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Abstract:

“Mechanically high porosity chalks behave as iocal materials, but with an end-cap
reflecting pore collapse failure, and the mechdrmpoaperties of chalk are strongly dependent
on the type of fluid in the pores” [Risnes, R. (®)]. Any applied axial load would lead to a
deformation of the sediments by the depletion ef plre fluids. This results in compaction
which is a process in which the compressive stremdtthe rock is exceeded and plastic
deformation occurs, resulting in irreversible regut of porosity. Compaction is a natural
consequence of pore pressure depletion. Howevdrast been observed that there exists
another kind of deformation that takes place whHendtate of stress in the rock skeleton is
kept constant. This is known as creep and it isne-tlependent deformation which may

cause a delay in deformation response under vatyagyconditions.

In a producing field, creep is a result of intetrap of loading. In other words, when
production is interrupted in a field, strains cang to occur [creep], but this strain depends on
the rate of production of the reservoir fluids. Whee reservoir is taken into production, the
rate of change of the effective stress exertecherréservoir rock is suddenly increased from
that imposed by the burial process over a geoltgie span, to that induced by the depletion-
pressure history. This change in loading rate widlve a large influence on the in-situ
compaction behavior if the rate effects observedahoratory loading rates also occur at
geological and depletional loading rates [de WdalA., Smits, R. M. M. (1988)]. In
carbonates [chalk], creep is common and how theeahioading affects creep and creep rate
is then investigated. The tests for creep in thésits are performed under drained conditions
[constant pore pressure].

Core samples were taken to overburden, confinimgpame pressures. The pore pressure was
then depleted from the initial state to a certaatug. This reduction results in an increase in
the effective stresses, which then activates aiceloehavior of the chalk grains. It is believed
that the behavior of the grains is affected byrtte at which the stress is increased. Hence,
samples are loaded both rapidly and slowly and rdedton and other parameters are
thereafter compared. Intermediate loading rate éetwthe rapid and slow loading rates is
also included to investigate the behavior towahdstivo extremes.

A reduction from 30 MPa to 5 MPa pore pressureG@ thinutes [0.25 MPa/min] was termed
rapid loading. The same pressure was depletedofmuta8333 minutes [0.003 MPa/min] and




regarded as a slow loading. At the lower limit oM®a, the samples were left to deform
under constant stress for some time. This is knasviime-dependent deformation or creep.

It was observed that when loaded rapidly, the defbdion accumulated at the creep stage is
more [mainly at the transient creep phase] compiredhen loaded slowly.

Generally, the result of the experiments in thissth shows that other parameters such as
uniaxial compaction modulus both in the elastic platic regions, yield stress, creep strain
and creep rate, stress path etc are all loadiegdegtendent. Also included are porosity versus
mean effective stress [pore pressure] charts, aiadl differential stress versus mean effective

stress chart.
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Chapter 1: Introduction

1.1 Objective of Study

To investigate the effects of load rate on the greehavior of chalks [Stevns Klint], core
samples are loaded both rapidly and slowly andratbto creep. The strains and creep rates
are compared at the creep stage; also parametdrsaaswniaxial compaction modulus, yield
stresses and stress paths during loading are detetrand compared and then check if the

loading rate is the determining factor.

1.2 Background and Scope

Pure chalks are mainly built up of whole and fragtaey parts of calcite skeletons produced
by planktonic algae. The building blocks of theelskons are calcite tablets or platelets of

typical dimension 1um.. These calcite grains are arranged in rings oettes known as
coccoliths, typically of the order of 10m in diameter. Pure high porosity chalks consista of

mixture of intact coccoliths rings and greater amdaller fragments. This gives the chalk
material a rather open structure, where the dinoessof the pore space may be considerably
greater than the dimensions of the individual gdiRisnes, R. (2001)]. The mechanical
properties of rocks [chalk] are functions of effeetstresses as far as the following conditions
are met [Handiret al. (1963)],
* pore spaces are connected such that pore pressure is transmitted throughout the solid
phase of the sample
» porefluidisinertinrelation to the mineral constituents of the sample and
» permeability is enough for free flow of fluid in and out during deformation so that
pore pressure gradient remains constant and uniform.
During withdrawal of fluids from hydrocarbon reseins, a considerable drop in the reservoir
pore pressure occurs. The weight of the overlyaygils [overburden] is carried partly by the
reservoir fluid and partly by the rock skeleton. the pore pressure decreases, an increasing
part of the constant weight of the overlying layeeas to be carried by the reservoir skeleton.
This resultant increased load leads to compactidii a new equilibrium is reached. This
strain that acts vertically in the direction of thkaximum principal stress is called the axial
strain. It causes a reduction in porosity. However, thoagl might think that there would be

an associated decrease in permeability due to libging of channels in the rock and




compaction; if the initial permeability of the rogk very low [chalk], there might be a
permeability increase due to the breaking of besriie to dilatancy behavior between pores
[Thomas Lindsay Blanton Il (1981)]. The effect cdmpaction on permeability is still a
subject of study due to the presence of both madng fracture [crack] permeabilities.
However, a considerable compaction of the resemair be expected when one or more of
the following conditions prevail [Geertsma, J. (347

» production from large vertical interval

» significant reduction in reservoir pressure during the production period

» oil or gas, or both are contained in loose or weakly cemented rock
Surface subsidence as a result of reservoir congpadauses technical and financial
problems, as well as damage to casing, tubing emsds| at reservoir level. Also, there is
porosity reduction which results in permeabilityaolyes [Jones, M. E., Leddra, M. J. (1989)].
However, rock compaction can act as a very effecgivoduction mechanism [compaction
drive]. A model has been used to predict the cotpaof sandstone reservoirs [de Waal, J.
A. (1986)], but applying the model to chalk forneaus has proven to be more complex [de
Waal, J. Aet al. (1988)].
One method to determine the compaction potentiatoisutilize laboratory testing. By
simulating conditions similar to field behavior,ethiesponse of the samples is measured.
Obviously, laboratory conditions might differ frofield conditions in several ways, for
instance, the testing time might last for short@etduration than the actual exposure time in
the field. Also, testing equipment, assumptions laicét of knowledge of the field conditions
are other possible sources of discrepancy betwéenfield and the laboratory. But
particularly, if lack of knowledge of the field e issue, the conditions are based on
assumptions or theoretical models.
The focus of this thesis is on the basic assumgtielated to rock mechanical testing. In most
large hydrocarbon reservoirs, there is generalhsictered to be present a stress regime where
compactional deformation occurs under conditionsamfateral strain, i.e. the reservoir will
only experience vertical strain, usually referreGsuniaxial strain.
Stevns Kilint is a high porosity, pure outcrop chdtk porosity is usually above 40%, with
range of values from 40 to 45 percent and an agtltnaverage of about 42.71% used for the
experiment. The experiment involves tests in whildferent loading rates are applied under
the same stress conditions. Both confining and poessures are built up simultaneously
from 1.2 MPa and 0.2 MPa respectively to the ddslevels with a margin of 1MPa at

confining pressure of 31MPa and pore pressure B30 The confining pressure represents
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the lateral stresses (x and y directions) in arvese but since the test is uniaxial, the stresses
in the lateral directions are considered equaltdwylindrical cores in an hydraulic confining
chamber, with only axial deformation and no [neiglig] lateral deformation. That is a proper
representation of the stresses acting in a regewsiace in a uniaxial test the lateral
deformation is assumed to be constant. The oveelnupdessure of 32 MPa is provided by a
piston running down from the top of the uniaxiahgwession test cell plus an additional
effect of the confining fluid taken care of by nedat friction and area factors.



Chapter 2: Theory

The experiments were conducted with Stevns Klinallichwhich is an outcrop chalk.
Outcrop® is a geological term referring to the appeararfdeedrock or superficial deposits
exposed at the surface of the Earth. In most pl#oededrock or superficial deposits are
covered by a mantle of soil and vegetation and atiba seen or examined closely. However
in places where the overlying cover is removedubloerosion, the rock may be exposed, or
crop out. Such exposure will happen most frequently in sir@&@ere erosion is rapid and
exceeds the weathering rate such as on steepléedlgiiver banks, or tectonically active areas.
Bedrock and superficial deposits may also be expasethe earth's surface due to human

excavations such as quarrying and building of partsroutes.

Outcrops allow direct observation and samplinghaf bedrock in situ for geologic analysis
and creating geologic maps. In situ measuremeatsréical for proper analysis of geological
history and outcrops are therefore extremely ingodrfor understanding earth history. Some
of the types of information that can only be obg¢ginfrom bedrock outcrops, or through
precise drilling and coring operations, are; suiait geology features orientations (e.g.
bedding planes, fold axes, foliation), depositiofedtures orientations (e.g. paleo-current
directions, grading, facies changes), paleomagmeientations. Outcrops are also critically
important for understanding fossil assemblagese@eahvironment, and evolution as they
provide a record of relative changes within geatogirata. Outcrop chalks have similar
reservoir properties with reservoir chalks in terwfs porosity, carbonate content and
permeability. Over a long time, exposed parts ofoatcrop chalk are usually chemically
altered by interaction with meteoric water. Alsoneralogically, offshore chalks are more
homogeneous than outcrop chalk [Hjuler, M. L. (2006

Paleogeography

Late Cretaceous land
|

Valhall|
Late Cretaceous sea

s L] Qutcrop locality
PR3
g I Buried chalk

_,:fr,:, Fig.3.1 Location of Stevns
<" ("|Hallembaye| @
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2.1 History of carbonates and chalk

2.1.1 Carbonates

CONTINENTAL, TRANSITIONAL MARINE
NON-MARINE ~ MARGINAL-MARINE ‘

|

\ / Shallow marine ! Deep marine
1
1

o Pl o o P Pl o e P o o o o P P o o o P o Pl P P o P o o o P o o

I
! .
Terrestrial, subaerially exposed Shell Shelfmargin

Paleosals, caliche Shorelines, Carbonate platforms

Caves and karst Slope

Eolian dunes lgogs:‘l&; and reefs
Glacial deposits Tu?ai s
Aquatic

Freshwater tufa, travertine
Freshwater and salt lakes
Rivers

Base-of-slope

Fig.2.1 Settings of carbonate depositional environemts [Erik Flugel, (2004)]

Carbonate reservoirs are principally composed dbarzate minerals, which include calcite
(CaCQ), dolomite (Ca, MgCO3), ankerite (Ca, Mg, FeCGR)d siderite (FeCg). Carbonate
reservoirs can be sub-divided into chalk and limest Chalk reservoirs are composed of
small spherical/plate-like particles (coccolithd)aalcium carbonate from the skeletons of
marine organisms, which became compacted and cethdnt form rock with a higher
primary porosity. Limestone is generally formedtbg deposition of fine carbonate mud with
associated fragments of biogenetic material (shelis) which is compacted to form rock
[Tucker, M.E., Leeder, M.R.l5uch a limestone reservoir would generally hav@iadrimary
porosity but a high secondary porosity owing todissolution of some of the rock caused by
reaction of pore fluids during burial

Carbonates originate as skeletal grains within depositional environment while clastic
sediments are formed primarily by the disintegratib parent rocks and are transported to the
depositional environment. Hence, carbonates coeldaid to be ‘born’. They originate both
on land and in the sea and are formed in three mmgttings: on the continents, the
transitional area between land and sea, and tHwhand deep sea, Fig. 2.1. Deposition of
the calcite plankton in the deep sea is responsisl®0% of modern carbonate production,
whereas the remaining 10% take place in the shalkns.

The basic unit of carbonates is (§8 whereas the carbonate minerals are calcium

trioxocarbonate (IV) or calcite ¢(COs), aragonite and dolomite My (COs),). Carbonate




sediments (chalk, limestone) constitute mainly alitite, with some silica and clay minerals
and cementation is mainly by precipitation of cardte minerals.

Considering the flow of fluid in carbonate resersoias compared to flow in sandstone
reservoirs, this generally occur as a result aodfilow through fractures (both natural and
induced), with the aim of production enhancemehisTs accomplished by flow first through

interconnected pores (effective porosity), and ttleough fracture paths to the well bore.
During sediment deposition, the pores are poorlgnected within carbonate reservoirs,
hence has lower permeability compared to sandstsevoirs [Seright, R.& al. (1998)].

2.1.2 Chalk

Chalk particles originate as skeletons of algaedha called coccospheres, with a typical size
of 30 micrometer. However, lithostatic stressesiltesn the crushing of these coccospheres
to sizes of about (1-10) micrometer, and matriopEabilities in micro- and milliDarcy range.
Natural fracture leads to high reservoir scale gatoiities in 100 milliDarcy range.

Fig.2.2a SEM image of Liege outcrop chalk [sourcee®roleum related rock mechanics, %' edition 2008]



Fig.2.2b A SEM photograph of a coccoliths [Chalk fats by Harris C. S. (after singleton birch)]

Chalk reservoirs are characterized by abnormal@yh lpore pressures, helping to maintain
very high porosity. This is because cementatiorcgse which requires increased pressures or
some throughput of pore water is halted. The malid snineral in chalk is calcite with a
density of 2.71 g/cth Generally, chalk reservoirs are finer grained,renporous, less
permeable, more uniform and widespread, and coradiie more predictable in terms of
petro-physical properties than reservoirs in typstellow-water limestone.

In the North Sea, chalks are found at depths o0ZZD0 m and with 15-50 % porosity
because of overpressure [low effective stress]yTiave biological origins and are formed
from the fossilized remains of planktonic algaeeThain mineral component is calcite with
small amounts of silica and clays. These fossilizéglhe are arranged in disk-shaped
coccoliths, and the coccoliths are made up of malajelets. By weak cementing of the
coccoliths, larger spherical structures are foriaued are called coccospheres [RisnestAl.
(2008), Holt, R. M. (2003)]. These coccoliths amd¢aspheres contain large fraction of void
spaces. Though the average porosity of North Sedkshs quite high, the pore throats
between the individual pores are small, typically the range of 14fm, hence the
permeability is low. They are of the Maastrichtiatage, named after Maastricht in SE
Holland. An example is the Stevns Klint chalk wptbrosity of 40 to 45 %, see Table 4.1.1.



2.2 Permeability

The ability, or measurement of a rock's ability, ttansmit fluids, typically measured in
Darcies or millidarcies. Formations that transnittids readily, such as sandstones, are
described as permeable and tend to have many lexgleconnected pores. Impermeable
formations, such as shales and siltstones, term tiner grained or of a mixed grain size,
with smaller, fewer, or less interconnected poAdssolute permeability is the measurement
of the permeability conducted when a single fladphase, is present in the rock. Effective
permeability is the ability to preferentially floar transmit a particular fluid through a rock
when other immiscible fluids are present in theeresir (for example, effective permeability
of gas in a gas-water reservoir). The relativersdéians of the fluids as well as the nature of
the reservoir affect the effective permeability |dtge permeability is the ratio of effective
permeability of a particular fluid at a particulsaturation to absolute permeability of that
fluid at total saturation. If a single fluid is gent in a rock, its relative permeability is 1.0.
Calculation of relative permeability allows for cparison of the different abilities of fluids to
flow in the presence of each other, since the p@sef more than one fluid generally inhibits
flow.

Permeability, k, of one Darcy is defined as thenpeability which gives a flowrate of one
centimetre per second of a fluid with viscosity aeatipoise for a pressure gradient of one

atmosphere per cm, i.e.

AL
K =‘f'H [Eq.2.1]

where:

k -permeability [D]

q  -volumetric flow ratedm®/s]

U -viscosity [cP]

AL -length of core [cm]

A -cross-sectional area [¢m

AP -pressure drop [atm]

Permeability of chalk could be defined in terms moétrix or fracture permeability. For
instance, in Ekofisk field that is a naturally-fraed chalk reservoir that has been producing
hydrocarbons for over 20 years in the Norwegianaeof the North Sea, it has been
suggested that shear failure process may accoutitdacontinued good producibility in spite
of compaction. Ekofisk chalk which is a soft, fipeéxtured, somewhat friable, highly porous




limestone is a high-porosity (up to 50%, much adbove 35%), low-permeability (1- to 10-
md) rock that is pervasively fractured [Johnsor.&t al. (1989)]. The fractures typically are
steeply dipping and show a variety of trends actiesseservoir. Production data indicate that
the fractures more than the matrix permeability resgponsible for the high fluid production

rates.

2.3 Porosity

The percentage of pore volume or void space, dnsblame within the rock that can contain
fluids. Hence,
Q= ﬁ [Eq.2.2]
Vb
where:

V, -pore volume

V, -bulk volume
¢ -porosity
Porosity can be a relic of deposition (primary @iyg such as space between grains that were
not compacted together completely) or can devdiopugh alteration of the rock (secondary
porosity, such as when feldspar grains or fossdgpaeferentially dissolved from sandstones).
Effective porosity is due to the interconnectedepeooslume in a rock that contributes to fluid
flow in a reservoir. It excludes isolated poresfiactive porosity). Total porosity is the total
void space in the rock whether or not it contrilsute fluid flow. Thus, effective porosity is
typically less than total porosity. In this thesffective porosities are used and are calculated
by using the pore volume of the interconnected garal are given as:
W, - W,

Vo © P

[EQ.2.3]

where:

W, -saturated weight [with water]

W, -dry weight

p,, -Saturating fluid density [water]




2.4 Elasticity

2.4.1 Stress
Consider a weight resting on top of a pillar whiigelf is supported by the ground in Fig. 2.3.

A vertical force due to the weight acts on theapjlwhile the pillar reacts with an equal and
opposite force. At sections (a), (b) and (c), thess-sectional areas are (Al), (A2) and (A3)
respectively. If the force acting through the cresstion at (a) is denoted as F, then the stress
o at the cross-section is defined as:

F
g=— Eqg.2.4
AL [Eq.2.4]

The Sl unit for stress is Pa (= Pascall/ém2 ). In rock mechanics, compressive stresses are
positive.

Consider the cross-section at (b), A2 < Al, witfoie acting through this section equal to
the force acting through the section at (a), thegteof the pillar neglected. Hence, the stress

o =F/A2 at (b) is larger than the stress at (a), i.e.sthess depends on the position within

the stressed sample.

b Y

.| F

Fig.2.3 lllustration of forces and stress
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If section (a) is divided into infinite number ofilssections with infinitely small parts of F
acting, and using a subsection i which containsiatf®, then the stress at the point P is given
as:

o= lim —L [Eg.2.5]

Fig.2.4 Decomposition of forces

At section (c), the force in the cross-sectionesaimposed into normal {Fand parallel (F)
components as shown in Fig. 2.4. Subsequentlystthesesr = Fn/A3 andr = Fp/AB are

called the normal and shear stresses respectively.

2.4.2 Strain

Consider a sample with a particle of initial pasillﬁxi,yi,zi). With the application of an

external force, the position of the particle isftgul by u, v and w in the x, y and z directions

respectively to(xf Yy ,zf) as shown in Fig. 2.5.

11



(Xi ’si , Zi)

Position 1 Position 2
Fig.2.5 Sample deformation

Conventionally, the displacements u, v and w arsitpe when directed in the negative

direction of the axes. Hence,

u=x —X;
v=y, -y; and
W=z -z

If the relative positions of the particles are ajpesh so that the new positions cannot be
obtained simply by a rigid translation and/or rimtatof the sample, the sample is said to be
strained (Fig. 2.6). The displacements relativetite positions A and B are not equal.
Elongation corresponding to point A in the direntiB is then defined as:

_Lobk AL [Eq.2.6]
L, L

By convention, elongation is positive for contraati

B
B
: S
L2
: e
Position 1 Position 2

Fig.2.6 Deformation

12



2.4.3 Elastic Moduli

Though most rocks behave nonlinearly when subjetiieldrge stresses, they also exhibit

linear relations under small changes of stresa.ftfrce F is applied to a sample of length

and areaA = D as shown in Fig. 2.7, the length is reduceld, to

I—l T— D’I_>

Fig.2.7 Deformation induced by uniaxial stress

The applied stress is given by:

F
g, =— Eq.2.7
= [Eq.2.7)
and the elongation given as:
=ab [Eq.2.8]
Ll
If the sample behaves linearly, the linear relabetweeno, and &, is then:
E, = io*x [Eq.2.9]

E
Equation [2.9] is Hooke’s law and the coefficientsEYoung’s modulus or E-modulus and it
is the measure of the resistance of the samplengpression due to uniaxial stress. The

lateral elongation is:

[EqQ.2.10]

SinceD, > D,, € ande, are negative. Also,

13



v=—-->2 [Eq.2.11]

The elastic parameteis known as Poisson’s ratio, and it is a measurehef lateral

expansion relative to the longitudinal contraction.

2.4.4 Yield

There is always a constant linear relationship betwthe applied stress and the resulting
strain regardless of their magnitudes, for a liredastic material. The E-modulus is the slope
of the curve. Conversely, any material not obeyrmear stress-strain relation is a nonlinear

elastic material, and the linear stress-strairticglanay be written as:

O=Ee+E,?+E;’+... [Eq.2.12]

In rocks, the stress-strain relation shown in FBa2in commonly observed, where the
unloading path is different from the loading pailme reaction of the system to changes is
dependent upon its past reactions to change (legs$@r For such materials, the work done
during loading is not entirely released during awdlmg as a part of the strain energy
dissipates in the material. The E-moduli duringoawling are called unloading moduli.

(@) (b)

Fig.2.8 (a) Elastic material, with hysteras (b) Material suffering permanent deformation

If the strain vanishes when the stress return®to, 2zhe material is said to be elastic. But, if
the strain does not vanish, the material has sdfest permanent deformation during
loading/unloading cycle. Many rocks enter a phaker& permanent deformation occurs and
are still able to resist loading. They are saitheéaductile. The point of transition from elastic

to ductile behavior is called yield point.
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2.5 Effective stress theory

When a material experiences stress, it compresse®mgates depending on the orientation
of the applied forces, until a point of failure. énporous and permeable material like a
reservoir (chalk), a relationship is used to expitbe effects of stresses in the skeleton and
pore fluids. Terzaghi (1923) expresses that thal mterburden stress on a rock sample is

shared by the rock matrix and the pore fluids, benc
o, =0 +P, [Eq.2.13]
This is also known as the effective stress consiege,

o =0;-h, [Eq.2.14]
The equation was modified to take care of the auion between the rock matrix and the

pore fluid by introducing effective stress constantence

o, =0 +aP, [EqQ.2.15]
For high porosity, permeable chalk, the paraneteralso known as Biot factor is
approximately equal to 1. This factor is definedaameasure of the change in pore volume
relative to the change in bulk volume at constaoteppressure. Generaly< a <1.
Deformations are determined by the value of theatiffe stress. If the pore pressure is high,
the effective stress is low which implies low defation, and at low pore pressures,
deformation is high. If pore pressure is increasled,material will expand and the individual

grains would compress to counteract the volume esipa, hence

a:(l—c—mj [Eq.2.16]
Cb
But,
1 1

c.=—— andc, =— Eq.2.17

m Km b Kb [ q ]
Hence,

K
a= (1—K—bj [Eq.2.184a]

For chalk,c,, <<c, andK, << K (1 GPa and 76 GPa respectively), thus . The drained
[framework] bulk modulusg, , is obtained from a draindgdrostatic test, in which the pore

pressure is kept constant and the sample is loatthdan external isotropic stress. The stress
strain curve might not be linear but shows an iasireg stiffness with increasing stress. This

is as a result of closing coring-induced crackdoat stresses. The bulk modulus is then
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determined as the slope of the stress-strain cair\egh stress where the curve approaches
linearity. Hence;

==L =22 [EqQ.2.18b]

The volumetric deformation of the sample is givsnthe bulk moduluk,, of the sample

and is obtained from unjacketed hydrostatic téss. & case where the sample is placed inside
a pressure cell with no sleeve on, so that theiwiowf fluid penetrates the sample and the

external stress is equal to the pore pressure.; Thus
v =, T [Eg.2.18c]

The application of this overburden stress in a roegults in axial strain, and under the
assumption that there is no lateral strain, thieises uniaxial strain test.

If the material returns to its original form aftdwe application of load, the material is said to
behave elastic. Conversely, if the applied loadvdsaa permanent deformation on the
material, it exhibits a plastic behavior. The ondgplasticity is often preceded by elasticity in

chalks. For these tests, the mechanical propestiebalk are isotropic; hence Hooke’s law is

used to express the relationship between stressteaid in terms of the principal stresses and
strains. It should be observed that the stresst are the effective stresses [changes]. Thus,

Ee, = A0, -v(ag, +A0,)
Ee, =Ad, -v(po, +Ad,) [Eq.2.19]
Ee, =A0, -v(ag; +A0))

where:

E = Young’s modulus of elasticity [N/fh

&, = axial strain

£, = & = lateral strains

o, = axial effective stress [N/th
o, = 0,= lateral effective stresses [N

v =Poisson’s ratio [dimensionless]
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2.6 Failure Mechanics

The stress level at which a rock typically failscammonly called the strength of the rock.
Uniaxial and triaxial tests are used to measure the strength of roclka imiaxial test
[unconfined compression test], the confining presssi zero, while in triaxial test, a non-zero
confining pressure is used. In a uniaxial testhdéf applied axial stress is plotted as a function

of the axial strain as shown in Fig.2.9, severalcepts could be defined:

OZ A
Uniaxial
compressiv
strength S /
Yield stres ~ A \ ~
Elastic Ductile Brittle

v

&

Fig.2.9 Stress versus deformation in a uniaxial copnession test

O, [axial stress]

O, = 0; = O, [radial/lateral

Fig.2.10 Typical core sample. In the thesis, the avage length of cores used is 79.26 mm while the

diameter is 38.13 mm.
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Elastic region: elastic deformation. The specimen returns toritginal state after the stress is
released.

Yield point: permanent changes occur beyond this point. Tleeis@n never returns to its
original state when stress is removed.

Ductileregion: in this region, the specimen undergoes permashefiotmation without loss of
the ability to support load.

Brittle region: in this region, the ability of the specimen tahsgitand stress decreases rapidly

with increase in deformation.

2.6.1 Pore Collapse

A material subjected to stress will fail when atagr level of stress is reached. The failure
mode depends on the type of material, the stastre$s and the geometry of the specimen.
Shear failure occurs when the shear stress alang gtane in the sample is sufficiently high.
Various models are used to describe the level rekstat which a material will experience
failure.

In high porosity materials such as Stevns Klintlkhahere the grain skeleton forms a
relatively open structure, pore collapse is a failonode that is normally observed, and it may
lead to significant reduction of pore space. The p plot with an ‘endcap’ is often used to
describe such materials. Failure occurs as eitllatiah or pore collapse for certain stress
states that come in contact with the combined rooite But when points do not come in
contact with the failure line (within the envelopé)e materials stress state is within the

elastic region, and the material should not expegdailure, Fig.2.11.

A o
Dilation

(Porosity Increase)

/ Pore Collapse (Porosity Drop)

P (Hffedive mean sresy

Fig.2.11q - p'plot with an end cap
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q:(al'—ag) is the effective differential (deviatoric) streasting on the material, while

p = (01' +0, +a;)/3 is the effective mean stress. When the effectivesses are equal, the
material is said to be loaded hydrostatically; apdto a pointp on the endcap the material

yields hydrostatically.

2.7 Consolidation and Creep

Consolidation describes a transient process.duesto pore pressure gradients induced by a
change in the stress state, and the fact thatkéstdime to re-establish pore pressure
equilibrium. Porous sediments and sedimentary rac&stwo-phase systems, consisting of a
skeleton of mineral grains and pore spaces fill@éd water, air, brine, hydrocarbons or some
combination of these fluids. The load of overlyisgdiments (overburden) in a reservoir
results in a stress that is shared between thematkix and the pore fluids. Thus, there exists
an effective stress that acts on the rock matrtk arcorresponding pore fluid pressure that
acts in the pores, eqn. 2.13. Hence, an increas&rans of the rock matrix (effective stress)
would occur if the total stress is increased. Fpowus and permeable material, with constant
total stress (overburden) acting on it, an incraaseffective stress is experienced when the
pore pressure is depleted. If, however, drainageood fluid is prevented, the pore volume of
the sediment can decrease only if the pore fluichpmesses in the pore space. Pore fluid
pressure therefore determines the magnitude ofteféestresses acting within sediment, and

the resultant strain is termed ‘primary consolidati

Creep [Risnes, Ret al (2008); Johnson, J. P. (1989)] is a time-dependefdrmation that
originates from viscoelastic effects in the solidniework. The actual creep behavior of a
rock depends on the magnitude of the applied stiéss low or moderate stresses, the
material may virtually stabilize after a periodtadinsient creep, while for high stresses; the
material may rapidly run through all the three stagf creep and finally fail. Visco-elasticity
Bl is a property of materials that exhibit both vissoand elastic characteristics when
undergoing deformation. Viscous materials resigashlow and strain linearly with time
when a stress is applied. Elastic materials stir@tantaneously when stretched and just as
quickly return to their original state once theess is removed. Viscoelastic materials have
elements of both of these properties and, as sadhipit time dependent strain. Whereas

elasticity is usually the result of bond stretchalgng crystallographic planes in an ordered
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solid, viscoelasticity is the result of the diffasi of atoms or molecules inside of an

amorphous material [wikipedia definitions]

2.7.1 Pore pressure

This is the pressure of fluids within the poresaofeservoir. As stated in section 2.5, pore
fluids help carry part of the total stress applieda rock system. Both strain and failure of
rock is controlled by effective rather than totélesses. Knowledge of pore pressure is
essential in pore pressure prediction, wellboréiliya during drilling, sand production
control during production, reservoir stimulatioaservoir compaction and subsidence studies,
well location and trajectory, and in fractured res& studies.

Pore pressure develops in a reservoir during seditmérial. If the rate of compaction is the
same as the rate of fluid escape and migrationdstirface, the change in pressure per unit of
depth is equivalent to the hydrostatic pressurel annormal pore pressure gradient is

maintained, given by:

P =[°p, (z)gdz [Eqg.2.20]
where:

P, - normal pore pressure

D - depth of interest

o, (z) - varying pore fluid density at depth z (poimtivertically downwards)

g - acceleration due to gravity
In a situation where the pore fluid has a pressigber than the expected normal pressure,
the zone is said to have abnormal pressure or essured. Overpressure is a consequence
of [Osborne, M. J., Swarbrick, R. E. (1997), YasNir, Addis, M. A. (2002)];
* the rate of fluid expulson and migration being slower than the rate of
sedimentation and compaction (disequilibrium compaction, undercompaction)
» tectonic loading leading to undrained shear stress in association with pore
pressur e devel opment.
» thermal and chemical processes leading to pore fluid generation or expansion.
When the pore pressure is less than the normaydnoktatic pressure, the zone is said to be
underpressured. Underpressure, or a zone of uredsyme, is common in areas or formations

that have had hydrocarbon production. A typicalnegle of pore pressure gradient curve is
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shown using the Valhall field in Fig.2.12. It ischalk reservoir (Cretaceous) in the Ekofisk

area of the Norwegian sector of the North Sea.
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Fig.2.12 Pressure and stress gradients, given asuéglent mud weight for Valhall [source: Petroleum
Related Rock Mechanics. %' Edition, 2008]

It is characterized by a high initial pore presswvegh about 44.7 MPa close the top of the
reservoir at 2500 m. The total vertical stressheud 49 MPa which gives a low value of

effective vertical stress i.e49-44.7=  ABPa. The net grain-to-grain stress is small, and
unless the cement strength between the grainsgls, Iparticles may be mobilized. For a

normally consolidated material, in which the perbikiy of the overlying formations is in

perfectly drained conditions, the initial consotida pressure is equal to the mean effective

stress, i.e.P_, =(Ji +205)/3. Mineralogically, chalks are classified as carbdesabut the

mechanical behavior of chalk to stresses helpsdomit as a material between soil and rock.
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2.7.2 Viscoelasticity [Chang, C. T., Zoback, M. D. (1998)], Cole, K. Sale, R. H.

(1941), Gross, B. (1947), Settari, A. (2002)].

Many materials exhibit both features of elasticid®land characteristics of viscous fluids.
Such materials are called visco-elastic materiats @éhalk is an example of such. One of the
main features of elastic behavior is the capadityniaterials to store mechanical energy when
deformed by loading, and to set free this energymetely after removing the load. In
viscous flow, however, mechanical energy is corusly and totally dissipated. Viscous
materials store and dissipate energy in varyingeksgduring loading/unloading cycles.

Creep is time dependent deformation under consteggs. Viscoelastic theory states that if a
material creeps, then it should relax given thepprdoundary conditions. It is a property of
chalk exhibited by its solid framework, and thishbeior of chalks may cause a delay in
deformation response to pressure changes. It gonsgble for the creep behavior of chalks
which is a time-dependent deformati®iscoel astic nature of chalk is related to the presence

of intergranular clays.

Both linear and nonlinear models have been useexpbain the theory of viscoelasticity.
Linear models consist of various combinations pnééir springs (Hooke) and linear viscous
dashpots (Newton), connected in series or in gEré@luch rheological models are suitable to
describe the linear viscoelastic behavior of matenindeuniaxial loading.

The Kelvin-Voigt model for solids consists of oneear spring (Hooke) and one linear
dashpot (Newton) connected in parallel. The KelMaigt model depicts creep reasonably
well [Liingaard, M.,et al. (2004)]. In contrast to Kelvin model, the Maxweibdel for fluids
consists of one linear spring (Hooke) and one lim@shpot connected in series.

However, the BURGERS model consists of a MAXWELId@KELVIN element coupled in
series. The creep behavior of this model is desdrliyy considering the strain response under
constant stress of piecewise constant stress obitigde elements connected in series as

shown in Fig. 2.13.

A
L J
A
S
A

Fig.2.13 The BURGERS model; nomenclature

A
A
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The total strain after some tintejs decomposed into three parts,
et)=¢,+¢& +¢, [Eq.2.21]
where the first part is the strain of HOOKE's sprify, = 0/E,, ; the second part is the

NEWTON'’s dashpot with strain rate.sl =g/n,, ; and the third part is the strain in the

KELVIN unit which satisfies the ordinary differeatiequation.g.+ (E, /7, )¢, = 0/,

where,
E -elastic modulus
o -stress

n -shear viscosity

2.8 Stress Path

The stress path [i.e., the variation of stresestath time] depends of pressure changes and
constitutive behavior of the material, as well asmtainment of the reservoir in terms of
deformation e.g., stiffness of the surrounding sy¢Kjaer, Eet al. (2008), Settari, A. (2002),
and Santarelli, F. &t al. (1998)]. It is the changes in the in-situ stresees reservoir during
depletion and given as a curve of the horizontalefll] effective stress versus the axial
[vertical] effective stress. Hence, reservoir stngath:
K :AAi—?:: [EQ.2.223]

where:

Ao, - effective lateral stress [MPa]

Ao,,, - effective axial stress [MPa]

The issue with the reservoir stress path is whetheould be easily predicted or modeled
before the exploitation of the reservoir beginssdlis there any possibility of getting it re-
established after the reservoir has been depldteoNdding answers to these would enable
prediction of other effects on the reservoir duettanges in the in-situ stresses.

For the elastic region, equation 2.22a may be evritts;
_AGga _ v

K= ‘
Ao, 1-v

[EqQ.2.22b]
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where;

v - Poisson’s ratio [dimensionless]
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Chapter 3: Testing Procedures

Triaxial versus uniaxial strain tests: The triaxial test is performed by

taking the vertical and the horizontal stressesatdevel (hydrostatically loading), and
thereafter keeping the radial stresses at a cangsdure or level as the vertical or axial stress
is increased, and measuring the compact®gnand the radial strairg, , as the axial stress is

increased. It requires fewer control variables ttl@nuniaxial strain test, thus easier to carry
out. It gives the ability to establish failure erbns, and the Young's modulus can be

calculated at any desired period of interest.

The uniaxial strain test performed in this thesis is a standard tedbopned by keeping the
radial displacement or deformation of the sampla abnstant valueq 0QJlallowing only

the sample to compact axially or vertically. Trsscommonly used in the laboratory at UiS,
with the assumption that it is the most suitablehoé of simulating field behavior. It is not
unusual to combine the uniaxial strain test wittreep test; hence this study was based on
such a combination. The uniaxial strain test isliadpin quantifying the immediate load
response of the material. By correlating the cresponse in the laboratory to a depletion rate

of the pore pressure, the total compaction carabmilated.

3.1 The Hydraulically Operated Triaxial Cell

The uniaxial strain assumption is achieved by andlex where a core sample, protected by a
sleeve to prevent direct contact and allow diréfetce of the pressure from the confining fluid
on the core, is mounted. Two draining conduits ubkeough the lower and upper surfaces of
the sample ensures that pore pressure is bultietdésired level and that the loading does not
induce a pore pressure change within the samptesahsequently, overburden pressure is
provided by a piston run down from the top of thaxial cell and partly by the confining
fluid. The confining fluid used is Bayol and therpdluid is n-heptane. Another type of
confining fluid that could be used is Tellus oilutbBayol is less viscous providing less
resistance to applied pressure. The choice of tahep[HC(CH,)sCHz or GHig], a non-
polar fluid, is to minimize the effect of use of t@a[seawater] considered to weaken the
chalk. An extensometer measures the diameter, landhalps to monitor the fluctuations in
the radial deformation of the core sample as altre$wariations in pore pressure, axial and
lateral stresses. An LVDT (Linear Voltage DisplaeginTransducer), section 3.1.3, which
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operates on a magnetic induction principle resglfrom axial movement of the piston gives

an indirect measure of the axial deformation.

3.1.1 Diagram

The pumps_

The triaxial
“cell

Fig.3.2a The laboratory setup
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Rosemount guage Rosemount guage for
for piston pressure confining pressure
\

Quizix pump .
Vent valves

Confining Chamber
with core

Core sample

Fig.3.2b The lab setup [schematic]

Figs.3.2a and b above are the general view of élleused to perform the experiment. It

consists of an arrangement of pumps with lines emmbers capable of withstanding the
required pressure to achieve the test objectivesidder, a safety pressure of 60 MPa is often
set whenever the test is about to run. The labypeygram makes use of these to provide a
safety limit should the pressure be exceeded.

3.1.2 Pumps

The cell runs on four pumps to provide the confinipore and piston pressures. Two out of
the four pumps, the GILSON (Fig.3.3a) and the ISE®.3.3b) pumps are used to pump
heptane as the pore fluid and to build the porequne to the desired limit. A flowline runs

from the GILSON pump to the bottom of the core; vet@s another flowline runs from the

ISCO pump to the top of the core, forming a closiduit which could be regulated by the

manipulation of the ISCO pump by changing the ofpeganode.
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The pressure gradient could be programmed to pumneceive fluid at any desired rate. An
initial established pressure is input and the foedired pressure is input as well, followed by
the desired time to achieve the final pressure. pitmgram outputs the pressure gradient
automatically. Conversely, a pressure gradientccbel input and then the time automatically
estimated.

This kind of arrangement enables pore pressure touldt by pumping through the GILSON
and receiving with the ISCO at specified pressiméd. During the pumping, the ISCO pump
is set at constant pressure. That enables the pumnovide a back pressure by regulating the
rate of flow, hence the variation of flow rate froragative to positive. Also, during the pore
pressure depletion stage of the experiment, th©If@mp is used to reduce the pore pressure
at specified pressure gradients depending on tjextdle of the test. A pressure differential

(AP) that exists as fluid flows through the core Isoaecorded by a Rosemount gauge as

shown in section 3.1.4.

Fig.3.3a GILSON pump Fig.3.3b ISCO pump

Fig.3.3c Quizix pump




™ Quizix PumpWorks - Pump Data & Controls
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Fiston Direction: Retract Retract
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Deliver Valve: [lozed [Clozed
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Fig.3.3d Quizix pump works

The Quizix pump (Fig.3.3c) provides the pressurdh@nconfining chamber by pumping of
Bayol to the chamber already filled with the saruedf thus pressurizing it; and also it is
used to run up and down the piston which helpsrtwige the most part of the overburden
pressure and also where the LVTD is mounted thatiges the axial movement of the piston
thus the strain on the core. The piston pump makesof Bayol for the hydraulic lifting and
lowering of the piston. But, other fluids could @lbe used. For instance, heptane has been
used in the piston chamber. The Quizix pump co@dised in up to 15 different operating
modes during testing [Quizix pump-works user's nahubut in the tests, independent
constant rate cycles [1C] and independent conspaassure cycled [2C] were used.
Independent constant rate cycled mode enablesrdssyre to vary while keeping the flow
rate constant during operation, while independestistant pressure cycled enables the
pressure to be held constant while the flow ratgeg. For instance, while running down the
piston, the mode is set at 1C enabling the pistdmetlowered down to the top of the core at a
constant flow rate with varying [increase] pressatet moves down. But once the piston
lands on the core and the pressure increases gharhle desired level, the mode is changed
to 2C to keep it at that pressure while the flove radjusts automatically to keep the constant

pressure value. Also, while building the confinipiggssure, the mode is kept at 1C until the
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final desired confining pressure where it is autboadly changed to 2C. This is achieved by
setting the cylinder 1B at auto-operation mode aistant pressure, with the desired final
confining pressure and the time to achieve thatti@s required by the program. It would be
recalled that this confining pressure build up ase concurrently with pore pressure buildup
[ramping], with a 1MPa [10 bar in the Rosemountggwindow between the two.

The Quizix pump (Fig.3.3c) has a cylinder and gyeimrrangement. At every point in time,
the position of the piston is seen on the Quizimpuwvorks window as the black part while
the blue part is the fluid level, see Fig.3.3d. Byeinge sucks and discharges fluid with the
aid of a piston through an open/close system wimeogement in a particular direction

enables fluid to be sucked from a container of Bayt a cylinder. Then, movement in an

opposite direction results in the discharge offthel through a flowline and through a valve

[where flow is directed] into the piston chambehene it is pressurized to enable lifting and
lowering of the piston. This is seen as retracéiedtas piston direction in the Quizix pump

works window. Refer to section 3.1.5.

3.1.3 The Linear Voltage Displacement Transducer [L  VDT]“

Fig.3.4 An LVDT mounted

This is used to measure the axial movement of isterqg hence the axial strain in the core. It
is based on a magnetic induction principde LVDT comprises 3 coils; a primary and two

secondaries. The transfer of current between theapy and the secondaries of the LVDT
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displacement transducer is controlled by the pmsitf a magnetic core called an armature.
On the position measurement LVDTs, the two tranedwsecondaries are connected in
opposition. At the centre of the position measuneinstroke, the two secondary voltages of
the displacement transducer are equal but bechagete connected in opposition, hence the
resulting output from the sensor is zero. As théI'¥ armature moves away from centre, the
result is an increase in one of the position seasoondaries and a decrease in the other. This
results in an output from the measurement sensath YWDTSs, the phase of the output
(compared with the excitation phase) enables taetreinics to know which half of the coill
the armature is in.

The strength of the LVDT sensor's principle is tiintre is no electrical contact across the
transducer position sensing element which for ger of the sensor means clean data, infinite

resolution and a very long life.

3.1.4 The Rosemount gauges

Temperature gauge

Pore pressure gat .
Piston pressure gat

Confining pressure gau

Differential pressure
gauge

Fig.3.5 The Rosemount gauges

These gauges are used to display the pressuregsddom the test, Fig.3.5. They display the

pressure in bars which include the confining, pamd piston pressures jonocess conditions.
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It also measures the pressure differenti® across the core sample in kilopascals. The

ambient temperature is also displayed by one ofthmyes in degrees Celsius.

3.1.5 Piston [up/down movement]

(a)Fluid In-run down piston

(b)Fluid In/Out- control confining

(c)Fluid In-run up piston

Fig.3.6 The piston chamber

Fig.3.6 shows the piston control arrangement. TTodown the piston to enable it serve the
purpose of overburden pressure supply, fluid isvedd into the upper chamber through a
flowline connected at point (a) with flowline toipb(c) shut-in, while fluid is let out through
another flowline [vent line], otherwise there wouhdt be any piston movement and an
excessive pressure buildup is also observed.

Conversely, to run up the piston, fluid flows irrdbgh point (c) with flowline to point (a)
shut-in, with an outlet valve allowed open to dege the pressurized fluid in the upper
chamber. The control of the fluid entrance thropgimts (a) and (c) is done with a common
valve that redirects the flow path upon manipulatio

The point (b) has a link direct to the confiningaotber, hence fluid (Bayol) could be let
in/out through it. It has a two-way-control valteat enables fluid in and out the confining
chamber. It serves to bleed out air before presisuildup prior to start of the test. It is also
used to let in compressed air to empty the confinthamber at the completion of an

experiment. This time, the confining fluid is lattdhrough a flowline at the base of the skirt.
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The open/close positions of the valves should bpenty observed, otherwise there might not

be any responses.

3.1.6 Extensometer

The extensometer is an instrument that is wrappeohd the sleeve that holds the core
sample, and enables the direct measure of radi@ticans of the diameter of the core sample.
It is usually installed after mounting the core géamand checked to make sure the reading of
the core diameter from the instrument represengs niiinimum possible reading as the
diameter of the core, since slight changes do oedthh changes in the position of the
extensometer. The reading is transmitted to labypemgram, with +/- 0.01 mm allowable
variations during test. This is because sincedhleti$ expected to be conducted with no lateral
deformations, the extensometer should give valugkirwacceptable ranges; otherwise it

would be assumed that the core has extended aracted radialy to make the test a failure.

3.1.7 Core position and Forces

Lower part of piston
on top of core

Upper rubber ring=
Chain

Extensometer

Core sample

Lower rubber ring

Fig.3.7 Position of core in the confining chalrer

The core is embedded in an impermeable plastivs|ed mounted on a pore fluid supply
base, at the center of the confining skirt as showtine Fig.3.7. Rubber rings worn on the
inner parts of the top and bottom sides of thevelgaevents direct communication of the

pore and confining fluids after the sleeve is wdldaund the core by the use of a heat gun set
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at appropriate heat supply value. The positiorhefdore enables the piston to land on top of
it axially. It also enables part of the confiningegsure to be used to supply the overburden.
Hence, one might say that the overburden stredhenore sample is a function of both the
piston pressure and the confining pressure. Ldyerdie confining fluid provides equal
pressures in both the x and y directions, and hkgep the core in steady position and

allowing no uneven expansions.

3.1.8 The confining chamber

This is where the core is mounted and other stsfgzsssures interplay to give the desired
load on the core sample. The confining pressuapjdied through an oil bath [Bayol] outside
the sleeve, whereas the axial stress is provided fgton attached to the axial load actuator
of the load frame. Bayol has some special propertiethat it offers less resistance to flow
compared to Tellus oil, in addition to its wateritghcolour, non-staining, odour free, non
reactive, low aromatic contents and it is also atué@ for direct and indirect contact
applications. However, parts of the pressure frdma piston is usually lost due to the
resistance of the confining pressure in this chanalsethe piston runs to hit the top of the
core. This is usually taken care of by a frictiaactbr used to remove the effect of the
confining pressure on the piston. The pressure lguppachieved by the quizix pump that
pumps Bayol and builds up the pressure at any etksialue. The confining pressure is
usually the first to be initiated at the beginnoifgthe pressure build-up process in a uniaxial

strain test, otherwise oil will invade the core dioav goes violently.

3.1.9 Display screen

uizix pump works window ) )
Q pump Realtime labview che

Uniaxial strain program for confining Gilson pump window

Fig.3.8 Display screen
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This is a desktop screen where the quizix pumpesgri@abview program etc are manipulated.
The response of the core to pressure variatiorss, pibre pressure, confining pressure,
extensometer readings, axial movement of the pistdh respect to time etc could be
observed in the screen. Hence, test progress idtoneth and adjustments made when
necessary. It could be said to be an eye througbhwine sees the actions in the cell. A
typical display is shown in Fig.3.8 with piston alkmovement and quizix pump data.

3.1.10 Overburden stress

Overburden stress is the axial stress exerted enctine to give axial deformation. It is
analogous to the stress exerted in a reservoir bgake overlying rock masses from the top
of the reservoir to the earth’s surface or the sdalt is the summation of both the piston
pressure and a part of the confining pressureatiaton the top of the core axially since the
core is usually covered by the confining fluid. tesis are usually applied to account for the
difference in the cross sectional area betweertdhe sample and the piston and the effect of
confining fluid resistance to piston movement aretewsed in the calculations on the data.
It has been shown that the overburden pressure is;

o, =P, +(AF*PP)—(FF*P<;) [Eq.3.1a]
where,
o; -overburden stress [MPa]
P. -confining pressure [MPa]
A. -area factor [dimensionless]
P,  -piston pressure [MPa]
F. -friction factor [dimensionless]

Typical values of area and friction factors are782 and 0.0258 respectively. For a confining

pressure of 31 MPa, the friction is approximateB RPa. Hence, if the desired overburden is
32 MPa,

32=31+(1.2788* P,) - (0.0258* 31) [Eq.3.1b]

Equation 3.1b gives a piston pressure of approxinat.6 MPa for a desired overburden

pressure of 32 MPa. That accounts for the stadatge of the piston pressure on cylinder 1A.
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3.2 Test program

Checklist 1- preparation for ramping

Make sure the pore fluid circuit tubes are filleithm-heptane. This is to avoid air
traps in the circuit which could introduce air petkinto the core sample, changing its
form and altering the core response to pressurnglissp

Install the core sample on the lower base, with dbals between the steel and the
sleeve and the coffee filter, Fig.3.7. The sealsuldiohelp prevent direct
communication between the pore fluid and the camdjriluid when the pressures are
built up to their desired levels. Also, when thetpn lands on top of the core sample
and deforms it axially, the seals help to secueepire fluid in place and balance the
sleeve expansion and to prevent leakages.

Cut a sleeve and shrink it with a heating gun ltlwer console and the lower half of
the sample. The sleeve is a thin plastic matdnetl shrinks unto the core when heat is
applied to it, helping to maintain a constant cdr@meter and serving as a barrier
between the confining and pore fluids. Proper sdlemounting ensures that equal
lateral pressures are applied to the core sample.

Install the upper part/piston with the spiral.dtat the top of this that the piston lands,
hence it must lap properly to the top of the card eentered vertical, otherwise, the
pressure from the piston would not deform the eonéormly. Carefully seal and cut
and shrink the sleeve properly.

Fasten the extensometer. The extensometer helpsuredateral deformations of the
core sample. Position the extensometer properlyhab the reading is as small as
possible. Start the labview program and the GILSf@hp program and monitor the
development of the diameter while installing théeesometer. Keep the logging rate
at 0.1 or 0 minutes between logging points. Thisuees that instant readings of
diameter are logged and adjustments made as desired

Install the steel skirt, and make sure that theeugmd lower o-rings are present.
These rings help ensure proper metal-to-metal s€heck the outlet valve for
confining fluid drainage. Then, fill-in the confmy chamber with Bayol

(hydraulic/confining fluid).
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Make sure the confining bleed valve is open tordi@it any excess oil. Place the
upper part of the cell carefully on top of the btekirt. Check that the o-ring is
properly fitted. Adjust the upper part to fit projye

Build up confining pressure by pumping piston 1B@uizix pump. Cylinder/piston
1B applies oil to the confining chamber to buileégsure. Let the bleed valve for the
confining be open and let the oil flood into thewstber and out in the top for about 5
minutes. Then the air should be gone. Then closednfining valve and build up to
0.7 MPa confining pressure.

Install the axial Linear Voltage Displacement Tdunser (LVDT) while building the
initial confining pressure. Ensure that the metal mside the LVDT cylinder has an
unrestricted axial movement. Alternatively, one ntigtop the Labview program and
the GILSON pump programs after making sure theresameter is properly installed
and restart them after installing the LVDT. Thaseres that the axial movement of
the piston display on the Labview program startsmfrzero and moves positive
upwards for easier reading and understanding.

Since 1 MPa window between confining and pore pmesss desired; when the
confining pressure is starting to increase (0.24-\N0Pa), start to flood pore fluid from
the inlet GILSON pump with 0.25 - 0.5 ml/minuterate. Use a maximum pressure of
0.2 MPa on the Gilson pump to ensure that the poessure never exceed the
confining pressure.

Let the ISCO pump receive the pore fluid at zemspure (zero is probably not 0.0 at
the ISCO pump, but probably -0.1 MPa or 0.7 bar2(tb -1.4 bar). 2 bar has been
used before at constant pressure. When floodindy whe GILSON pump and
receiving with the Isco pump, should get good vallle2 KPa] from the differential

pressure gauge.

Checklist 2- ramping

When the confining pressure is 12 bar [1.2 MPa] dredpore pressure is 2 bar [0.2
MPa] on the Rosemount gauges, then ramping pras@ssiated.

Set “autoramp” operation for cylinder 1B at “cetant pressure”, and ramp time of
say 200 minutes as used in this study and setyes$ 31 MPa

Program ISCO pump at program gradient [PGa] frommirpressure of 2 bars to final
pressure of 301 bar as would be normally observedhe Rosemount gauges and

duration of same 200 minutes.
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Enable the ‘on button’ on the autoramp operatiordenéirst and then immediately
press ‘run’ twice on the ISCO pump. That would eaghat the ramping of confining
pressure to 31 MPa and the pore pressure to 30[30dr MPa] are achieved at the
same time of 200 minutes.

Immediately change the flow rate and the maximumsgure for pump 3 on the

computer screen to 0.075 ml/minute [typical valaedl 30.1 MPa respectively

Checklist 3- procedure for running down the piston

To run down the piston, open up the valve at theeughamber to let in fluid that
would exert downward pressure on the piston wiiklower outlet vent valve is set
open to allow outflow of the fluid in the lower ah@er as piston is run down.

One may now run down the piston with pump 1A setonstant rate cycled [mode
1C] and flow rate of say 0.1 ml/min. The piston Wboormally travel for about 5.5-
6.0 mm before hitting the core sample at the tbpugh the distance is a function of
core length.

One might change the flow rate to 0.01 ml/minutealiow a gentle landing on the
core and to avoid damage when the piston might bavelled for about 5 mm from
the start.

Wait until ramping is done, i.e. confining pressofeé81 MPa and pore pressure of 30

MPa. Those are the desired pressures used toewmthxial strain test.

Checklist 4- procedure for running uniaxial strain program

Stop flooding with GILSON pump (pump 3) by changiting flow rate from 0.075
ml/minute to zero on the computer display screahvaait for about 5 minutes.

Ensure that the uniaxial strain mode is off. Ineee#he piston pressure to 1.6 MPa
slowly using constant rate cycled [mode IC] witbwl rate of say 0.1 ml/minute and
then change the cylinder 1A to mode 2C i.e. conspmassure mode. When the
pressure is 1.6, then switch to uniaxial strain enod

The uniaxial strain in ‘main program’ will controylinder 1A

Start additional uniaxial program. Choose ‘uniaxghin 2’. This ‘uniaxial strain 2’
program controls cylinder 1B. Make sure that cy@indB is off the first 15 seconds to

avoid the pressure jump always happening.

38



Fig.3.9 Uniaxial strain

program for cylinder 1B

= Press ‘stop’ on the ISCO pump

= Program new gradient [PGa] on the ISCO pump, famgXe 301 bar [30 MPa] to 51
bar [5 MPa] in 1000 minutes for an intermediateding test. This is equivalent to a
pressure gradient of 0.025 MPa/minutes during dieplef the pore pressure.

= Press ‘run’ and start the cylinder 1B.

= Monitor the development of the extensometer. Ifrdmtial diameter is within +/- 0.01
mm which is the acceptable deformation in this gtutle test should be allowed to

progress.

3.3 Porosity Determination

20 core samples from Stevns Klint chalk block werepared by cutting them to proper size
with average length [L] of 79.26 mm and diamete} @D 38.13 mm respectively, satisfying
the condition thafL >2D). This was achieved by the use of lathe machinetHerlength
while the diameters were verified with a calipeney were randomly named E1 to E20.They
were oven-dried for about 36 hours at a temperattii80°C and weighed thereafter, giving

the dry weight.

39



Core sample

Fig.3.10 The Vacuum pump

The vacuum machine was used to suck out the direrpore spaces, and were later flooded
with water to saturate the pores to give the waglte The difference between the wet and
the dry weights gives the weight of water contaiimethe pore spaces. Since there is a direct

relationship between weight, density and volvne mass/density , the volume of water
gives a direct estimate of the pore volume of esghple. Also, since the length and diameter
of each sample is known, the bulk volumés= (7T* diameterz*length)/4 are calculated,

hence, a ratio of the pore and the bulk volumesgythie porosity of each sample.

Example using core E1:

Length [L]: 80 mm

Diameter [D]: 38.10 mm

Dry weight: 141.16 g

Wet weight: 180.58 g

Therefore, weight of water; 180.58-141.16 = 39.42 g
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Using density of water dfg/cc, pore volumdV, | = 39.42g/(1g/cc) = 39.42 cm
Bulk volume[V, ] = (7 38.107 mm? * 8omm)/(4* 1000 = 91.79 cni
Thus,

Y
Porosity[¢g] = —2 * 100=3942.100= 4295%
V 9179

b

The porosity of the samples range frdlato—45%) with an arithmetic average of 42.71%

since core is isotropic, please see Table 4.1.1
The real-time estimate of the porosities during tist was calculated based on the initial
porosities on the table above. That is becauseetihgction in porosity due to compaction is a

function of the initial porosity of each core samgHence, real-time porosity is given as;

(prealtime = (plnitial + [(Svolumetric * ((plnitial _1))/ (1_ 8axial )] [Eq32]

where:

@eaime - Fealtime porosity [fraction]
Dritial - initial calculated porosity [fraction]

€ - realtime volumetric strain [fraction]

volumetric

But since the test is uniaxial strain,

€ oumeic — Saxia - F€@ItIMe axial strain [fraction]

The realtime bulk volumes and pore volumes were adculated from the changes in the
lengths and porosities as the pore pressure ieieplPlots of the observed changes are as
shown in the subsequent sections where porositeplatted as functions mean effective

stress.

3.4 Failed Tests

Several failures were recorded during the tesbperhs would be observed in the Table 3.4.1
below, the earliest recorded failures were due umdn error. They occurred at the stage
when | was not too perfect in the use of the pnogrand pumps. Hence, they could be said to
be learning process instigated. Few failures wése abserved due to failure of the pumps
that supplied compressed air to run the systema. INemps were installed later in the period
of the test. Also, there was one recorded failorarfvestigation because | wanted to find out
the response of the core and the uniaxial straagram with confining pump off. Noteworthy
is the fact that throughout the tests, there weraatorded failures due to leakage in the
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circuits, or communication between the pore andiooy pressures which shows that that
part of the system was under control throughoutdke As a result, none or part of the failed
test is presented in the report.

Table 3.4.1 Causes of failures

Sample Cause of Failure
Human Error Power Pump Investigation Leakage
Program
E5 *
E6 * *
E7 *
E8 * NONE
E9 *
E10 *
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Chapter 4: Results/Discussion [Part A]

4.1 Initial Porosity Table/Calculation

Table 4.1.1 Porosity of core samples used in thepetiments

START DATE: 21.01.2009 WEIGHT (g)

CORE NAME LENGTH [mm] DIAMETER [mm] DRY WET AWT.[g] BULK VOL. [cm3] PORE VOLUME [cm3] POROSITY [%]
E1 80.50 38.10 141.16 180.58 39.42 91.79 39.42 42.95
E2 79.65 38.15 139.36 178.44 39.08 91.06 39.08 42.92
E3 78.95 38.10 139.56 176.81 37.25 90.02 37.25 41.38
E4 80.00 38.10 140.01 179.45 39.44 91.22 39.44 43.24
E5 80.50 38.10 140.09 180.03 39.94 91.79 39.94 43.51
E6 79.15 38.15 145.49 182.07 36.58 90.49 36.58 40.43
E7 80.00 38.15 141.01 180.66 39.65 91.46 39.65 43.35
E8 78.30 38.10 137.25 175.5 38.25 89.28 38.25 42.84
E9 79.50 38.10 140.75 179.42 38.67 90.65 38.67 42.66
E10 79.00 38.15 139.49 178.19 38.7 90.32 38.7 42.85
E11 79.95 38.15 134.88 174.62 39.74 91.40 39.74 43.48
E12 80.00 38.20 141.19 180.8 39.61 91.70 39.61 43.20
E13 73.65 38.15 134.35 168.48 34.13 84.20 34.13 40.53
E14 79.95 38.10 138.27 4177.29 39.02 91.16 39.02 42.80
E15 80.00 38.15 139.23 178.77 39.54 91.46 39.54 43.23
E16 79.65 38.15 141.77 179.26 37.49 91.06 37.49 4117
E17 79.85 38.10 138.36 177.7T7 39.41 91.05 39.41 43.28
E18 79.65 38.10 138.3 177.7 394 90.82 39.4 43.38
E19 80.00 38.15 138.95 178.6 39.841 91.46 39.81 43.53
E20 76.90 38.10 132.59 170.67 38.08 87.68 38.08 43.43

Average 79.26 38.13 42.71

As shown in Table 4.1.1, the lengths and diamedéthe core samples were measured and
used together with the other parameters in theet&blcalculate the porosities of the core

samples used in the experiments, using the methtdteaexample for core E1 in the section

3.3. The porosity used in this experiment is tHeative porosity, as explained in equation

[Eq.2.3].

Also, due to the small variation in the lengths strains calculated in the data generated
from the test utilized the individual lengths oétbore samples. In other words, the strains in

the respective core samples were calculated wéin tiore lengths.

4.2 Pressure/Stress History

The pressure history describes the test procedre.to the ramping, loading, creep and
cycles, the pressure history of the different sdesdollow the same trend pictorially though
physically, the response of the materials are @iffe Thus, the differentiating factor in the
tests is the time within which the materials wevaded, given similar stress states. Since a
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window of 1 MPa between the pore pressure and mioigfipressure is maintained during
ramping, with the same window between confining emdrburden pressure, and a reduction
of 25 MPa in the pore pressure is used in all #s¢st it follows that the time to deplete the

pore pressure differentiates the tests from onéano

4.2.1 Rapid Loading

”'R\ | | | | |
so-——fékc S U R
| | | | |
| A L] L I o
| | | | |
| | | | |
e e
| | | | |
I S R I RN I SR

| | | | —— Qverburden Pressure
| | | | = Confining Pressure

I N N N Pore Pressure

Pressure/Stress [MPa)

o | | | | |
-5}7 \A 5%0 10{00 15!00 2!+)0 ZSFO 3000

Time [min]
Fig.4.1 Pressure history for core E2 used for rapidbading at a gradient of 0.25 MPa/min

From Fig.4.1, part A-B represents ramping periobilevC-D is the loading phase where the
pore pressure is depleted thereby increasing tfextile stress. The pore pressure was
reduced from 300 bar [30 MPa] to 50 bar [5 MPahwitL00 minutes [1 hour + 40 minutes],
and the core sample was allowed to creep in pdtt Dhis loading is more representative of
the real life situation since geologically, fornuetiof reservoirs takes millions of years with

production only lasting for several decades.
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4.2.2 Intermediate Loading
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Fig.4.2 Pressure history for core E16 used for intenediate loading at a gradient of 0.025 MPa/min

In Fig.4.2, from point A, the confining and poreepsures were increased with a 1 MPa
difference, up to 31 MPa and 30 MPa respectivelyoatt B. Those are the desired pressures
used in the experiment. It was allowed to stabiiz¢he stress state for at least 5 minutes in
part B-C. The reduction in pore pressure by 25 MRes accomplished at a constant
overburden from point C to D from 30 MPa to 5 MiPaa time of 1000 minutes [16 hours +
40 minutes]. Part D-E is the creep stage whereptite and overburden pressures are kept
constant [5 MPa and 32 MPa respectively] and tlie sample observed to deform axially. It
is expected that the parameters estimated fromtésisshould fall between rapid and slow
loading cases.

4.2.3 Slow Loading
In Fig.4.3, the reduction in pore pressure by 25aMkas accomplished at a constant
overburden and the total time of 8333 minutes [h@8irs + 51 minutes +50 seconds].
Relative to rapid loading as described in secti@l4 this depletion time is slow; however, it
cannot be compared with real life field productafra reservoir which could last for several
years. Some pore pressure load cycles were inteadincthe later stages of the creep and the

45



responses thereafter plotted to get a trend icridep strains and creep rates as described later

in the subsequent sections.

Loading phase
407 [Pore pressure | | |
 depletion] | | |

— Overburden Pressure
— Confining Pressure

Pore Pressure

Pressure/Stress [MPa]

Ramping operation

[Pore/confining Creep Phase 1 Time [min]
pressure increase to Cyclic loading
initial values]

Fig.4.3 Pressure history for core E3 used for sloleading at a gradient of 0.003 MPa/min

4.3 Stress-Strain curves

This is a plot of effective axial stress [MPa] ath@ axial strain [%] during consolidation

[load dependent deformation] or during the depretad the pore pressure as shown in
example Fig.4.4 for sample E2. Several parametech ss the yield stress and uniaxial
compaction modulus [H] both in the elastic and ftasegions are estimated from such
curves. There are marked differences in the paemndue to the loading scenarios. The yield
stress is highest for rapid loading and least fowdoading. The H for the elastic region is

higher for rapid loading compared with slow loadifoy the range of values of 2-3 GPa
considered to be the range for chalk though 3.1 B&athe calculated value for the rapid
loading case as shown in Table 4.3.1. The H vdiuethe intermediate loading falls between

the rapid and slow loading.
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Table 4.3.1 Uniaxial compaction modulus for elastiand plastic regions

Samples E4, E14 and E16 exhibited abnormal H valudabke elastic range, and one can
observe that they are the materials that have itfigest values of yield stress as shown in
Table 4.8.4. Thus, it follows that since the yistcess is higher for rapid loading, the material
is able to withstand more stress before yield [@¥§higher tendency to deform elastically];
whereas in slow loading, the material withstands Istress before start of yield. Also, the
higher H [uniaxial compaction modulus] for rapidatbng implies that there is less strain
during loading but the material has a higher tengeio deform elastically in the loaded
direction [axially] than for slow loading. That pigrexplains the more strain experienced at
the beginning of creep in the transient stage coetpavith slow loading. Thus, a rapid
increase in stress does not result in a rapid aserén strain, though there is a tendency for
deformation. This is shown in a subsequent sec®m@ marked high strain in the curve of
creep strain. Please refer to section 4.8 for yséldsses from the tests as compared with the
yield stress from the formula.
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4.3.1 Rapid Loading

Table 4.3.2 Uniaxial compaction modulus for rapiddading

Core name

Elastic region

Plastic region

E2 3.10 0.160
E4 3.38 0.097
E13 5.46 1.150

From the start of the depletion at point A, thessrstrain curve was linear, Fig.4.4. It
continued up to a point where it departs from thedr trend at point B. This marks the
beginning of yield and the curve is no longer lin@ad the transition region leads to plastic
region where any applied load leaves a permandatrdation on the sample starting from
point B. The yield stress is the point where theveweviates from the linear trend. After
yield, the material tends to be stiffened as shobwa marked increase in the slope of the
curve from C to D .The material has become stroagdrrequires an increasing stress to

enact more deformation.
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Fig.4.4 Yield curve for rapid loading using core E2
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4.3.2 Intermediate Loading
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Fig.4.5 Yield curve for intermediate loading with ©re E12

The curve in Fig.4.5 is clearly linear from A to .Barom point B1 there is a deviation from
linearity sloping a bit upwards before droppingdyrally to point C. One might not easily
recognize the point of deviation from linearityrindB1 to B2 as can be seen from the plot
since the upward shift seems be abnormal baseldeonbiservations from the other curves.
Also, the zone from B1 to C has a very slow cufivee part C-D show a bit of hardening as
there is a change of slope as shown.

Table 4.3.3 Uniaxial compaction modulus for intermdiate loading

Core name Elastic region Plastic region
E8 3.76 0.058
E1l 2.76 0.720
E12 2.87 0.340
E16 5.37 0.571
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4.3.3 Slow Loading

Table 4.3.4 Uniaxial compaction modulus for slow lading

Core name Elastic region Plastic region
E3 2.50 0.063
El4 4.02 0.490

The same trend is recorded in this test as theedar¥ig.4.6 is linear from A-B which marks
the onset of yield. From point B, the material ugdes plastic deformation; but there appears
to be little variation of stress with increase tras after yield in part C-D. That is followed

by an increase in the slope which means that thierrabbecomes hardened as more load is

applied to enable more deformation to be achiegeshawn in part D-E.

30 -
25 -
20 -
15 1

10 1

Axial Stress [MPa]

1 <

1] 1 2 3 4 5 6 7 8 9 10

Axial Strain [%]

Fig.4.6 Yield curve for slow loading with core E3
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4.3.4 Comparison of rapid and slow loading
As seen in the Fig.4.7, the yield stress is higbethe rapid loading compared with the slow
loading.
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Fig.4.7 Comparison of curves for rapid and slow loding

The curves are similar in shape and there are tstoct regions A and C which are linear
after yield. The regions are separated by a trianstone B since the hardening process is not
an instant one but builds up gradually. Region A/tn@ described as where most strain is
seen for any change in the axial stress and nohraomunt of increasing stress is required to
achieve additional strain; whereas in the C rediloa,material tends to harden as the grains
are re-packed and gets more compacted and theislmeases signifying that an increasing

stress is required to achieve some additionalipldsformation.

4.4 g-p Plot

This is a curve of the axial differential stresssus the mean effective stress during the pore

pressure depletion. The axial differential stresshe difference between the effective axial
stress p,] and the effective lateral stresgJ=0,] while the mean effective stress is the
average of the effective axial stress and thedhatsdresses. The lateral stresses in these tests
are equal since the confining fluid exerts the sameunt of stress in the lateral directions

due to the cylindrical nature of the cores. If @md cap’ is placed on a Mohr-Coulomb

diagram and this plot projected on it, the curvexpected to pass though the pore collapse
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side of the diagram. In other words, pore collagisets when the stress state reaches the ‘cap’
part of the failure envelope [refer to Fig.2.11hi§ compaction results in an irreversible
reduction in the porosity of the sample as a comsece of pore collapse. As plastic
deformation occurs, the compaction cap shifts ertght as a function of the accumulated

plastic strain.

4.4.1 Rapid Loading
From Fig.4.8, the differential stress varies lilgavith the mean effective stress from point
A. At point B there is a deviation and that marke start of yield and there seems to be a
slight deviation from linearity up to point C, beyb which the differential stress seems to
vary less with increase in the mean effective strébat is the start of strain hardening.
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Fig.4.8 g-p’ plot of rapid loading with cores E2, B and E13 using E2 to illustrate

4.4.2 Intermediate Loading

In Fig.4.9, using E16, the material yielded in pordagmde in point B and there is a deviation
from the linear curve observed from point A. Froainp B, less additional stress is required
to strain the sample up to point C after whichreerial hardens and more stress is required
to produce additional strain. Evidently, from thewes, there seems to be two sets that
behave alike; [E8, E16] and [E11, E12].
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Differential Stress [MPa]

Mean Effective Stress [MPa]

Fig.4.9 g-p’ plot of Intermediate loading of E8, E1, E12 and E16 using E16 as

example

4.4.3 Slow Loading

In Fig.4.10, from point A, the material deformsdarly up to point B where it yielded and
plastic deformation is started. Point B on the gjgd corresponds to a point on the ‘cap’ part
of a Mohr-Coulomb diagram where pore collapse stéirthe curve is followed up from the
behavior observed in the curves of stress-straen at point C, the material becomes
stiffened and then the slope increases graduatiytf@ia should be happening outside the cap

envelope.

Differential Stress [MPa]

o 2 4 6 8 10 12 14 16 18 20

Mean Effective Stress [MPa]

Fig.4.10 g-p’ plot of slow loading of cores E3 an&14 with E3 used to explain
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4.4.4 Comparison of g-p’ plots at different loadingrates
From Fig.4.11, the curves compare very well befoedd at the different load rates as they
are linear and are quite close to one another.vBhiation in behavior seems to come after
yield where the curves begin to deviate as thesststate changes. On might say that the
response of chalk samples to variation in strete $ similar before yield [pore collapse]. It
is after then that the grains begin to react diffelly. The stress response of the core samples
due to rapid loading tend to be less comparedaw sihd even intermediate loading, but that
is only so up till point C, thereafter the diffetiah stress seems to be constant with increase in
mean effective stress for both rapid and slow legdiThe “cross-point” C seems to be the
point when the stress response of rapid loadinglemps with that of slow loading and as the
pore pressure continues to be depleted, the diffi@iestress increases for sometime before
becoming constant.
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Fig.4.11 Comparison of the g-p’ plots at diffrent loading rates
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45 Stress Path

It was observed in the tests as shown in Tablel 4ttt for rapid loading, the values of the
stress path range from 0.24-0.27 in the elastiomnegnd 0.44-1.0 in the plastic region, and
for slow loading, it ranges from 0.24-0.27 in tHaséic region and 0.49-0.74 in the plastic
region, while for intermediate loading, the rangérom 0.23-0.30 for elastic region and 0.28-

0.75 in the plastic region.

Table 4.5.1 Stress paths at the diffamt regions with different loading rates

E2 [R] 0.27 1
E3 [S] 0.24 0.49
E4 [R] 0.27 0.67
E8 [1] 0.30 0.29
E11[1] 0.26 0.71
E12 [I] 0.29 0.75
E13 [R] 0.24 0.44
E14 [S] 0.27 0.74
E16 [I] 0.23 0.28

4.5.1 Rapid Loading
From Fig.4.12, considering E2, there appears tawbdinear parts of the stress path. Part A-
B occurs at the elastic region and into the greadhn of the plastic region and part B-C is in
the plastic region. The point B marks the starstiffening of the material, beyond which
there is a change in slope as an increasing chiangéective lateral stress is required to
balance the increase in the effective axial stt@s& might say that since the core has yielded
and the grains are getting repacked, the porossy/ reduced such that the change in the

lateral and axial effective stresses tends to bedwm same as the slope is close to unity.

For sample E2, the value is 0.27 for the elastigeaand 1 for the plastic range. For sample
E4, the value is 0.27 for the elastic range and 6 the plastic range while for sample E13,

the values are 0.24 and 0.44 for the elastic aastiplranges respectively.
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Lateral Effective Stress [MPa]

Axial Effective Stress [MPa]

Fig.4.12 Comparison of stress paths for rapid loddg samples of core E2, E4 and E13.

4.5.2 Intermediate Loading

Fig.4.13 shows a linear trend from the start ofleksgn at point A and at point B, there is a
slight departure. The departure is sharp and ogé@tsay that the response of the material to
lateral stresses at point of pore collapse is imatedThough the trend continued thereafter,
the part B-C shows some variations compared to MBybe because it is occurring in the

plastic region.

Effective Lateral Stress [MPa]

o 5 10 15 20 25 30

Effective Axial Stress [MPa]

Fig.4.13 Comparison of stress paths for inter
mediate loading of cores E8, E11, E12 and E16
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4.5.3 Slow Loading
Fig.4.14 shows a departure from linearity from pdnmainly at point B when the material
yields. Though there is a drop in the lateral dffecstress with axial effective stress still

increasing around B, the trend did not last fosregltime as thes,,, began to increase once

more as seen in the change in the slope. Arounat i3 the material began to have strain
hardening and the slope deepens further untilgabme linear. Point D marks the end of the

loading phase [start of the creep phase].

14 4

= =
° N
L L

Lateral Effective Stress [MPa]

Axial Effective Stress [MPa]

Fig.4.14 Comparison of stress paths for slow loadinof core E3 and E14

4.5.4 Comparison of stress paths
From Fig.4.15 below, it appears that the slopehef ¢urve changes once strain hardening
begins. The observation is independent of the tatelbecause the increase was observed for
both rapid and slow loading. One might say thatititoeease in the slope is a function of
porosity drop as a result of compaction rather tloaal rate. The slight change in the curve
for intermediate loading from point B to C is m@mnounced in slow loading from B to D.
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Fig.4.15 Comparison of stress paths for the differg loading scenarios

4.6 Porosity versus Mean Effective Stress

The porosity versus mean effective stress folldvespgath as shown in the figures below. The
curves for rapid, intermediate and slow loadingsisBimilar trends during the depletion of a
reservoir. The point B in Fig.4.16 is the onsety#ld and plastic deformation occurs,
followed by a change in the slope . The increasslope corresponds to a large drop in the
porosity of the sample per mean effective strebg iE because the inter-granular bonds have
been broken leading to compaction of the materihlfias been shown that the porosity
change of chalk is very close to the total plasbtumetric strain [axial strain for uniaxial
strain test]. It means that the plastic volumesiin is mainly contributed by the pore
collapse and the compressibility of the chalk igliggble [Dahou, Aet al. (1995)].

58



4.6.1 Rapid Loading

Compaction mechanism
- Start of yield= beginning of plastic
Wl detematen
irreversible reduction of porosity
L{‘L — — g ’ | | | |
L ‘ ...... ‘ | | |
T T ‘ ‘ Rapid Drop in
‘ B, Start of Yield ‘ Porosity after Yield

T o B o
AN
T
| .

o 2 4 6 8 10 12 14 16 18 20

Mean Effective Stress [MPa]

Porosity [%]

Fig.4.16 Change of porosity with mean effectvstress of sample E2

From Fig.4.16 above, one can observe that the brgqorosity was linear with increase in
mean effective stress from A-B. However after yiatdpoint B, the drop in porosity became
very sharp [B-C], and later stabilized with linelmop from point C-D. Point D marks the start

of creep and there is little variation of porosatyconstant mean stress.

4.6.2 Slow Loading

The difference between the Fig.4.16 above for rdpadliing and Fig.4.17 below for slow
loading is the introduction of loading cycles. A=en in the curves, the porosity drop trends
are similar but in sections B-C, one would obsehad the curve is steeper in slow loading
than in rapid loading. It could be concluded thwt tate of porosity drop in slow loading after
yield is more that the drop after yield for rapmhadling. Hence, porosity change during
compaction is load rate dependent. This might motdnclusive because the initial porosity
difference between the two samples is not much B&lof 42.92% and E3 of 41.38%, but the
pore volume of core E3 is less than E2 with 37123 and 39.08 crhPVs respectively.
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Fig.4.17 Change of porosity with mean effective igtss of sample E3 with cyclic loading introduced ding

the creep phase
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4.6.3 Intermediate Loading

“ Start of Depletion ‘

Porosity [%]

-5 V] 5 10 15 20 25

Mean Effective Stress [MPa]

Fig.4.18 Change of porosity with mean effective stss of sample E11 with cyclic loading introduced

during the creep phase

For Fig.4.18 of intermediate loading, it is difflctio detect the exact point of yield but one
could see the effect of the mean stress on thanigad/cles. The irreversible reduction in
porosity is still maintained during the load cycl&se outcome is expected since the material
has already deformed [strained] and it becomescdiffto regain the lost porosity. This

observation is irrespective of the loading rateduse

4.7 Porosity versus Mean Effective Stress [Pore Pre  ssure]

Expectedly, there is decrease of porosity with ganessure depletion but since a uniform
gradient was used for the pore pressure depletiothe different loading rates, one would
ordinarily expect the porosity to decrease unifgras well. But this is not the actual case
because the pore pressure reduction which increlasedfective stress on the grains governs
the behavior of the materials [Terzaghi (1936)pessally when a material has got to the
point of yield. As stated in previous sections raases in the effective stress gets to a point
where the material yields and the material’s respdn stress changes from elastic to plastic
and as the material continues to compact. It issbed that the zone of deviation from the

initial trend testifies to response in the chalkigs to effective stresses upon yield. It is a
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zone of transition of plastic yield behavior. Thenids are similar for the loading scenarios.
From Fig.4.19 below for rapid loading of sample Rdtosity decreases with decrease in pore
pressure form A to point B where the material ysedahd there is a change in the curve pattern
from the initial linear to a transition zone of apently ideal plastic behavior. This stage
shows that there is no linear relation betweenpihmsity and pore pressure as the bonding
and cementation of the chalk particles are destroyais is equivalent to yielding in shear
between the grains. This stage is followed by agotimear curve C-D where the rate of
reduction in porosity is directly proportional toet rate of pore pressure reduction. Though
this part is linear, the slope is steeper comptodtie earlier part. That could account for the
fact that the chalk became stiffer after yield. Tae of decrease in porosity is then very high
compared to before the yield [in the order of 0.02é6 pore pressure reduction before yield
and 0.18% per pore pressure reduction after yiéhdpther words a drop in one unit of pore
pressure induces as close as nine times a podysipyin the plastic region than in the elastic
region. The point D marks the beginning of creepsghwith curves E and F representing

loading and unloading respectively.

4.7.1 Rapid Loading

44
Change of slope \

before and after yield
B — T Y — 07— — —
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B, point of yield
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pressure during loading

| |
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F, increased pore pressure
during unloading in creep

|

Fig.4.19 Porosity response of sample E4 upon poregssure decrease during rapid loading with cyclic

loading at the creep phase
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Core sample E4 above decreased from its initiabgtyr of 43.24% to about 40% at the start

of the creep phase. That is a loss of 3.24 %. Coatigaly, core sample E2 decreased in

porosity from 42.92% to 39.69% [please see appéndbout the same loss recorded in E4.

As seen in the samples, they have different infi@osities but were loaded rapidly during

the test but recorded the same amount of porosiy. d his is an interesting observation and

if one checks the same change in porosity usinghnedf@ctive stress, the same value still

holds.
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4.7.2 Slow Loading
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Fig.4.20 Porosity response of sample E3 upon porggssure decrease during slow loading with cyclic

loading at the creep phase

The sample E3 used for slow loading as shown i@ showed a drop in porosity from an
initial value of 41.38% to about 35.5% at point (tlee start of creep. The loss of 5.88% is

larger than that recorded in the rapid loading €asiecores E2 and E4. One might then

conclude that if porosity is a factor that influesccreep, then creep behavior is loading rate

63



dependent. Hence, the behavior of the chalk cargpks depends on the remaining porosity
from the start of creep and coupled with the ddlaypressure response of the grains
[viscoelastic property], there is a variation ie ttreep response at different load rates.

4.8 Yield Stress

The yield stress in chalks marks the onset of potipse. This mechanism is a volumetric
failure mainly activated where lateral displacemmsneither zero or small. It is a situation
where shear failure cannot take place; hence themechanism for material disaggregation
would be pore collapse through material failure.
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Fig.4.21 Method of determination of the yid stress

The vyield stresses of the core samples were estihfabm departure from linearity of the
curve from the origin as indicated by the pointnBrig.4.21. The yield stress for the different
loading scenarios varies and shows marked increaseslow to rapid loading. Though the
yield stress [Havmgller and Foged] formula is acfion of porosity; comparison is made to

check for a trend.

Oy5 =367 [Eq.4.3]
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Table 4.8.1 Yield stress for rapid loading

E2 8.5
E4 11.5
E13 X

Table 4.8.2 Yield stress for intermediate loading

E8 7
E11l 10
E12 11
E16 11

Table 4.8.3 Yield stress for slow loading

E3 6.5
E14 12

The yield stress from the formula gives a bettengarison at high porosities with that from
the test as the spread became closer, Fig.4.22 shbiws that the porosity calculated from the
measurements in the laboratory are far much less tte true porosity of Stevns Klint chalk
as predicted from the formula. The formula was mixdm a best curve fit from the yield
stresses of data from various samples. The diftereould also be due to laboratory effects
or maybe the database from which the relationstap proposed does not take the best of
matches at several points. Otherwise, if the matchvas done properly and the porosity
measured in the laboratory is the same, then thmeula should give a closer value with the
yield stress estimated from the stress-strain curve

However, there appears to be higher yield strefssaapid loading compared to slow loading
irrespective of the porosity of the samples asadd observed from the Table 4.8.4 below.
The yield stresses for the intermediate loadintstelsow some inconsistencies relative to the
rapid and slow loading scenarios as they couldoeataid to fall between the two. If porosity
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is used as a basis to determine the yield stressesyould observe that the samples with
higher porosity values have low yield stresses. iRstance, for samples E4, E11 and E12
whose porosities are greater than 43%, their \sélesses are much closer with less spread
compared to samples E2, E3 and E8 whose porositeedess than 43% and their yield
stresses are much closer. There then seems tgroeiping of the samples with those whose
porosities are above 43% and those below 43 % lpedhamilarly in terms of yield. That
seems to be irrespective of the loading rate usedglthe test, though samples E14 and E16
show some departure.

The yield stress of sample E13 could not be eathgrmined from the curve due to the
irregularity in the deviation from the linear pa@ne then observes that the sample has the
lowest porosity of all. It could then be concludidwht the yield stress of a core sample of
chalk is more predictable if the porosity is highoagh. This needs to be confirmed by

running more tests on core samples of similar welgporosities.

Table 4.8.4 Comparison of the yield stresses at tharious loading rates

E2 [R] 0.4292 15.42 8.5
E3 [S] 0.4138 17.27 6.5
E4 [R] 0.4324 15.06 11.5
E8 [I] 0.4284 15.51 7.0
E11 [I] 0.4348 14.80 10.0
E12 [I] 0.4320 15.10 11.0
E13 [R] 0.4053 18.38 X
E14 [S] 0.4280 15.55 12.0
E15 0.4323 15.07 No test
E16 [1] 0.4117 17.54 11.0
E17 0.4328 15.01 No test
LEGEND
R: Rapid Loading
I: Intermediate Loading
S: Slow Loading

66



Lower porosity samples
show higher spread

\Yield Stress versus Porosity ) )
20 ettt Higher porosity samples
*
18 & A . \ U show lessspread
» A o, K3 .
[ ] * 2 *
16 = — —— S e N —
El : “‘ : “ r 'y A “
1471 . . %
£ 5, Jﬁ -
@ K A . H A H
10 —2 —_— ——— —=a 2 — —A—
2 “ = n n
= g . s A :
. - » .
("] ., R : = A : AYield Curve
\J
T 6 ., o = = 7 AFormula
(] 03 o . 0
I3 4 | * * LS ”
>. ’0.. ’0' % 0’
2 Japggn® <‘7 RN ¢ SUY S AU —
0 ; : :
0,4 0,41 0,42 0,43 0,44
Porosity [Fraction]

Fig.4.22 Comparison of the yield stresses of the naus load rates from test with formula

One would also observe that a closer look at tekl\stresses for the loading scenarios show
that they yielded at the same level of stressdéaation from the linear trend at the elastic
region of the yield curve is chosen as the propey t@ decide the yield stress. That does not
mean that good and enough quality data points doeshow varying yield stresses using the
same criteria.

One could also choose the yield point by projecéidme from the linear portion of the yield
region [D-E] and upwards from the elastic regionBAand using the point of intersection as
the yield stress of the sample as shown in poiot €ig.4.21. Evidently, the value obtained
with this method is higher than the value for tlaglier method. However, the proper way to
decide the point of yield and hence the yield stmegnains an issue that needs proper and

more attention in the chalk research.
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4.9 Creep Strains

There are clear differences between the straingrobd at the creep phases under the
different loading scenarios. There appears to t@naection between the strain at the loading
phase and the strain at the creep phases. Wheertstyhin is exhibited at the loading phase,

there tends to be a lower strain at the creep ghase vice versa.
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Fig.4.23 Comparison of the strains observed for slo [E3], rapid [E2] and intermediate [E16] loading

scenarios during pore pressure depletion.
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Fig.4.24 Comparison of the creep strains observedif slow, rapid and intermediate
loading scenarios.
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From Fig.4.23, for rapid loading [core EZ2], theasirobserved during the loading [when the
effective stress was increased by depleting the poessure] was lower compared to that
observed during the slow loading. But at the crpkpse, as seen in Fig.4.24, there was a
significant difference in the strains on both sec@® The rapid loading showed a rapid strain
especially in the transient [primary] creep phde#owed by a reduced strain at the region
described as the steady state or [secondary] stagp.

Table 4.9.1 Creep strains for rapid loading

500 min.

1000 min. | 2000 min.

E2 1.00 1.23 1.55
E4 0.74 0.78 0.82
E13 0.15 0.16 0.17

Table 4.9.2 Creep strains for intermediate loading

500 min. | 1000 min. | 2000 min.
E8 0.38 0.41 0.48
El11 0.31 0.36 0.40
E12 0.28 0.29 0.31
El6 0.28 0.30 0.31

Table 4.9.3 Creep strains for slow loading

500 min. | 1000 min. | 2000 min.
E3 0.21 0.33 X
E14 0.068 0.085 0.096
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At about 500 minutes of normalized creep time itht® creep phases, the strain in the rapid
loading is 1% as shown in Fig.4.25 below for ramdding. There was no accelerating
[tertiary] creep stage observed in the creep drain

For slow loading [core E3] in Fig.4.26, there appdato be a lower strain and also a less
rapid change in strain in the transient creep stagepared to the rapid loading. At about 500
minutes of normalized creep time into the creepspbathe strain in the slow loading is
0.20%. If this is compared with the strain in tla@id loading test, one could see a factor of
1:5. Though the ratio reduces as we get into thé stage [secondary phase], it shows that the
creep strain, under different loading conditionssignificantly high to be given some due
considerations.

Within the same period, the strain observed indbre used for intermediate loading in this
case [core E16] seems to have stabilized at a \Hl0e3% when compared with the others,
though a closer look by zooming into the plot sholned the material still creeps at a low rate.
The creep strain observed in this case expectedlly hetween the rapid and slow loading
scenarios. The high creep was observed in thei¢granshase while the stabilization could be
said to represent a state of low creep strain rate.

One would then ask the factors that contributeni® ¥ariation in the creep behavior of chalk
under different loading rates. The porosities\iathin the same range and hence might not be
the differentiating factor. The effect of porosaguld be investigated if the same load rate is
used to test the cores so that variations coulddoeunted for by maybe also including the
pore volumes.

As it is obvious that the cores had already yieldetbre the start of this creep period, one
should then look at the behavior of chalk afteddyii@gether with the behavior before yield
[elastic] to account for this observation. Thougbmpaction has been defined as the
irreversible reduction of porosity after compresssirength has been exceeded, the additional
deformation and maybe reversible reduction in pordsefore yield is taken into account
[Settari, A. (2002)]. This is done by calculatifgetstrain from the start of depletion where
loading of the cores are started [increase in g¥fecstress]. Since yield stress is higher for
rapid loading than for slow loading, an onset @lgiearlier in slow loading is accompanied
by a sharp decrease in porosity and hence straititeidepletion phase that occur after yield
begins earlier in slow loading. The material thefodns more in the longer time spent in the
loading phase. This leads to a less strain obsatwgdg the creep phase.

Whereas for the rapid loading, the higher yiel@sg and short time does not permit strain

enough to be seen in the depletion phase ratheishibserved in the creep phase mainly at
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the transient creep stage, due to the viscoelpsigerties of the chalk grains. There appears
to be a delayed response in the stress [presshesijges during depletion. The delayed
response is exhibited in the creep stage resultiriggher creep. Although this phenomenon
happens also in the slow loading, the extra tinmnadd in this test for the loading allows for
the viscoelastic behavior to be exhibited. Thenanstrain is observed during the loading
phase, and in the creep phase, a lower value ainsthen results. As explained in the
discussion section, the strain is a combinatiosevkral factors.

One might also see creep strain from another petigspen that the yield of chalk causes a
mobilization of the grains as the cementation skbn, and materials begins to re-orient in
position. The dislodged particles then migrate ulgfothe porous, fluid filled medium, though
facing some resistance from the fluids, unto otbeations until they come to a point of rest.
This point of rest prohibits further movement usleése bounding particles are themselves
shifted. That would often be the case as loadingicoes. Then there tends to be an ever
continuous migration of particles a far as themaams a porous [and permeable] medium.
This particle movement happens through the matepmeability and even enhanced by the
presence of micro-cracks which are developed asnstontinues. One might then say that
creep is an ‘everlasting phenomenon’ especiallyigh porosity materials [chalk] which still
retains high porosities, for instance 38.10 % MMPa pore pressure after some creep period.
From Fig.4.25 and Fig.4.26 below, one could seetti@trend already established from the
start of the creep signals continuous creep straiftis time, though for slow loading, the
curve is more linear [E3] from the beginning whishows less variation of strain at the
various stages. This observation has been repbytsdveral authors and several models exist
that tend to predict how the curve would behave aeng period of time.
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Fig.4.25 Creep strain for rapid loading o£2, E4 and E13
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Fig.4.26 Creep strain for slow loading of Eand E14
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Fig.4.27 Creep strain for intermediate loading withcores E8, E11, E12 and E16

The Fig.4.28 below shows the comparison of thepcstain of some cores which shows that
for intermediate loading, the creep strains fa#baleen rapid and slow loading cases as was
originally expected. Though core E14 seems nohtavsany strains after about 1000 minutes
of creep time from the plot, one might concludéd ttraep does not last for slow loading. That
is not exactly so since re-scaling of the plot vdoshow the similar trend with the others.
Conclusively, creep behavior of chalk is load rdépendent and the degree of variation of
different samples at a particular load rate, exanmrpbid loading depends on the peculiar
properties of the sample used. If one tries to Is#pdhe plot into transient and steady-state
phases of creep, it would be observed that theesuave more comparable in the transient
than in the steady-state where it seems like saneschave stabilized and begins to creep
alike in terms of trend. Models have been usedréaipt the persistence of the trends with
time [Omdal, Eet al. (2009)].

If we assume that cores E4 [rapid loading], Elltefimediate loading] and E14 [slow
loading] are comparable, then after about 500 remuif normalized creep time which
observably falls within the transient phase, theeprobserved are 0.74125%, 0.31019% and
0.06875% respectively; hence the core loaded napiadl creeped in excess of 10 times that
loaded slowly and 2 times that of intermediate.

After 1000 minutes of normalized creep time, it ltageped about 9 times as much as that in
slow loading and 2 times that in intermediate after 2000 minutes, about 8 times as much
as slow loading and 2 times that of intermediateéhé intermediate and slow loadings are
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compared at the different times as done above fiaods that the intermediate has the same

excess strain of 4. The conclusion might be thatahading rate has to be widely different for

variations in accumulated strains to differ witimai.
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‘ E13

D 1000 2000 3000 4000

Creep Time [min]

Fig.4.28 Creep strain for different loading rates ged in the test; rapid loading [E2, E4 and E13],

intermediate loading [E8, E11, E12 and E16] and sloloading [E3, E14]
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4.10 Creep Rates

This is the observed rate of creeping over a timerval. It is extracted from the creep strain

versus time plot and could be presented as s@#8jpér hour, minute and decade.
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Fig.4.29 Determination of creep rate using methodfdPattillo, P.D. et al. (1989)

One approach as shown in Fig.4.29 is by makingoaigdlthe creep strain and the logarithm
of time and obtaining the slope of the linear gjasually end] of the curve. It then becomes
evident that enough data needs to be logged tdleeta have a good curve to produce the
linear side of the curve. Inadequate data pointslyres a continuous curve that never
converges due to consolidation, hence no linedrrpeht be seen. A projection of this linear
part of the curve unto the time axis yields thesodidation time, which is the time used for
the pore pressure equilibrium to re-equilibrate.eQbserves that this consolidation time
decreases with the various creep periods introdafted each cyclic phase as shown in Fig.
C11 in the appendix. These cycles serves to agaate repack the chalk grains, though
without re-establishment of the initial porosities.
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Fig.4.30 Plot of creep rate versus time

Another approach is to choose points from the nbrex creep strain versus time curve and
find the slopes and make plots as desired as sifdwg.4.30 above. One observes that core
samples E2 and E4 used for rapid loading has thleebt creep rates before stabilizing at
nearly constant creep rate, though E13 behaveerdiftly; while samples E3 and E14 used in
slow loading has the lowest creep rates prior abiktation. Samples E8, E11, E12 and E16
are used for intermediate loading all fall betwé®rse of rapid and slow loading. One should
also note that stabilization in this context mealose to constant creep rate. Also, all the
three curves for intermediate loading later intetsg those of slow loading before
stabilization and the rate curves for slow loadshgwed signs of stabilization earliest.
Generally, creep rate decreases with time at alwgty rate at the start of the creep and then
stabilizes after a time. One might say that thegnmate becomes constant after some time. It
then follows that a material creeps as far as tleeperosity and none of the samples stopped
creeping as long as the tests were kept running.

From Fig.4.31 below, the creep rate is plotted regjaihe log of time. It is observed that the
rates tend to converge after some time irrespeativéhe load rate with the slow and
intermediate loading converging earlier than tHaapid loading. One could then say that the

intermediate load rate [0.025 MPa/min] used intds results in behaviors of the sample that
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tend towards the behavior of slow loaded materinlgerms of creep rate. If another
intermediate rate closer to rapid loading is uskd,result should confirm if the rate should
clearly separate or tend towards rapid loading.

Creep Time [hour]

=0,05

0,1 1P 100

‘ —+E4 ——E2 E8

Creep Rate [%/hour]

El4 ——E3 -®EI13
——E11 —-—E16 E12

Fig.4.31 Plot of creep rate versus log of time faapid loading [E2, E4 and E13], intermediate loadig [ES,
E11, E12 and E16], and slow loading [E3, E14].
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Chapter 5: Discussion [Part B]

Deformations associated with those phases in #ie teere examined to ascertain which ones
affected the samples most or whether the straihbgilthe same. Physically, we are not in
control of the lateral and overburden stressesrésarvoir but we can determine how the pore
pressure will be depleted based on economic cordides, enhanced recovery capabilities,
etc. All these would determine the rate of straimeformation in chalk reservoirs that result

from production of hydrocarbon. The tests give ms&naight into what is expected.

It has been observed that when rapid loading wanpeed on the samples, the strain

observed in the creep stage is more compared teldleloading rate. However, this higher

strain seems to occur very rapidly at the primamansient) phase and then disappears
gradually into the secondary phase with no straiallan the tertiary phase. Conversely, the

strain occurs slowly at the creep stage for thevdtmding as evidently shown by the creep
rates already discussed in section 4.10

It could be said that the total strain [compacti@Xperienced by a core sample is a
combination of the elastic strain, plastic stramd &isco strain, i.e,

gTOTAL = gELAST IC + ‘gPLAST [ + ‘gVI CO + gOTHERS
The elastic strain is seen at pore pressure deplstage of the test. It is a stage where any
applied axial stress instantly results in an agiedin. The strain would varnish if the applied
stress is removed from the sample. But becausedte pressure depletion continues up to
the point of yield, the sample continues to compamd even if the stress is removed, a
permanent deformation is left on the sample. Atdtaet of creep, where the material would
have yielded, the material skeleton continues fordedue to the viscoelastic properties. This
deformation could be said to occur as a result @éykd pressure response of the chalk
grains. This deformation (creep) then continuesa atonstant stress state after the pore
pressure depletion had stopped. This is the catioib to the entire strain and hence could be
said to be a visco strain.
Also crushing of the chalk grains and rearrangemeder high effective stresses could result
in another additional strain which seems to comtias long as the chalk sample has porosity.
These crushed and smaller particles continue ttesetd occupy spaces in the core sample.
This crushing could be said to precede yieldingmthe bonds would have been broken and
could be classified as ‘other’ strain. Other aushlbave discussed this same cause of creep.

Andersen, M. Aet al. discussed that while a material is under condtading, the support
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structures continue to fail and happens at incngasates as the load becomes higher due to
lower values of pore pressure. When the forced kiags, thecascade resulting from the
loading continues, usually noticed at the transeaep phase which is the first phase of the
creep with highest strain and creep rate, indigatihe time period during which the
compaction continues at about the same rate bé&dtirey off.

For core E3, 3 cycles and 4 stages of creep wdgzahto examine the effect of the cycles
on the creep behavior, Figs.C10 and C11 in therappelncreasing the pore pressure from
an initial value of 5 MPa to 29 MPa, down to 0.0P&and so on is termed cycle. Load
cycles were also introduced in core E4 and eadheofmaterials creeped after application of
the loads. These cycles load and unload stresseleonhalk grains. As a result, they are
repacked tightly and the sample is expected to roecstiffer. The strain observed after the

cycles became smaller as expected if allowed tepcre

INITIAL
PRESSURE 29.1 MPa
5.1 MPa

FINAL
PRESSURE 0.07 MPa
5.1 MPa

Fig 5.1 Load cycle phase

The cycle was performed to achieve certain levelearganization of the grains in the chalk.

The results are seen as variations in consoliddimas for the creep strains observed after
the cycles. Trends were observed in the consatiddiimes as later stages of creep resulted in
lesser consolidation times compared with earliages. Reduction in porosity of the samples

after the cycles was observed as expected.
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Chapter 6: Conclusions

[1] A change of load rate from lower to higher pressyrealient for different tests results
in an apparently higher stiffness, yield stressd aglastic modulus [uniaxial
compaction modulus] etc, hence the mechanical ptiegeof chalk are loading rate
dependent.

[2] Application of loading cycles in the creep phadeds$ the compaction behavior. This
loading cycle involves increasing [unloading] andcikkasing [loading] the pore
pressure, as the effective stress is decreasemhem@dsed respectively. The grains are
agitated, re-oriented and re-packed and as a réiseit become stiffer and strain less.
It was observed that the introduction of the cyd&bsnot reverse the porosity already
lost during the depletion phases.

[3] Consolidation time changes with application of mioigd cycles, the result showing a
downward trend or decrease in consolidation timé wmore load cycles. This is
because the material becomes stiffer as statedopty after every cycle phase. It
therefore takes lesser time for the pore pressuaililerium to re-equilibrate
[consolidation].

[4] There is more loss of porosity during pore presstdepletion in slow loading
compared with rapid loading from the start of déple to the end [beginning of
creep]. Hence, if creep is porosity dependent, omght say that it is load rate
dependent.

[5] Creep rate is highest for rapid loading and lowestslow loading, while that for
intermediate loading are between the two.

[6] Since yield stress for rapid loading is higher, @a@ say that chalks can withstand
more loads before yield if loaded rapidly than wheaded slowly.
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Nomenclatures:

o' - effective stress [MPa]
o, - overburden stress [MPa]

P, - pore pressure [MPa]

a - Biot's constant [dimensionless]
E - elastic modulus [MPa]
H. - uniaxial compaction modulus in the elasticoad GPa]

e

H, - uniaxial compaction modulus in the plastic cegiGPa]
£,,5 - change in strains, where subscripts 1, 2 anen®tes the principal directions

Aa'm - change in effective principal stresses [MPa]

v - Poisson’s ratio [dimensionless]
m - matrix

b -bulk

c - compressibility [MP3]

K -K-modulus (stiffness) [GP4

¢ -porosity [%0]

Assumptions:

» Uniaxial compaction
> Elastic rock behavior
> Biot's factor of 1 for chalk

> No lateral deformation [constant core diameter]
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Part A

Pressure History

86



35 4

30 —

Pressure/Stress [MPa]

Rapid Loading

| | | |

[T
A L] . L l____.

| | | |

| | | |
e e e

| | | |
N SN S ISR N A

| | —— Qverburden Pressure
| | _|=Confining Pressure

| | Pore Pressure
|

‘IDIDO 15

Time [min]

Fig.Al Pressure history of core E2 from ramping tgpore pressure depletion followed by creep phase

40 -

35 4

30 -

Pressure/Stress [MPa]

25 |
20
15 |t

10 1|

Pressure History

-

==Overburden Pressure
=== Confining Pressure
Pore Pressure

Time [min]

Fig.A2 Pressure history of core E4 showing rampingpore pressure depletion and load cycles introduced

at the creep stage

87




I e e R -
N H I
SR IANE R
I
S T Y TN N B B - 1)
R 3
I I
S Sy N S - 2
[ N A T
R N A T
— b=t — 18-
I N
R A Y N N B
S B e B N B 2
I I
I I
—tr—r—rr-r-rorE
I R
B
~“r-r-rfF-r-r—r&-
I O (R
e
[ I T
o i et s S
8 4 & & g » o

35 -

[edam] ssang/aInssald

Time [min]

Fig.A3 Pressure history of core E13 without load ayles

Intermediate Loading

—O\erburden Pressure

Pore Pressure

— — T|=—=Confining Pressure

r—

8000

35
30
25 —
20

5

[edin] ssa1jgrainssald

Time [min]

Fig.A4 Pressure history of core E8 showing rampingpore pressure depletion and creep with the pointfo

failure when the overburden dropped and the confimg fluctuated

88



[
ST 1 171 1

={verburden Pressure

-|===Confining Pressure

Puore Pressure

|
T T T r T T T T
*f**#**ﬁ***?**f**f**ﬂ***
|

n (=]
[y] 3]

[edw] ssa1)g/oinssalg

15

I
|
R Y A
|
ST T T T T T T T T T T T T T

| | | | | |
7I+m 75{00 solpn sslpo 9:+m 9.=+m 10000 10300 11000

|
sslpo

0 -
BD})O
-5

Time [min]

Fig.A5 Pressure history of core E11 with anload cycle before the end of test

@

28 o
1 1 %mm T |m
o 5e g _ ®
1 |5 EL _
o1, B8 _ o

— e ——l——r8
I O R L LI
N .
. o o

=
_ JﬂHﬁMﬂﬂJ R
B D .

N N Y AN A A N A D N -2
T T TR T T T e
N D
N D . )

rrrTTTh T
B D .

B D . o

-}
N . ®
B D .

B D . o

it el s e i e o At Rt bt - 2l
Ll |
Ll |

S N T I (s
_

_
_
_

40 -

[ed] ssei3s@Inssaid

Time [min]

Fig.A6 Pressure history of core E12 with one loadycle and a short creep period before the end of tes

89



Pore Pressure

= Overburden Pressure

35Ib0

ZSL)D

‘ISL)D

4500

aobo

3obo

20bo

10bo

35 4

[ed] ssai)gjainssald

Time [min]

Fig.A7 Pressure history of core E16 from rampindo pore pressure depletion to creep without any cyic

load

Slow Loading

—Overburden Pressure
= Confining Pressure

Pore Pressure

15?00 20?00 25?00 30000

10?00

[ed] ssa4)g/aanssald

Time [min]

Fig.A8 Pressure history of core E3 with load cycleduring the creep phase with overburden

pressure drop when the test was stopped

90



—Ovwerburden Pressure
——Confining Pressure

Pore Pressure

e

L
|
|

[
16900
|

[
14900
|

\
12000
\

1o+oo
\

aoko
|

soko
|

4uko
|

zoko
|

18000

e e T [ e el e e it it

edwnl ssa1is/aIinssaid

s4— 1 1 11 __

Time [min]

51

Fig.A9 Pressure history of core E14 from rampinga pore pressure depletion and a very long creep

period. This test was the longest of the creep phes
91



Part B

Stress-Strain Curve
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Part C

Creep Strain
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Fig.C7 Creep strain core E16
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Slow Loading:
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Fig.C9 Consolidation time for core E3 using the méiod of Pattillo, P.D. et al (1989)
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Fig.C10 Creep strains of E3 after various stages af/cles as shown in the pressure history
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Fig.C11 Consolidation times of E3 after varios stages of cycles as shown in the pressure histor
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Fig.C12 Creep strain of C14 showing the continuousreep after a very long time
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Part D

q-p Plot
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Fig.D1 g-p plot of E2 during depletion
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Fig.D2 g-p plot of E4

108



14
8 4
a

[edw] sses3s [epusioya

Mean Effective Stress [MPa]

Fig.D3 plot of E13
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Fig.D4 g-p plot of E8
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Differential Stress [MPa]
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Fig.D5 g-p plot of E11
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Fig.D6 g-p plot of E12
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Fig.D7 plot of E16
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Fig.D8 plot of E3
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Fig.D9 plot of E14
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Part E
Stress Path
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Fig.E1 Stress path of E2 during depletion
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Fig.E2 Stress path of E4
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Fig.E3 Stress path of E13
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Fig.E4 Stress path of E8 during depletion
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Fig.E5 Stress path of E11 during depletion
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Fig.E6 Stress path of E12
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Fig.E7 Stress path of E16
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Fig.E8 Stress path of E3
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Fig.E9 Stress path of E14
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Part F

Porosity versus Mean Effective Stress
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Fig.F1 Porosity variation with mean effective

stress during depletion of the pore pressure of ¢ce E2
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Fig.F2 Porosity variation with mean effective

stress during depletion of the pore pressure of ce E4
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Fig.F3 Porosity variation of core E13
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Fig.F4 Porosity variation of core E8
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Fig.F5 Porosity variation of core E11
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Fig.F6 Porosity variation of core E12
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Fig.F7 Porosity variation of core E16
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Fig.F8 Porosity variation of core E3
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Fig.F9 Porosity variation of core E14

124



Part G

Porosity versus Pore Pressure
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Fig.G1 Variation of porosity with fluid pressure in core E2
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Fig.G2 Variation of porosity with fluid pressure in core E4
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Fig.G3 Variation of porosity with fluid pressure in core E13
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Fig.G4 Core E8
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Fig.G5 Core E11

Pore Pressure [MPa]

Fig.G6 Core E12
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Fig.G9 Variation of porosity with fluid pressure during depletion of Core E14
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