake, first flooded with distilled
water (DW), then SSW and at last SSW—{Sorine. The two latter tests hence consisted of
two and three different flooding phases, respelstivehe flooding phases are all of unequal
time lengths, and the changes in flooding fluids trerefore shown in Fig. 5.5 by vertical
lines of the same colour as the creep curve theyeated to. For the overview, Table 5.17
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contains info about circulating fluid, length o and axial strain for each flooding phase
for the three creep tests.

Table 5.17: Overview of the different flooding phases (1-3) thoe three creep tests. For
each test, the circulating fluid is listed togethvath the time spent and axial strain achieved
in the different flooding phase. The rightmost auhs show the cumulated time and strain
values through the phases for each test.

Flooding phase #1 Flooding phase #2 Flooding phase #3 Total
Test core Creep time | Axial creep| Creep time | Axial creep| Creep time | Axial creep| Creep time |Axial creep
[min] strain [%] [min] strain [%)] [min] strain [%)] [min] strain [%)]
34 4 34 4 3+ 4 4 4
LK95 Circulating fluid = DW S5W SSWH{504")
Time / Strain »| 9602 | 0660 7208 [ 0449 13,099 | 0254 29.910 | 1363
Li7g | Circulating fluid $SWH{504") SSW
Time / Strain »| 50110 | 1.371 36,668 |  0.971 B6.778 | 2.342
LK94 Circ_ulating ﬁu@d > S5W
Time / Strain »| 32,040 | 1.900 32040 | 1900

As an overview of the test processes and the difteparts of each test, Table 5.17 can be
very advantageous. But for comparison of deformmatibis not very easy to use, since none
of the flooding phases are of equal time. In addittotal time length of the three tests varied
significantly. Hence, to be able to compare accatedl axial strain when different fluids are
flooded through the cores, Table 5.18 is presewiddthis information. Every time a change
in flooding fluid was made for one of the creeptdeshe creep time at that moment was
registered. These creep time “moments” are listethé leftmost column in Table 5.18. The
accumulated strain for each test is given at tipesets of time together with the fluid type
flooded since the previous point of time. This ways possible to study and compare the
fluid types’ effect on deformation of chalk.

Table 5.18: Overview of all creep times at which flooding fliidere changed for the three
creep tests. The creep time values are listed &oleft, and for each point of time the
accumulated axial creep strain so far is listed éaich of the creep tests, as well as the fluid
flooded since the previous point of time.

Cree LK79 LK94 LK95

. P Accumulated . . Accumulated . . Accumulated . .
time . Circulating . Circulating . Circulating
[min] ax. creep strain fuid ax. creep strain fuid ax. creep strain fuid

(% A (%

9,602 0.687 SSW—s504%) 1.367 SSwW 0.660 DW
16,811 0.878 SSW—(50,%) 1.596 SSW 1.109 SSwW
29,910 1.137 SSW—s504%) 1.851 SSWwW 1.363 SSW—504%)
32,040 1171 SSW—(504%) 1.900 SSwW
50,110 1.371 SSW—(s504%)
86,778 2.342 SSwW

Observations and interpretations

The most conspicuous observation from the combaneep plots in Fig. 5.5 is the similarity

between the plots representing LK79 and LK95 in vieey first creep phase (called the
transient phase). These curves are almost insdparatl 9,602 minutes of creep, when the
circulating fluid was changed for LK95. The mosteiresting, however, is that fluids with

totally different compositions were used duringsttime for the two tests. Since LK95 was
flooded with DW while the circulating fluid for LK¥ was synthetic seawater brine without
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sulphate, it is interesting to notice that theseidd generated more or less the same
deformation rate in this period of time, (0.660% @h687%, respectively). When flooding
DW, no chemical reactions can occur with the chal&turally. Since the creep strain
observed when flooding SSW—($Q brine is so much alike, this should indicate that
extensive chemical interactions take place duriogding with this brine either. Only a slight
difference in strain of 0.027% is observed for fingt 9,602 minutes of creep between these
two brines. However, it should be noticed that frim slopes of the curves, it seems that
LK95 would have flattened out if continued floodimgth distilled water, while LK79 is seen
to continue with a relatively stable deformationende, on a longer time basis a larger
difference in creep deformation would probably h&ween seen between DW flooding and
SSW—(S@) flooding.

But when considering the results from the chemieats, it is also difficult to explain the
similarity the first 9,602 minutes of creep. (Seg.B.17 and Fig. 4.18). Because the chemical
results show that no calcium is produced in théuefit for the DW flooded test, while
considerable calcium amounts are produced for LK&® well as magnesium is retained
within the chalk). Hence, when flooding with SSW&(S), dissolution of calcite from the
chalk occurs to a large extent, and especiallhénviery beginning of the test. It is difficult to
present a reasonable explanation on why LK79 an®5Lkxperience about the same
deformation in this period of time, when extenstlalk dissolution only occurs for one of
them. One possible explanation, however, may bethieaachieved strain values during the
hydrostatic loading prior to these two tests ang/veuch alike. The strain achieved during
the hydrostatic loading of LK79 was measured toOe5% (see Table 4.10) while the
equivalent value for LK95 was 0.52% (see Table }1.TBese values may indicate that the
tests had very similar strain “speed” when entetting creep phase, and their behaviour
during the first time of creep would therefore bikea As already mentioned, from about
10,000 minutes of creep they seem to split aparthe deformation rate of the DW flooded
core (LK95) seems to decrease.

When considering LK94, which was flooded with SSk¥otigh the same period of time, a
much larger deformation is observed. (See Fig.ahd Table 5.18). After 9,602 minutes of
creep, the core flooded with SSW had experiencedaal strain value of approximately
twice the magnitudes of the two other tests. TinBciates that the presence of sulphate has a
significant effect on the strength of chalk at higgmperature conditions, as the only
difference between the SSW and the SSW-{3®rine is the sulphate components. When
further comparing only LK79 and LK94, it is seemtlthe deformation rate for both of them
decreased with time after passing 10,000 minutgsstil it seems that the slope of the curve
for LK94 (SSW) was somewhat higher throughout #st.tFor each of the points of time in
Table 5.18, the accumulated strain increased mdié (or equally) for LK94 (SSW) than for
LK79 (SSW—(S@)). These two brines can be compared for the 325040 minute of creep,
which was the time at which LK94 had to be ternmgdatSince the strain-time curves for both
LK79 and LK94 experienced lower slopes after a grisme of about 10,000 minutes, the
difference ratio in between them would be reducedhfthe observed ratio of 1.99 at creep
time of 9,602 minutes. At termination of LK94, tHfeSW flooded core (LK94) had
experienced strain of a factor 1.62 higher thantlar core flooded with seawater without
sulphate (LK79). This should be considered a sicpnift difference, which can (only) be
explained by the sulphate present in SSW.

Reconsidering the two tests with the similar defation experiences for the first
9,602 minutes (LK79 and LK95), a tremendous inaeasdeformation rate was observed
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when circulating fluid was changed from DW to SS¥V £K95. Compared to LK79 which
was still flooded with synthetic seawat®ithout sulphate at this time of creep, the
deformation for LK95 was much larger after introshgc SSW containing sulphate. At last,
after 50,110 minutes of creep, also the circulatingl for LK79 was changed to SSW. After
about 10,000 minutes of SSW flooding, the deforamatate seemed to stabilize at a constant
slope. This deformation rate was higher (had apsteslope) than what was observed when
flooding with SSW—(SG) brine. And since this was observed even thoughdatre had
already been deforming for more than 50,000 minuteseems evident that the presence of
sulphate contributes to an additional deformatitime opposite change was made for LK95;
SSW was flooded from 9,602 minutes until 16,811 utes of creep, and then the sulphate
was “removed” by switching brine to SSW—(8Q. As the sulphate was not present in the
pore fluid anymore, it was clearly seen that thiheation rate decreased and the strain-time
curve tended to flatten out.

The reason why the test of LK94 (SSW) had to bestied earlier than planned, was that the
differential pressure through the test core stairieteasing already before 18,000 minutes of
creep was reached. After this was noticed, thedftup rate was halved in an attempt to
reduce the pace of the pressure increase and beralgle to continue the testing for a longer
time. However after 32,000 minutes, the fluid autfeom” the chalk core was almost entirely
blocked, causing the pore pressure to increaseati@aily. For comparison, such an increase
in the differential pressure was not observed 7@ during the 50,110 minutes of flooding
with synthetic seawatevithoutsulphate. But after less than 40,000 minutes &/ 3I8oding,
this test also had to be terminated for the samsore Most likely, the increase in differential
pressure when SSW was flooded can be consideradresult of precipitation of anhydrite
(CaSQ). Due to precipitation of solids like this, fluideay be obstructed from moving
through pipes and tubings as they get filled andHied.

To sum up so farThe overall observation from comparing the crésgis is that sulphate
presence increases the deformation rate and wettkehalk significantly.
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Creeptests, flooded 1 PV/day, Un-aged/130 °C
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Figure 5.6: Compilation of all creep curves (axial creep straiarsuslogarithmic creep
time plots); Un-aged chalk cores, saturated withAS@.K94 and LK95) or SSW—($Q
(LK79), tested at 130C while continuously being flooded with differemtulating fluids at a
rate of 1 PV/day.
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Fig. 5.6 shows another graphical presentation @tcteep data, where the axial creep strain is
plotted as a function dbgarithmic creep time. For the last part of each floodingsgha
strain rate value can be calculated from the pfotsg. 5.6. These calculated values are listed
for all three creep tests in Table 5.19 for conguani

Table 5.19: Overview of the strain rates estimated for theedéht flooding phases of the
three creep tests.

Test | Flooding Circulating Strain rate
core phase fluid [ %/ Decade ]
LK94 #1 SSW 0.98
LKT9 #1  |SSW—(50,%) 1.15

#2 SSW 3.21

#1 DW 0.36
LK95 #2 SSW 1.46

#3  |SSW—s0,%) 0.81

Each test consists of a flooding phase with SSWebrand the strain rate for each of those
can be compared. However, the second flooding pHaselLK95 only lasted for
7,209 minutes while the SSW flooding phases fordtieer two tests lasted for more than
30,000 minutes. The strain rate value calculated k®5 may therefore not be comparable to
the others. But the values found for LK79 and LK®&éuld be comparable, even though SSW
was used in the second and “first” flooding phasspectively. As also could be seen from
the slopes in Fig. 5.6, the strain rate found fi®4 is lower than for LK79. (A steeper curve
corresponds to a higher strain rate). In factstin@n rate found for LK79 is a factor as much
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as 3.28 higher than the calculated strain rateevialuLK94. In an attempt to explain this high
difference, the differences in between the SSWdilog phase for each of the cores should be
regarded. The main difference is that LK79 was dkxb with SSW—(SE) for more than
50,000 minutes before SSW was introduced to thé&kdwe, so this may be the reason for
the clearly observed difference in strain rate.

For the flooding phases where SSW—{SPwas flooded there is also a difference. But the
difference factor (1.42) is not at all as high asntroned for the SSW flooding phases, and
several different factors may effect the calculatallies — especially the value for LK95. The
fact that LK95 had already been flooded with twifedent fluids before SSW injection was
initiated, may be a factor which affects the cadted strain rate. In addition, LK79 was
flooded with SSW—(SE) during flooding phase #1 for 50,110 minutes, whihe SSW-—
(SO flooding phase for LK95 only lasted for 13,099nuies. (See Table 5.17). Thus, the
differences between the SSW—(SY flooding phases for these two tests are diffidolt
explain. To be able to study any effects in a propanner, only one “variable” (or
difference) should be considered at a time.

Strain rate values which should be highly compa&abk the one from the SSW flooding
phase of LK94 and the value from the SSW—£fSlooding phase of LK79. Both of these
flooding phases were #1 for their respective temtd, lasted for several tens of thousands of
minutes. By comparing these, any possible sulpbif¢et on the strain rate may be observed.
For LK94 (SSW) the strain rate was found to be Q@8ecade, while the equivalent value
for the SSW—(S@) flooding phase of LK79 was calculated to be 1%fDecade. By
comparing the slopes of the end sections of tis¢ flimoding phases in Fig. 5.6, it is seen that
LK79 has a somewhat higher strain rate (steepereguilhe strain rate obtained from the
SSW—(S@) flooding (LK79) is a factor 1.17 higher than fbe SSW flooding.

Summary

From investigating the creep behaviour, it has setlrat SSW, i.e. the presence of sulphate,
tends to increase deformation rate and decreasendohanical strength of chalk at high
temperature. When sulphate ifgroducedto a flooding systemSSW—(S@) flooding =
SSW floodingthe chalk will be weakened and deform more, wthike opposite is observed
when sulphate isemovedrom the aqueous solution.

An observation made for the first 10,000 minutescodep phase can be a subject for
discussion; DW and synthetic seawater without satiptproduced very similar axial strain
curves with respect to the creep time. Chemicallteshow that only in the case for SSW-
(SO®) flooding, there were large changes in ion comegions in the effluent water.
Especially, a lot of extra calcium was produced] Hrese ions have to come from the chalk.
One possible explanation may be that the straimegalachieved during the hydrostatic
loading prior to creep were almost identical fog tlvo tests, and hence they would have the
same strain “speed” when entering the creep phase.
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5.4 Chemical aspects

It is a common understanding that chemical reastmecur when chalk is exposed to certain
brines containing specific ion components, and @aflg at high temperatures. By comparing
this present work with test results obtained byiBsen (2011), it is possible to study to what
extent the presence of sulphate in seawater likeedwill affect the strength of chalk. In
connection with this, it is interesting to investig what kind of chemical reactions that may
occur within brine saturated chalks.

One way of investigating this is by studying anysgible changes in ion concentrations in
different situations where chalk is in contact withnes. This is the case for all of the test
types run in the work with this thesis, but wat@mgles of the effluent water were only stored
for the creep test. All chalk cores that were st high temperature were aged prior to
testing, and also during this aging process somenadal reactions are expected to occur. To
be able to investigate the effect of aging, watangles from the aging brine (in which the
chalk cores were submerged in under aging) werlyzethchemically and compared with the
standard brine solution.

The two following subsections will deal with theerhical results from the aging process and
the creep tests.

5.4.1 Chemical changes under aging

As shown in Paragraph.3.1 Chemical results from the aging proceesne changes in the
ion composition are observed under aging. The ag@uges changes in ion concentrations for
the components present in SSW—SPand SSW, and these changes as well as the
difference ratio for each component are listedabl& 5.20.

Table 5.20: Overview ofconcentration changesd difference ratiosn ion concentrations
observed under aging of chalk cores submerged W-$SQ*) and SSW brine. “After —
before” reflect that the values are listed with pest to the concentrations before aging.
Aging was performed at 13C for three weeks.

lon SSW—(S0,>) brine SSW brine

T Change [mol/I] Ratio Change [mol/I] Ratio
(after — before)| (after / before)| (after — before) | (after / before)

K 0 1.000 0 1.000
Na* 0.017 1.036 0.005 1.011
ca”' 0.029 3.231 0.022 2.692
Mg”* -0.025 0.444 -0.025 0.444
cl” 0.032 1.054 0.020 1.038
S0,° —0.009 0.625

A positive “change” value reflects that concentrativas observed to be higher in the brine
after aging, and should typically indicate that miner@and initially within the core have
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been dissolved into the aqueous solution. A negédtiliange” value, corresponding to a ratio
value less than 1, indicates that the amount sbtlied ions for a component has decreased.

Common for both brines is that the amount of patasgK") remains unchanged during the
aging process, and that the observed magnesiurfi’\Mgncentrations are the exact same —
both before and after aging. For the SSW-{SCbrine magnesium is the only component
which experience a reduction in concentration, gvtile sulphate amounts present in SSW
brine are also reduced. In other words, both tlkesgponents seem to react with the chalk in
some manner and are therefore removed from theoaguehase. Sodium (Na chloride
(CIN) and calcium (C#) all increase in concentration under aging fotblotines. Knowing
that the extra calcium typically comes from dissadlvcalcite, the change in [Ehis
interesting when investigating the water weakewfigct of chalk.

It is worth noticing that the loss in magnesiunthis case seems independent of the presence
of sulphate, as [M] decreases with the exact same amount for botteriAs described in
Paragrapl?.4.3 lon substitutionmagnesium has typically been proposed to pasieim an

ion substitution process with calcium ions at thelk surface with the result of weakening of
the chalk (Korsnes et al., 2006b). A one-to-onati@hship has often been observed, based on
common observations (from experimental floodingsjeshowing a good match between the
magnesium amounts lost from the aqueous solutiohtla® amounts of additional calcium
produced.

When studying the magnitudes of the changes in metals, it is observed that an additional
amount of 0.029 mol/l calcium is observed in thendrafter aging when sulphate is not
present. This increased calcium concentration istnii&ely a result of calcite (chalk)
dissolution, and this observation states that tlisism of calcium occurs to a significant
extent also when there is no sulphate presenteiptine fluid. Even if substitution should be
an important mechanism, magnesium loss to the dhadls not explain all of this dissolved
calcium as “only” 0.025 mol/l Mg is removed from the water phase. Other explangtion
have been presented for observed changes in magnesid calcium concentrations, and
among others, Madland et al. (2011) suggested sbskrvations to rather be related to
dissolution-precipitation processes where magnesiearing minerals are precipitated inside
the chalk, typically. This theory does not have shene limitations as the substitution theory,
where it is found that only a certain amount otah is accessible for being substituted, and
seems thus more reasonable when regarding the #&notibboth magnesium and calcium
which are dealt with.

It is interesting to compare the mentioned valuéh the results from aging chalk submerged
in SSW, as the main difference between these twebis the presence of sulphate. First of
all it is observed that 0.009 mol/l $0is lost from the brine, while 0.007 mol/l lessaiain

is dissolved, compared to the case of SSW={3®rine. These values coincide relatively
well, and the changes in the SSW brine can probabklyexplained by precipitation of
anhydrite (CaS@s)), in the main. At higher temperatures, like 130, anhydrite has a
retrograde behaviour with water and therefore hasrg low solubility at these temperature
conditions (Heggheim et al., 2004). But an addaicaanount of 0.002 mol/l sulphate is lost
compared to what can be explained by this pretipitaprocess, and adsorption may be a
reasonable explanation for this extra loss. Megiagtadl. (2011) are among them who have
performed experimental work related to sulphateogaten in high porosity chalk at high
temperature (130C). Outcrop chalk from Liége — which has been usethe experimental
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work with this thesis — was one of the chalk typsed for demonstrating this kind of sulphate
behaviour.

The difference ratios provide an indication of thlative change in the ion concentrations, as
only the difference values do not tell “the whaileth”. The amounts of both Nand CT are
experienced to increase in values of (almost) #mesorder of magnitude as the fGa
increase and [Md] loss. Especially, the chloride increase is evighér than the calcium
increase in SSW—(S0), and more than double of the lost amounts of k&t in SSW.
However, the initial concentrations of sodium amdbdde are several times higher than the
initial [Ca?"], [Mg*'] and [SQ?] as seen from Table 4.20. A large increase inatheunt of
mol/l is therefore not necessarily equivalent watharge relative increase compared to the
initial state. The difference ratios listed in Tal.20 for both sodium and chloride show that
the concentrations measured after aging are justrya small factor larger than what was
measured initially. This is the same case for dmtihes. When considering calcium, for
instance, the concentration has increased witlc@arfaf more than 3.2 in SSW—($Q and
almost a factor of 2.7 when sulphate is presemheénbrine. In addition, the difference ratios
indicate that more than half of the magnesium atiytipresent has been removed from the
solution, while the sulphate concentration aftenggvas found to be less than 2/3 of the start
concentration.

140



5.4.2 Chemical changes during creep

In the following, the creep tests carried out witlthis work will be discussed with respect to
the chemical analyses of the daily samples of fiihigeat water. All observations are based on
Fig. 4.16, Fig. 4.17 and Fig. 4.18. They contaie thagrams for ion concentrations (in the
effluent water) plotted as a function of creep tiioethe three creep tests LK94, LK79 and
LK95, respectively.

First, some general observations obtained fromttalee tests will be presented, while some
more detailed observations for each of the thresstevill be taken into consideration
afterwards.

No changes in sodium [N§ or chloride [CI] concentration

For all tests, the produced amounts of sodium &hatide in the effluent water during creep
were more or less the exact same amounts as idjedttethe core. This observation is similar
to what was observed under aging of chalk coresiceleit is quite evident that these ion
components do not tend to react with chalk.

Correlation between magnesium (M§"), calcium (C&") and sulphate (SQ*) presence
Observations through the years have shown thae tiseusually a very strong correlation
between lost magnesium and produced calcium wieadithg seawater like brines during
creep at high temperature. Among others, @vsteld®9)2 experienced that the sum of
produced M§" and C4&" was more or less equal to the amount of injectagmasium, when
MgCl, brine was flooded through outcrop chalk from Sgetint. In this present work, the
same type of test has been carried out but witfereifit brines and Liege outcrop chalk.
However, the same correlation has also been olitdovethe creep tests performed within
these studies. The following explanations are giwéh basis in the circulating fluids used in
this present work (as well as the example fromdhbservations by @vstebg (2009) where
MgCl, brine was used, to see that calcium is not neaddtie flooding brine for these
observations to be made).

When considering flooding phases where SSW-{3@as used as circulating brine, the sum
of produced amounts of magnesium and calcium wa®sil perfectly equal to the sum of
injected M@* and C&". This is shown in the first creep phase in Fi§.fr LK79. The same
observation was made for SSW flooding, but the gores of sulphate “complicates” the
situation a bit. When comparing only the produc&thy] and [C&"] with the injected
concentrations of these, it is found that the ahitialues are somewhat higher than what is
detected in the effluent water. But by adding tlest® amountof sulphate to the produced
magnesium and calcium, the match with the injeted* and C&" becomes very good. This
is shown in Fig. 5.7 and Fig. 5.8 (last part) fok94 and LK79, respectively. For
convenience, the following relations are put upedasn the mentioned observations during
creep, when flooding withe} MgCl,, (b) SSW—(SGQ*) and €) SSW brine.
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(a) [Mgzqinjected [Mgquroduced + [Céqproduced (Eq 51)

(b) [Mgzqinjected + [Céqinjected ~ [Mgquroduced + [Céqproduced (Eq 52)
(C) [Mgzqinjected + [Céqinjected ~ [Mgquroduced + [Céqproduced + [SQZ_]"Iost” (Eq 53)

The latter relation may be explained by the thebat the lost sulphate “sequestrates”, or
“binds”, some of the calcium in the aqueous sohutio the [SG J-ose term in the bottom
equation is assumed to be equal to a calcium anwaich has been dissolved from chalk but
not produced in the effluent.

Theory of substitution between magnesium (M%) and calcium (C&")

As mentioned in the previous paragraph, a stromgelaion between lost magnesium and
produced calcium is commonly observed during heghgderature creep tests. To explain and
describe the processes which occur inside the claén observations like this are made, a
number of theories have been suggested throughydhes. When focusing on the lost
magnesium and the additionally produced calcium dlear that the magnesium is removed
from the aqueous solution, somehow, while the gaichas to originate from the chalk. One
of the proposed theories attempting to explain latio;n between these two individual
observations, has been the theory of substitunaernms of magnesium substituting calcium
at the chalk’s surface.

More recent studies by Madland et al. (2009) andlI&fad et al. (2011), among others, claim
that the produced Gaand lost M§" have to be caused by other processes than only
substitution. One of the backgrounds for this stetet is calculations made for the number of
adsorption sites, i.e. the calcium amount withie ¢halk which is accessible for substitution.
These calculations are based on basic analyseschalla core, similar to the ones used for
experimental testing in this present work. Whendaleulated number of adsorption sites has
been exchanged, the substitution process is expéztslow down or even cease. Since the
observed calcium production during creep tests conynexceeds the calculated accessible
amounts, it can be claimed that substitution carpeotthe main deformation mechanism.
Madland et al. (2011) calculated the maximum nundfeadsorption sites for an example
core to be 0.0019 mol. Assumed that magnesiuneistiy component to substitute calcium,
maximum 0.0019 mol magnesium can be removed fr@matiueous solution for the purpose
of substitution, when magnesium containing brindla®ded through a chalk core during
creep.

To compare the value calculated by Madland et28111), the actual removed magnesium
amount from one of the tests carried out withirs twiork can be found from some simple
assumptions and calculations. This has been done<f® as an example. The first flooding
phase, where SSW—($0 was flooded, is used for this calculation, as thiine does not
contain other ions than magnesium which typicalbuld react chemically with chalk during
the given test conditions. During the flooding pdrilasting 50,110 minutes, the flow rate
used was 0.022 ml/min. The volume of SSW—{SCbrine flooded through this flooding
phase will then be:

v - Qlmi/min]it ey [min] _ 0.022]mi/min] 50110[min]

flooding — lOOO[mI] lOOO[mI] =1102 (Eg.5.4)
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where

Viiooding Volume flooded through the core [ml]
Q: Flooding rate [ml/min]
tfiooding: Flooding time [min]

Further in this calculation, to be able to estintagkeamount of removed magnesium from the
solution, it is of interest to find theoncentrationof the removed amount. As an assumption,
this can be done by subtracting the average pradaceount in the effluent water sampled

during the flooding phase, from the injected amaoointnagnesium. The average produced
magnesium is easily found to be 0.0311 malfd by subtracting this value from the standard
concentration of 0.045 mol/l, the concentratiomeshoved magnesium is calculated:

[MI*Tremoved = o.o45[m|—°'} - o.osll[ml—ol} = 0.0139[m|—°'} (Eq. 5.5)

The last step to find the amount of magnesium tloshe core during the 50,110 minutes of
creep, is to multiply the concentration by the ftetdume flooded in this period:

Nger = MO |ermoves ¥ sooang = 0.013901.102= 0.015mol (Eq. 5.6)

By comparing this amount of lost magnesium to theoant of calcium accessible for
substitution, the magnesium amount lost is a faofor.89 higher than the amount which
could be involved with substitution. The equivalemhlue can be obtained for the
SSW—(S@) flooding phase of the LK94 creep test, which fasded for 32,040 minutes at
a constant flow rate of 0.021 ml/min. The same edoce is used, where the average
produced magnesium was found to be 0.033 mol/l,’[MgmoesWas equal to 0.012 molll,
and the lost amount found to be 0.0081 mol. Thss list lower than in the case of LK79, but
is still a factor 4.24 higher than what could beolwved with substitution. So even if
substitution should be an important process, aflobagnesium is removed from the solution
as results of other processes. Madland et al. {28ddgested the lost magnesium to be a
result of precipitation of magnesium bearing mifer&ince the two tests of LK79 and LK94
show that a lot more magnesium is lost from thaéthan what could be due to substitution
alone, the precipitation theory mentioned by Madlabal. (2011) is supported.
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LK94 Flooded with SSW only

With basis in Fig. 4.16, a new Fig. 5.7 is here posed by only the ion components which
experienced changes in the produced amounts, ieecréep test of LK94 was flooded with
SSW throughout the whole creep time of 32,040 neiswute. without sodium, chloride and
potassium, as none of them showed any reactiommstiagt chalk. But in addition, to show the
relationship between magnesium, calcium and sudplres it was described 3 pages ago, a
horizontal, black dotted line represents the surstafidard [M§'] and [C&']. In addition, an
orange curve is drawn, consisting of the sum of tteasured production of calcium and
magnesium, as well as loss of sulphate. This caowecides to a very high degree with the
injected amounts represented by the black, dotieel From the shape of the sulphate
concentration line, and the fact that the averagdyced amount of these tests is only 72% of
the standard value, the most likely reaction touods precipitation, and the precipitated
mineral is probably anhydrite (Ca®0O
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Figure 5.7: Some results from the chemical analysis of theesfflwater (sampled daily)
during the creep test of LK94; Un-aged chalk casted at 130 °C. SSW brine was flooded
throughout the whole test at a rate of 1 PV/dayplakck, dotted horizontal line is added to the
original diagram in Fig. 4.16, representing the sofnstandard concentrations of Kfgand
Ca’*. The orange curve reflects the sum of produced{M§Ca®*] and lost [SQ?].

Effect of decreasing flooding rate,

After the flooding rate was halved after ca. 20,8@08utes of creep, for the LK94 creep test, a
slight — but still noticeable — decrease in bothlgnesium, sulphate and calcium production
was observed. Since only the volume and time waangdd, and not any initial
concentrations, it can be difficult to find an exphtion for this detection. One possible
explanation can be that the ion components stalgarpore space inside the chalk core for a
longer timedue to the lower flooding rate. As a result osfHarger amounts of ions may be
able to react with the chalk before reaching thieebérom the core, and are thereby removed
from the brine.
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LK79 Flooded with SSW~(SQ/) & SSW

Unlike the creep test of LK94, LK79 was flooded witvo different brines as SSW—($Q
was changed to SSW after 50,110 minutes of cretgm #r this test, sodium, chloride and
potassium did not experience any specific changesoncentration and are therefore not
included in the diagram in Fig. 5.8.
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Figure 5.8: Some results from the chemical analysis of theesftl water (sampled daily)
during the creep test of LK79; Un-aged chalk casteéd at 130 °C. SSW—(8Q brine was
flooded at a rate of 1 PV/day the first 50,110 sy before SSW was started flooding at the
same rate. A black, dotted horizontal line is addedhe original diagram in Fig. 4.17,
representing the sum of standard concentrationglgf” and C&". The purple curve reflects
the sum of produced [M§ and [Ca?'], while the orange curve includes also the amanfnt
lost [SQ?] which (probably) is “bound” to calcium some way.

As a result of the introduction of sulphate to goge fluid, by changing flooding brine from
SSW—(SG@) to SSW, there are some peaks and drops in thierafit measured
concentrations. In the first flooding phase, thensof produced and injected amounts of
[Mg?*] and [C&"] are very much alike. The calcium concentrati@s lon a level above the
injected amounts, and should be large enough teecprecipitation of, for instance, anhydrite
(CasQ). But no sulphate is present before SSW is stdttedling after 50,110 minutes of
creep. At that point of time there is a clear dinogalcium concentration while the sulphate
concentration increases gradually. This is an mttha that calcium is removed from the
aqueous phase, and may be explained by anhydeigppgation. However, there is also
observed a drop in magnesium concentration atdheedime. It is difficult to tell for sure
what these observations are caused by, and it @udd have just something to do with the
displacement of the previous brine as a new oimgdsted.

It takes the sulphate about 8,000 minutes to ré@cimjected amount, before it started to
decrease continuously. Hence, some of the sulptateed being removed from the water
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solution. The exact same trend is seen for calcwinch should be an applicable indication
of anhydrite precipitation to occur. Also in thiedding phase there is a good correlation
between the produced magnesium and calcium anbbshesulphate, as shown for the good
match between the orange curve and the black,dlbtiezontal line.

It should be worth mentioning that even though ipitation of anhydrite has been proposed
here, the complexity of seawater like brines makesry difficult to tell what really happens
chemically inside the chalk, as several differemicpsses may occur parallel or in different
orders. The removal of sulphate may also be dagl$orption, but this is typically believed to
be seen in the very beginning phase of sulphataliitg, as sulphate is totally retained inside
the chalk. (Please see descriptions for LK95)hia tase for LK79 this does not happen. The
sulphate concentration in the effluent immediasthrts increasing, but as mentioned it used
some 5-6 pore volumes to reach the initial amadahce, some sulphate is removed from the
agueous phase in the beginning, at the same tintkeasalcium drop was observed, and
precipitation is thus naturally a suggested pracéle reason why there is no typical sign of
adsorption, may be that there had already been swiwerption on the chalk’s surface of
other kinds during the flooding with SSW—(8Q prior to the SSW flooding, and that
sulphate adsorption somehow was restricted/obsiluct

LK95 Flooded with DW 2 SSW > SSW-(SQ)

When here trying to describe the creep test obsensof LK95, it will just be referred to the
original diagram in Fig. 4.18, instead of repeatitige exact same figure here. The reason is
that for this creep test, all ion components arentiomed in the discussion, and none of them
could therefore be excluded from an eventual nagrdim presented here.

First of all it should be mentioned that the treawmusly high calcium peak observed when
changing flooding fluid from DW to SSW is a commohservation when switching from
DW to seawater like brine. (This may be caused kyaton exchange process). But this
observation is in fact the directly opposite asepbsd when another seawater like brine was
flooded prior to the SSW. This is seen by compamith the creep test of LK79, where
actually a drop in calcium concentration was obsgérwhen changing flooding fluid from
SSW—(SG*) to SSW brine.

Another very interesting observation made whentistRiSSW flooding after flooding some
pore volumes of distilled water (DW) is related ttee sulphate reaction. Because, this
observation also differs a lot from what was obsdrirom the creep test of LK79 when SSW
flooding was started after flooding with SSW—(SQ For LK79 there had possibly already
occurred some adsorption on the chalk surface veugphate was introduced. But in this
case, for LK95, no such adsorption could have haggerior to the sulphate introduction.
Right after flooding fluid was switched from DW 8SW, only C&', Na" and CT increased
“immediately”. Both magnesium, sulphate and potassiwere clearly retained inside the
chalk for a couple of pore volumes flooded, befiwer concentrations in the effluent rapidly
increase. These are all indications which can sagmsorption occurring immediately after
flooding is started, and continues all the waylurdimore adsorption can happen.

When regarding the sulphate retention, this maydéscribed by adsorption on positive

charged surfaces as a result of electrostatic rdiffees, while the retention of positively
charged ions, like magnesium and potassium in ¢age, may be due to other processes.
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Sulphate adsorption on chalk’s surface will redtloe surface potential, which may even
become negative. If the latter should happen, pesitharged ions will be attracted to the
surface by electrostatic forces in an attempt tatmaéze electrical charges. If clays are
present inside the chalk, cation exchange of p@djticharged ions in the solution may be
one way to explain retention of cations inside ¢halk. For the cations retained in this creep
test of LK95, it could be mentioned that clays @ngral tend to have a higher affinity towards
magnesium than potassium. But, seen from the ctratem-time diagram in Fig. 4.18,
potassium is retained for a longer time than magnesAn explanation of this may be that
since magnesium has the higher concentration ofwtbheMdg™* will be expected to obtain an
earlier breakthrough than*KHowever, it should also be noticed that there sarggested
several different ways for magnesium to be remdvah the water solution. Precipitation as
magnesium holding minerals is probably the mostrmoom comprehension, but also cation
exchange and attraction to negatively charged chatlace are possible explanations.

Removing sulphate from the circulating fluid, i.e.changing from SSW to SSW(SO,%)

When the breakthrough of SSW—(8® brine is detected in the effluent, the sulphate
concentration naturally drops and stabilizes atimmum level. From the start of the drop,
calcium production starts increasing, and reachesak at the point from which sulphate
stabilizes. When comparing with the axial straieegr time plot at this time, at about 20,000
minutes of creep in Fig. 4.14, a decrease in dedion rate is detected. The strain-time curve
tends to “flatten out”. Hence, there is a correlatbetween decreased calcium production and
decreased deformation. This corresponds to thenadigen of a large increase in calcium
production at the same time as the deformation rateeased significantly, when SSW
replaced DW in the pores (after a creep time 0®®®inutes).

Summary — Chemical changes during creep

Precipitation of both sulphate and magnesium bganmnerals seem to occur when
continuously flooding seawater like brines throuwgfalk cores during creep testing at high
temperature (130C). Precipitation like this typically causes distances in the equilibrium
between solid chalk material and the pore-fillihgd, and solid material will dissolve to re-
establish equilibrium. Since the solid material ethhas to dissolve typically is calcite form
the chalk, this overall process may be regardedvasakening effect on chalk.
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6 Conclusion

The main objective of the work with this thesis wasinvestigate any possible effect of
sulphate on the mechanical strength of chalk. Wus was carried out by performing four
different types of tests — hydrostatic, deviatodeep and Brazilian tests — where the three
first test types were all executed in triaxial teslis, and the latter type was run in a Brazilian
test cell. The sulphate effect was studied by udimg different brines during testing;
synthetic seawater (SSW) and synthetic seawatdtoufitsulphate (SSW—(S6)). Two
different temperature conditions were also usednbiant temperature and high temperature
(130°C) — and hence any possible temperature effecthalk’s mechanical strength could
also be considered. One of the underlying goals tavastimate failure envelopes, drawn in
g-p’ diagrams, for the different parameters. Experimlemtork was performed on high
porosity outcrop chalk from Liege, found to holdarerage porosity of 39.57%.

The conclusions are separated into two parts, baisechether they are obtained fronaxial
testsor creep tests

Based on the results obtained from this presenkwmmbined with the results provided by
Davidsen (2011), the main conclusions can be sumathas follows:

Triaxial tests
» Chalk cores tested at 130 were weaker when sulphate was present in thefluode
This was especially observed at stress conditiamswhich pore collapse is the
dominating failure mechanism. Yield point valuesl &amodulus values for synthetic
seawatewvithout sulphate was observed to be a factor of appr@&higher than what
was observed for synthetic seawater containinghsikp

* Chalk cores tested at ambient temperature did xypereence any clear reduction in
mechanical strength when sulphate was presenteipahe fluid. In fact, a somewhat
higher resistance against shear failure was agtudlserved when the pore fluid
contained sulphate.

» Chalk cores tested by the use of synthetic seay@f\V) as testing brine were clearly
weaker when tested at high temperature (30 Especially at stress conditions for
which pore collapse is the dominating failure medé. Yield point values and
elasticity moduli values for ambient temperatuistdavere observed to be a factor of
approx. 1.5 higher than the observations for higghpterature tests.

« Chalk cores tested by the use of synthetic seawdthout sulphate (SSW—(S6))

did not seem to be affected by the testing tempexatOverall, both yield points,
Young’s moduli, bulk moduli and failure envelopesre very much alike.
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Creep tests

150

The axial strain experienced during creep at haghperature (130C) is to a large
extent affected by the presence of sulphate inpitwe fluid. Axial creep strain
experienced during flooding with SSW was found éoabfactor 1.62 higher than for
SSW—(SG*) brine (after 32,000 minutes of creep). When saietis introduced to
the pore space during creep, the deformation satggnificantly increased. On the
contrary, when sulphate is removed from the sydsterdeformation rate is observed
to decline.

Chemical analyses of the effluent water samplednduhnigh temperature (13TC)
creep showed that precipitation of magnesium bgarimerals may occur, both when
SSW and SSW—(SP) brine is continuously flooded.

Such chemical analyses for high temperature cresip ailso showed that precipitation
of anhydrite (CaSg) is likely to occur, when continuously flooding WSand sulphate
apparently is retained inside the chalk.

The immediate reaction observed for sulphate &férg introduced to a pore system,
depends on the composition of the previous/priooding fluid. When introducing
sulphate after flooding with distilled water (DWgsorption of the sulphate seemed to
occur, while this was not clearly seen then SSW-{3®rine had been flooding prior
to the sulphate introduction.



7 Further work

This present study of sulphate’s possible effentshe mechanical strength of chalk could be
supplemented with the following points to achievieetter basis for comparison. The overall
understanding and interpretations of such possffexts would be better if more data were
accessible than the amounts provided from this work

* Generally, it would have been advantageous forbdm@s of comparison to perform
more tests the exact same ways as already donegeciaty for deviatoric and
hydrostatic tests. Because only one pair of “idetideviatoric tests were performed
(i.e. the same testing brine and temperature) oahdone hydrostatic test was carried
out for each temperature condition for SSW—{S)Chrine. To obtain an estimation of
the failure envelope, typically, this was a reas@avay of working, but as basis for
comparison more data is needed.

* More creep tests can be carried out where sulpbatdroduced/removed at certain
stages and in certain order. More consistent tesirpsses, by for instance keeping
the times of each flooding phase alike, would makasier to compare.

* When sampling effluent water for chemical analysesre frequent sampling can be
done to obtain a better understanding of the chanpoocesses. Especially when
changing flooding fluid during creep tests.

* In this present work, un-aged cores were testegmdiient temperature, while aged
cores were tested at high temperature. Any possitdet of the aging process could
have been studied by also performing high tempesaiests on un-aged cores, and
opposite.

« As planned to do in the work with this thesis, aAB$SQ?) solution containing an
abnormally high calcium concentration (typically témes higher than for SSW) can
be introduced to a creep test as a flooding flilte reason for not using SSW brine
for this, is that the presence of sulphate wouldstimlikely cause anhydrite
precipitation. Such a large amount of calcium ire thore fluid should make
dissolution of additional calcite unnecessary.
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Appendix A — Plots from tests using SSW —(SO 42—)

LK68, SSW—(S0,2-), Deviatoric at 0.3 MPa, Un-aged/Ambient temp.
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Figure A-1: Axial stress versus axial strain plot for a 0.3 Mé&eviatoric test performed on
LK68 with SSW-(S£) flooding at ambient temperature
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Figure A-2: Section of the Axial stress versus axial strairn fdothe 0.3 MPa deviatoric

test performed on LK68 with SSW-&}X¥looding at ambient temperature used to estimate
the Young’'s modulus
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LK48, SSW—(S0,27), Deviatoric at 0.5 MPa, Un-aged/Ambient temp.
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Figure A-3: Axial stress versus axial strain plot for a 0.5 Mé&eaviatoric test performed on
LK48 with SSW-(S£) flooding at ambient temperature
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Figure A-4: Section of the Axial stress versus axial strairn fdothe 0.5 MPa deviatoric
test performed on LK48 with SSW-(&}Xlooding at ambient temperature used to estimate
the Young’'s modulus
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LK46, SSW—(SO,2-), Deviatoric at 0.5 MPa, Un-aged/Ambient temp.
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Figure A-5: Axial stress versus axial strain plot for a 0.5 Méeviatoric test performed on
LK46 with SSW-(SP) flooding at ambient temperature
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Figure A-6: Section of the Axial stress versus axial strairt fdo the 0.5 MPa deviatoric
test performed on LK46 with SSW-¢SPflooding at ambient temperature used to estimate
the Young’'s modulus
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LK38, SSW—(S0,2-), Deviatoric at 1.0 MPa, Un-aged/Ambient temp.
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Figure A-7: Axial stress versus axial strain plot for a 1.0 Méeviatoric test performed on
LK38 with SSW-(SP) flooding at ambient temperature

LK38, SSW—(S0,27), E-modulus
6
//
5
P
y=12,62x + 0,385
R?=0,9985

4 2
= /
o
2
a
o 3
5
s
2 oA

2

1

0

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45
Axial strain [%]

Figure A-8: Section of the Axial stress versus axial strairt o the 1.0 MPa deviatoric
test performed on LK38 with SSW-¢&Dflooding at ambient temperature used to estimate
the Young’s modulus
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LK93, SSW—(SO,27), Deviatoric at 1.2 MPa, Un-aged/Ambient temp.
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Figure A-9: Axial stress versus axial strain plot for a 1.2 Méeviatoric test performed on
LK93 with SSW-(SF) flooding at ambient temperature
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Figure A-10: Section of the Axial stress versus axial strairt o the 1.2 MPa deviatoric
test performed on LK93 with SSW-¢&Dflooding at ambient temperature used to estimate
the Young’s modulus
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LK67, SSW—(SO,27), Deviatoric at 2.3 MPa, Un-aged/Ambient temp.
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Figure A-11: Axial stress versus axial strain plot for a 2.3 Méeviatoric test performed on
LK67 with SSW-(SP) flooding at ambient temperature
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Figure A-12: Section of the Axial stress versus axial strairt o the 2.3 MPa deviatoric
test performed on LK67 with SSW-¢&Dflooding at ambient temperature used to estimate
the Young’s modulus
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LK64, SSW—(SO,2-), Deviatoric at 4.0 MPa, Un-aged/Ambient temp.
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Figure A-13: Axial stress versus axial strain plot for a 4.0 Méeviatoric test performed on
LK64 with SSW-(SP) flooding at ambient temperature

LK64, SSW—(S0,27), E-modulus
10

9 /
8 = s
y=15,077x + 0,6694
R?=0,9983
7 /
= 7
a 6
2
a
o 5
£
5
w
s
-; 4
b
3
2
1
0
0 0,1 0,2 0,3 0,4 0,5 0,6

Axial strain [%]

Figure A-14: Section of the Axial stress versus axial strairt o the 4.0 MPa deviatoric
test performed on LK64 with SSW-¢&Dflooding at ambient temperature used to estimate
the Young’s modulus
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LK98, SSW—(S0,2-), Deviatoric at 8.0 MPa, Un-aged/Ambient temp.
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Figure A-15: Axial stress versus axial strain plot for a 8.0 Méeviatoric test performed on
LK98 with SSW-(SF) flooding at ambient temperature
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Figure A-16: Section of the Axial stress versus axial strairt o the 8.0 MPa deviatoric

test performed on LK98 with SSW-¢&Dflooding at ambient temperature used to estimate
the Young’s modulus
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LK66, SSW—(SO,27), Hydrostatic + Unloading, Un-aged/Ambient temp.
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Figure A-17: Axial stress versus axial strain plot for a hydeigt test performed on LK66
with SSW-(S§¥) flooding at ambient temperature
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Figure A-18: Section of the Axial stress versus Volumetric stphdt the hydrostatic test
performed on LK66 with SSW-($®flooding at ambient temperature used to estintiage
Bulk modulus.
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LK50, SSW—(SO,2-), Deviatoric at 0.3 MPa, Aged/130 °C
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Figure A-19: Axial stress versus axial strain plot for a 0.3 Méeviatoric test performed on
LK50 with SSW-(S£) flooding at 130 °C
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Figure A-20: Section of the Axial stress versus axial strairt o the 0.3 MPa deviatoric
test performed on LK50 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK62, SSW—(SO,2-), Deviatoric at 0.5 MPa, Aged/130 °C
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Figure A-21: Axial stress versus axial strain plot for a 0.5 Méeviatoric test performed on
LK62 with SSW-(S£) flooding at 130 °C
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Figure A-22: Section of the Axial stress versus axial strairt o the 0.5 MPa deviatoric

test performed on LK62 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK69, SSW—(SO,2-), Deviatoric at 0.8 MPa, Aged/130 °C
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Figure A-23: Axial stress versus axial strain plot for a 0.8 Méeviatoric test performed on
LK69 with SSW-(S£) flooding at 130 °C
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Figure A-24: Section of the Axial stress versus axial strairt o the 0.8 MPa deviatoric
test performed on LK69 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK57, SSW—(SO,2-), Deviatoric at 1.0 MPa, Aged/130 °C
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Figure A-25: Axial stress versus axial strain plot for a 1.0 Méeviatoric test performed on
LK57 with SSW-(S£) flooding at 130 °C
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Figure A-26: Section of the Axial stress versus axial strairt o the 1.0 MPa deviatoric
test performed on LK57 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK70, SSW—(SO,2-), Deviatoric at 1.2 MPa, Aged/130 °C
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Figure A-27: Axial stress versus axial strain plot for a 1.2 Méeviatoric test performed on
LK70 with SSW-(S§) flooding at 130 °C
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Figure A-28: Section of the Axial stress versus axial strairt bo the 1.2 MPa deviatoric
test performed on LK57 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK65, SSW—(SO,2-), Deviatoric at 1.5 MPa, Aged/130 °C
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Figure A-29: Axial stress versus axial strain plot for a 1.5 Méeviatoric test performed on
LK65 with SSW-(S£) flooding at 130 °C
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Figure A-30: Section of the Axial stress versus axial strairt o the 1.5 MPa deviatoric
test performed on LK65 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK74, SSW—-(SO,2-), Deviatoric at 1.8 MPa, Aged/130 °C
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Figure A-31: Axial stress versus axial strain plot for a 1.8 Méeviatoric test performed on
LK74 with SSW-(Sf) flooding at 130 °C
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Figure A-32: Section of the Axial stress versus axial strairt o the 1.8 MPa deviatoric
test performed on LK74 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK58, SSW—(SO,2-), Deviatoric at 2.3 MPa, Aged/130 °C
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Figure A-33: Axial stress versus axial strain plot for a 2.3 Méeviatoric test performed on
LK58 with SSW-(S£) flooding at 130 °C
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Figure A-34: Section of the Axial stress versus axial strairt o the 2.3 MPa deviatoric
test performed on LK58 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK59, SSW—(SO,2-), Deviatoric at 3.0 MPa, Aged/130 °C
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Figure A-35: Axial stress versus axial strain plot for a 3.0 Méeviatoric test performed on
LK59 with SSW-(S£) flooding at 130 °C
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Figure A-36: Section of the Axial stress versus axial strairt o the 3.0 MPa deviatoric
test performed on LK59 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus
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LK47, SSW—(SO,2"), Deviatoric at 4.0 MPa, Aged/130 °C
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Figure A-37: Axial stress versus axial strain plot for a 4.0 Méeviatoric test performed on
LK47 with SSW-(S£) flooding at 130 °C
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Figure A-38: Section of the Axial stress versus axial strairt o the 4.0 MPa deviatoric
test performed on LK57 with SSW-¢3Dflooding at 130 °C used to estimate the Young's
modulus

175



LK51, SSW—(50,%), Deviatoric at 7.0 MPa, Aged/130 °C
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Figure A-39: Axial stress versus axial strain plot for a 7.0 Méeviatoric test performed on
LK51 with SSW-(S§) flooding at 130 °C
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Figure A-40: Section of the Axial stress versus axial strairt fdo the 7.0 MPa deviatoric
test performed on LK51 with SSW-(SPflooding at 130 °C used to estimate the Young's
modulus
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LK52, SSW—(SO,27), Hydrostatic + Unloading, Aged/130 °C
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Figure A-41: Axial stress versus axial strain plot for a hydeist test performed on LK52
with SSW-(S§) flooding at 130 °C
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Figure A-18: Section of the Axial stress versus Volumetric stiabt the hydrostatic test
performed on LK52 with SSW-($®flooding at 130 °Cused to estimate the Bulk masiul
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Appendix B — Plots from tests using SSW
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Figure B-1: Axial stress versus axial strain plot for a 0.3 Mé&eaviatoric test performed on
LK80 with SSW flooding at ambient temperature
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Figure B-2: Section of the Axial stress versus axial strairt o the 0.3 MPa deviatoric
test performed on LK80 with SSW flooding at ambteniperature used to estimate the
Young's modulus.
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LK71, 0.5 MPa, Ambient
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Figure B-3: Axial stress versus axial strain plot for a 0.5 Mé&eaviatoric test performed on
LK71 with SSW flooding at ambient temperature
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Figure B-4: Section of the Axial stress versus axial strairt fdo the 0.5 MPa deviatoric
test performed on LK71 with SSW flooding at ambteniperature used to estimate the
Young’s modulus.
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LK87, 0.8 MPa, Ambient
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Figure B-5: Axial stress versus axial strain plot for a 0.8 Méeviatoric test performed on
LK87 with SSW flooding at ambient temperature
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Figure B-6: Section of the Axial stress versus axial strairt o the 0.8 MPa deviatoric
test performed on LK87 with SSW flooding at ambtentperature used to estimate the
Young’s modulus.

181



LK82, 1.0 MPa, Ambient
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Figure B-7: Axial stress versus axial strain plot for a 1.0 Méeviatoric test performed on
LK82 with SSW flooding at ambient temperature
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Figure B-8: Section of the Axial stress versus axial strairt fdo the 1.0 MPa deviatoric
test performed on LK82 with SSW flooding at ambteniperature used to estimate the
Young’s modulus.
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LK89, 1.5 MPa, Ambient
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Figure B-9: Axial stress versus axial strain plot for a 1.5 Mé&eviatoric test performed on
LK89 with SSW flooding at ambient temperature
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Figure B-10: Section of the Axial stress versus axial strairt fdo the 1.5 MPa deviatoric
test performed on LK89 with SSW flooding at ambteniperature used to estimate the
Young’s modulus.
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LK75, 2.0 MPa, Ambient
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Figure B-11: Axial stress versus axial strain plot for a 2.0 Mé&eaviatoric test performed on
LK75 with SSW flooding at ambient temperature
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Figure B-12: Section of the Axial stress versus Axial Strairt fido the 2.0 MPa deviatoric
test performed on LK75 with SSW flooding at ambteniperature used to estimate the
Young’s modulus.
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LK85, 3.0 MPa, Ambient
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Figure B-13: Axial stress versus axial strain plot for a 3.0 Méeviatoric test performed on
LK85 with SSW flooding at ambient temperature
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Figure B-14: Section of the Axial stress versus axial strairt o the 3.0 MPa deviatoric
test performed on LK85 with SSW flooding at ambtentperature used to estimate the
Young’s modulus.
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LK84, 4.0 MPa, Ambient
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Figure B-15: Axial stress versus axial strain plot for a 4.0 Méeviatoric test performed on
LK84 with SSW flooding at ambient temperature
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Figure B-16: Section of the Axial stress versus axial strairt o the 4.0 MPa deviatoric
test performed on LK84 with SSW flooding at ambtentperature used to estimate the
Young’s modulus.
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LK96, 7.0 MPa, Ambient
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Figure B-17: Axial stress versus axial strain plot for a 7.0 Méeviatoric test performed on
LK96 with SSW flooding at ambient temperature
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Figure B-18: Section of the Axial stress versus axial strairt o the 7.0 MPa deviatoric
test performed on LK84 with SSW flooding at ambtentperature used to estimate the
Young’s modulus.
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LK99, 8.0 MPa, Ambient
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Figure B-19: Axial stress versus axial strain plot for the 8.@&deviatoric test performed
on LK99 with SSW flooding at ambient temperature
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Figure B-20: Section of the Axial stress versus axial strairt o the 8.0 MPa deviatoric
test performed on LK99 with SSW flooding at ambteniperature used to estimate the
Young’s modulus.
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Figure B-21: Axial stress versus axial strain plot for a hydeist test performed on LK97
with SSW flooding at ambient temperature
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Figure B-22: Section of the Axial stress versus Volumetric sti@bt the hydrostatic test

performed on LK97 with SSW flooding at ambient &matpre used to estimate the Bulk
modulus.
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LK4, Hydr., Ambient
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Figure B-23: Axial stress versus axial strain plot for a hydedst test performed on LK4
with SSW flooding at ambient temperature
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Figure B-24: Section of the Axial stress versus Volumetric stiabt the hydrostatic test
performed on LK4 with SSW flooding at ambient teatpee used to estimate the Bulk
modulus.
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LK28, 0.3 Mpa, 130 °C
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Figure B-25: Axial stress versus axial strain plot for the 0.P&deviatoric test performed
on LK28 with SSW flooding at 130 °C
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Figure B-26: Section of the Axial stress versus axial strairt o the 0.3 MPa deviatoric
test performed on LK28 with SSW flooding at 13@Se&d to estimate the Young’s modulus.
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LK17, 0.5 Mpa, 130 °C
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Figure B-27: Axial stress versus axial strain plot for the 0.F&deviatoric test performed
on LK17 with SSW flooding at 130 °C
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Figure B-28: Section of the Axial stress versus axial strairt o the 0.5 MPa deviatoric
test performed on LK17 with SSW flooding at 13@Se&d to estimate the Young’s modulus.
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LK11, 0.8 Mpa, 130 °C
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Figure B-29: Axial stress versus axial strain plot for the 0.®@&deviatoric test performed
on LK11 with SSW flooding at 130 °C
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Figure B-30: Section of the Axial stress versus axial strairt o the 0.8 MPa deviatoric
test performed on LK11 with SSW flooding at 13@Se&d to estimate the Young’s modulus.
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LK29, 1.0 Mpa, 130 °C
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Figure B-31: Axial stress versus axial strain plot for the 1.@&deviatoric test performed
on LK29 with SSW flooding at 130 °C
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Figure B-32: Section of the Axial stress versus axial strairt o the 1.0 MPa deviatoric
test performed on LK29 with SSW flooding at 13@Se&d to estimate the Young’s modulus.
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LK26, 1.2 Mpa, 130 °C
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Figure B-33: Axial stress versus axial strain plot for the 1.P&deviatoric test performed
on LK26 with SSW flooding at 130 °C
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Figure B-34: Section of the Axial stress versus axial strairt o the 1.2 MPa deviatoric
test performed on LK26 with SSW flooding at 13@Se&d to estimate the Young’s modulus.
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LK7, 1.5 Mpa, 130 °C
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Figure B-35: Axial stress versus axial strain plot for the 1.P&deviatoric test performed
on LK7 with SSW flooding at 130 °C
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Figure B-36: Section of the Axial stress versus axial strairt o the 1.5 MPa deviatoric
test performed on LK7 with SSW flooding at 130 $€duo estimate the Young’'s modulus.

196



LK15, 2.3 Mpa, 130 °C
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Figure B-37: Axial stress versus axial strain plot for the 2.P&deviatoric test performed
on LK15 with SSW flooding at 130 °C
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Figure B-38: Section of the Axial stress versus axial strairt fdo the 2.3 MPa deviatoric
test performed on LK15 with SSW flooding at 13@S&d to estimate the Young’s modulus.
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LK18, 4.0 Mpa, 130 °C
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Figure B-39: Axial stress versus axial strain plot for the 4.@#&deviatoric test performed
on LK18 with SSW flooding at 130 °C
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Figure B-40: Section of the Axial stress versus axial strairt o the 4.0 MPa deviatoric
test performed on LK18 with SSW flooding at 13@Se&d to estimate the Young’s modulus.
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LK21, 6.0 Mpa, 130 °C
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Figure B-41: Axial stress versus axial strain plot for the 6.@&deviatoric test performed
on LK21 with SSW flooding at 130 °C
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Figure B-42: Section of the Axial stress versus axial strairt fdo the 6.0 MPa deviatoric
test performed on LK21 with SSW flooding at 13@S&d to estimate the Young’s modulus.
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LK19, 6.5 Mpa, 130 °C
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Figure B-43: Axial stress versus axial strain plot for the 6.F&deviatoric test performed
on LK19 with SSW flooding at 130 °C
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Figure B-44: Section of the Axial stress versus axial strairt o the 6.5 MPa deviatoric
test performed on LK19 with SSW flooding at 13@Se&d to estimate the Young’s modulus.
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LK34, Hydro., 130C

14,00

10,00
‘© /
: i
E 8,00
” /
7]
()
S
&
= 600 =4—1K34, Hydro., 130C
%
<

Yield Point = 7,4 MPa

4,00

2,00

0,00

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

Figure B-45: Axial stress versus axial strain plot for a hydadst test performed on LK34
with SSW flooding at ambient 130 °C
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Figure B-46: Section of the Axial stress versus Volumetric stiabt the hydrostatic test
performed on LK34 with SSW flooding at 130 °C usesktimate the Bulk modulus
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LK20, Hydr., 130 °C
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Figure B-47: Axial stress versus axial strain plot for a hydeist test performed on LK20
with SSW flooding at ambient 130 °C
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Figure B-48: Section of the Axial stress versus Volumetric stphdt the hydrostatic test
performed on LK20 with SSW flooding at 130 °C usesktimate the Bulk modulus
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