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ABSTRACT

This study investigates the influence of stress-induced deformations and porosity
changes on changes in the permeability of the Athabasca McMurray Formation oil sands.

The measurements performed on bitumen-free reconstituted oil sands show that
the absolute permeability change is a function of porosity change. This function is the
same whether the porosity change is caused by isotropic unloading or dilation resulting
from shear siresses. The Kozeny and Carman's equation has been found to represent
well the experimental absolute permeability - porosity relationship. For the range of
porosity changes occurring during testing a Iinear relationship between absolute
permeability and porosity is also proposed.

The measurements made on preserved oil sands cores at the in situ temperature of
8 oC shox-;»r that the effective permeability to water is mainly a function of water porosity
for oil sands expansion caused by isotropic stress relief as well as by shear dilation. A
linear semilogarithmic relationship between effective permeability to water and water
porosity is formulated for water porosities lower than 15 %. Deviations from this
relationship occur for cores containing a high amount of fines.

The mode of oil sands deformations which involve compression in one direction
and lateral expansion in the othei direction can cause effective permeability to water
enhancement even when water porosity does not increase. This type of permeability
enhancement ceases to predominate when the specimen volume starts to increase by shear

dilation.
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Chapter 1. INTRODUCTION

1.1 Statement of Problem

The vast majority of Alberta 0il sand deposits are buried too deep to be exploited
with open-pit mining operations; this necessitates the use of in situ extraction technology.
Because the viscosity of the bitumen contained in the oil sands is high (>106 mPass in
Athabasca), the bitumen is practically immobile under natural conditions. However,
viscosity declines exponentially with increases in temperature, so that technology can
enhance bitumen mobility by injecting hot fluid into an oil sands formation. Hot bitumen
flows more readily into production wells as the result of gravity or the combined effect of
gravity and steamn drag.

The injection of steam or water into a formation at high temperatures and
pressures changes the initial state of stresses not only by increasing pore pressure but
also through thermal expansion of the sand structure. These changes, in turn, result in
deformations and an increase in pore volume and permeability, not only in the zone of
increased temperature but also in the cold reservoir in front of the advancing steam
chamber. Some applied technologies intentionally disturb the sand matrix by increasing
injection pressure above the minimum total stress, causing formation fracture, in order to
obtain communication channels between the injection and production wells. The
development of the fracture by fluid injection reduces the effective stress 2long fracture
walis to a very low value, bringing about sand shear failure and shear dilation, and hence
an increase in porosity and permeability. The interpenetrative grain structure characteristic
of oil sands, with its peculiar grain to grain contacts, once disturbed, cannot be
reinstated, with the result that porosity will not return to its initial state upon pore

pressure decrease.
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The shear deformations and porosity enhancement, as induced by extraction
processes, may be beneficial for bitumen recovery through increasing absolute
permeability or increasing effective permeability to water, thus enhancing the propagation
of hot fluid into the formation. Taking these permeability changes into account can help
provide reasonably accurate predictions of bitumen production rates throu gh the
mathematical modeling of the reservoir.

Difficulties in restoring the initial porosity of disturbed oil sands poses problems
in terms of obtaining laboratory permeability measurements that would be representative
of oil sands under in situ conditions. Laboratory measurements are conducted on cores
which are always disturbed, to some degree, during drilling by confining stress
reduction, pore pressure relief, and gas evolution. Laboratory permeability values need to
be extrapolated to reservoir conditions.

The types of problems addressed in this research can be summarized as:

* Evaluating the magnitude of the volumetric changes of oil sands under stress
conditions encountered in reservoir engineering practice (including at very low
effective confining stresses).

* Finding relationships between oi! sands volumetric deformations and changes in the
absolute permeability or effective permeability to water.

* Demonstrating methods of extrapolation of permeability values obtained in the
laboratory to reservoir conditions.

* Investigating whether deformations alone can enhance effective permeability to

water.



1.2 Objective of Thesis

The main objective of this thesis is to investigate the influence of stress-induced
deformations and porosity changes on changes in the permeability of the Athabasca
McMurray Formation oil sands. The testing program is divided into two major parts:

1. Investigation of changes in absolute permeability in response to deformations
resulting from different stress paths. The tests were performed in a triaxial cell
on bitumen-free reconstituted Athabasca McMurray Formation oil sands at room
temperature (23 °C),

2. Investigation of changes in effective permeability to water in response to
deformations induced ‘by different stress paths. The tests were performed in a
triaxial cell on Athabasca McMurray Formation oil sands cores from the
Underground Test Facility Phase A Pilot site at the in situ temperature of 8 °C.

The investigation of the relationships between deformation and permeability change are
conduc:ed in the context of the stress paths followed and the fines content of the oil
sands. '

The secondary objective of this research is to investigate the stress-strain
relationship of tested specimens and evaluate the strength of bitumen-free reconstituted oil

sands and Athabasca McMurray Formation oil sands cores.

L3 Organization of Thesis

A review of the literature pertaining to the subject of this research constitutes
Chapter 2. Geological background, oil sand structure and composition, formation fluids
and their distribution, data on oil sands permeability, and factors affecting laboratory

permeability measurements are presented in this chapter.
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Chapter 3 describes the procedures and results of the triaxial tests, which follow
three different effective stress paths, performed on bitumen-free Athabasca oil sands. The
test results are discussed and a relationship is formulated between absolute penncabili.t.y
and changes in porosity caused by isotropic stress reduction and by shear dilation of the
sand. An equation allowing for the extrapolation of laboratory initial absolute
permeability results to in situ conditions is presented. The testing equipment adopted for
the whole study is also described in this chapter.

Chapter 4 describes a series of iriaxial tests performed on preserved oil sands core
material at in situ temperatures. Measurements of stresses, stress induced deformations,
and changes in permeability to water during testing over four different effective stress
paths are presented.

Chapter 5 contains discussion and analysis of the results of the tests described in
Chapter 4. An equation has been formulated relating changes in the effective permeability
to water to the water porosity changes resulting from isotropic stress reduction and by
shear dilation. The same equation can be used to extrapolate laboratory measurements of
the initial permeability of oil sands cores to reservoir conditions. Permeability changes
induced only by deformation and not associated with an increase in porosity are also
shown.

Chapter 6 concludes with a final summary of the major findings of this research

program.



Chapter 2. LITERATURE REVIEW

2.1 QOil Sands
2.1.1 Geology of the Athabasca Qil Sands

The Athabasca Deposit is the richest of the Alberta bitumen reservoirs. It contains
212+10% m3 of bitumen in three different geologic horizons: the McMurray/Wabiskaw,
Grand Rapids and Grosmont/Nisku formations. The majority of recoverable reserves is
contained in the Lower Cretaceous sands of the McMurray Formation and the Wabiskaw
Member of the Clearwater Formation; 114+10° m3 of bitumen is spread over an area of
46800 km? with a mean thickness of 34 m (Wightman et al., 1989). The thicknesses of
overburden ranges from 0O to 750 m. The Suncor and Syncrude open-pit mining
operations are situated in the northern portion of the Athabasca region where the
McMurray Formation lies closest to the surface. It has been estimated that only about
10 % of Athabasca oil sands deposits are surface-mineable; thus the vast majority of
Alberta bitumen will be recovered by means of in situ extraction technology.

The McMurray Formation rests unconformably on the Upper Devonian
Waterways Formation consisting of interbedded shales and limestones. The McMurray
Formation is usually subdivided into three stratigraphic units (lower, middle and upper
member) to reflect changes in the environment during deposition (Mattison, 1987). These
environments, as a result of rising sea level, range from continental, fluvial, and
floodplain environments to a shoreline estuarine complex (channels, point bars),
(Mossop, 1980; Wightman et al.,, 1989). The McMurray Formation is overlain by
Wabiskaw sands of the Clearwater Formation, which were deposited during

transgression of the Clearwater Sea from the north. The rest of the Clearwater Formation
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is made up of thick marine shales which, in turn, are capped by sands and shales of the
Grand Rapids Formation. Thin Quaternary deposits comprise gravels and tills.

The geologic profile illustrating stratigraphy at the AOSTRA Underground Test
Facility (UTF) located 50 km northwest of Fort McMurray is shown in Figure 2.1. Cores
from wells at this site were used in laboratory tests designed for effective permeability to
water measurements under changing stress conditions. The lower McMurray member is
absent here and the middle member rests on the Devonian limestone at a depth of 163 m.
The McMurray Formation consists of mixed oil sands and shales, approximately 37 m
thick, The stratigraphic section of the formation was informally divided into 6 units,
denoted alphabetically from B to G (Rottenfusser et al., 1988), each displaying
differences in lithology, porosity, and bitumen and water saturation. The thickness of
these units vary within the UTF reservoir.

Unit B, directly underlying the Wabiskaw sands, has a thickness of about 7 m. It
consists of soft shales mixed with sand, in proportions of 65 % and 35 %, respectively.
The sand fills horizontal burrows and sometimes creates sand lenses. The unit average
porosity is 31.8 % and average water saturation is 77 % .

Unit C varies in thickness from 4 m to 7 m. It consists of fine to medium grained
sands interbedded with shales. The average proportion of oil sand and shale is 70 % and
30 %, respectively. Breccias of angular shale fragments and thin cemented sandstone
layers are often found in this unit. Average porosity for unit C is 32.4 %. Water
saturation varies broadly from 35 % to 12.5 %. Bitumen content ranges from 2.9 % to
6.0 % of the total mass. Units C and B originated in a marine environment.

Unit D ranges in thickness from 6.2 m to 10.4 m. It consists of dark brown
bitumen-saturated oil sﬁnds interbedded with light brown shale laminae. Cemented sands
and shale breccias are present within the unit. The average content of oil sands and shales

is 80 % and 20 %. Average porosity is 33 % and average water saturation is 28 %.
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Bitumen contcnt ranges from 5.1 % to 10.9 %. The unit was deposited along the channel
margins.

Unit E and Unit G are of the same origin. They were deposited in tidal channels.
Unit E varies from 5.6 m to 10.9 m in thickness and unit G from 3.3 m to 6.3 m. Unit E
consists of rich oil sands and layers of shale breccia composed of shale fragments
varying in diameter {rom less than 1 mm to 6 cm, suspended in an oil sand matrix. The
average proportional content of this unit is 90 % oil sand and 10 % shale. Average
porosity is 31 % and average wate. saturation is 13 %. Bitumen content varies from
9.0 % to 13.0 %. The lithology and thickness of unit G is more variable, within the
reservoir, compared 1o other units. Bitumen content of unit G ranges from 1.8 % to
12,5 %.

Unit F is composed mostly of shales (70 %) and oil sands (30 %). The shales
were deposited in a brackish swamp. Unit F separates units E and G, both bitumen rich.

In the above descriptions, porosity was calculated as an average value derived
from neutron and density logs, without any shale correction. The water saturation derived
from logs was shown as a percentage of pore space occupied by water. The calculated
values represent the average for each unit. Because water is not uniformly distributed (for
example, it fills all pore spaces in shales), water saturation is lower for pure oil sands. It
can be as low as 6 % (1 % of the total mass). The bitumen contents were presented as a
percentage of the total oil sands mass. The richest oil sands were deposited at the lower
part of the McMurray Formation at the UTF. They are composed of medium to fine
grained, well-sorted sands. Moving upward from this point, the average grain size
decreases as the deposition of very fine-grained sands, sandy silts, silts and clays

becomes heavier,



2.1.2 Characteristics of Athabasca Qil Sands

The mineralogy of the Athabasca oil sands from the McMurray Formation is
usually characterized as extremely mature and stable. Generally, rich oil sands consist of
approximately 95 % quartz, 2 to 3 % feldspar, 2 to 3 % mica and clay minerals, and
traces of other minerals (Mossop, 1980). The clay fraction in units D and E is 45 % illite
and 55 % kaolinite at the UTF (Rottenfusser et al., 1989). Quartz grains are mainly sub-
angular and sub-rounded. Grain surfaces display a rugose texture, solution concavities,
and recrystallization overgrowth (Dusseault and Morgenstern, 1979). Coarser grains of
oil sands tend to be smoother than the finer grains. The grain to grain contact area is
large, and there are large numbers of concavo-convex contacts, The interpenetrative
structure of the Athabasca oil sands developed during the time of burial due to diagenesis
in the form of dissolution and recrystallization of quartz at grain boundaries. This
structure is responsible for higher shear strength, smaller strain at failure, and higher

rates of dilation, compared to younger Quaternary sand deposits with similar mineralogy

and porosity.

2.1.3 Formation Fluids

Three types of fluids can occupy pore space in the oil sands reservoirs: bitumen,

water and gas. The gas in a free state appears only under special circumstances (i.e.,

when pore pressure is lowered below gas saturation pressure). The gas in oil sand

formations in natural conditions is usually dissolved in the bitumen with a small amount
in the water. Occasionally gas pockets are found trapped beneath thick shale strata.

It is generally accepted that the bitumen invaded the presently occupied areas from

istant sources when it had the consistency of a lighter hydrocarbon. Following this

migration, the bitumen underwent in situ degradzation, increasing bitumen viscosity to its
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present level (Wightman et al., 1989). Migrating into the McMurray Formation, crude oil

displaced water from pore spaces, entering only areas from which water could be easily

drained. As aresult, some areas within the formation remained unsaturated with bitumen,
for instance, where permeability was especially low (in shale) or where water was
trapped before it could drain.

Water contained in an oil sand reservoir can be divided into different types, each

with a distinctive chemical composition (Gunter and Bird, 1989):

1. Water found at the base of oil sand deposits (absent at UTF).

2. Water occurring in isolated pockets of high water saturation within the oil-saturated
Zone.

3. Water contained within shale beds and trapped because of the low permeability of the
shales. Composition can differ substantially from that of other types of water.

4. Water contained within shale stringers. Composition can differ from that of water
contained in shale beds. Shale beds can have contact with sources beyond the
Teservoir,

5. Water remaining in the oil-saturated zone, known as connate or irreducible water.

In bitumen rich oil sands, the irreducible water content is about 2 % of total oil
sand mass. In this experimental program, measurements as low as 1.1 % were
encountered. If the porosity of an oil sand equals 33 %, irreducible water occupies only
about 12 % of the pore space. The remainder of pore space is filled with biturﬁen. In
leaner oil sands, water content is significantly higher. A direct relationship was observed
between water content and the amount of fine particles (smaller than 45 um). The higher
the fines content, the higher the water saturation and the lower the bitumen saturation.
Several structural models were created by researchers to explain the mutual arrangement
of sand grains, fines, water and bitumen in oil sands (Cottrell, 1963; Dusseault and

Morgenstern, 1978; Mossop, 1980; Takamura, 1982). In the most advanced model
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proposed by Takamura, all quartz grains are in direct contact with one another, creating a
stable framework, but the fine particles occur in isolated clusters within that framework,
rather than adhering directly to grain surfaces, as in Dusseault and Morgenstern's model.
Such an arrangement provided a beiter explanation of the direct relationship between
water content and fines content. In Takamura's model, the connate water, as an
irreducible wetting phase, occurs in three configurations:
1. Pendular rings surrounding particle to particle contact points.
2. Water film surrounding quartz grains and separating them from bitumen.
3. Water saturating isolated clusters of fine particles, the amount of which varies with
fines content and their inode of distribution.

Thickness of the water film is stabilized principally by double-layer repulsive forces
acting between charged surfaces of sand and bitumen. In cases where sand surfaces are
covered with clay mineral precipitates, clay particles are also covered by the water film
because their zeta potentials are close to that of quartz in NaCl solution, as encountered in
oil sands. The water film thickness is less than 15 nm (as calculated by Takamura), so
that permeability through this layer can be considered negligible. The volume of water
contained in the water film represents less than 0.05 % of pore volume. In high grade oil
sands, the amount of fine clusters is small and the pore space is filled mostly with
bitumen and water. Water occupies usually between 10 % and 15 % of pore space.
Pendular rings cover around 30 % of the sand surface while the remaining 70 % is
covered with water film. When water saturation increases, pendular rings expand until a
continuous wetting phase is formed. This state is referred to as equilibrium saturation to
the wetting phase. At even higher levels of water saturation, the flow of the wetting phase
becomes possible; such saturation is called funicular (Bear, 1972, p.444).

The above description is an idealization of the real situation. In practice, the

distribution of the pendular rings on grain surfaces is irregular and many contacts
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between them can occur at a much lower saturation. Moreover, the applied differential
pressure during permeability tests can push bitumen aside at water channel throats and
help open paths for flowing water. Even at low in situ temperatures (8 °C at the UTF),
bitumen is still a fluid, although one of very high viscosity (up to 107 mPass after
Peacock, 1988); however, under pressure, it can deform slowly with time. Changes in
effective permeability to water with changes in water saturation are expected to be rather

smooth and they can be dependent on time and on differential pressure magnitude.

2.2 Permeability of Qil Sands
2.2.1 General

The term "permeability” is usually defined as the abiléty of a porous medium to
conduct fluids. When fluid flowing through the porous medium fully saturates it, this is
referred to as the absolute permeability of the medium, If more than one fluid type is
present and the fluids are immiscible, the concept of effective permeability is utilized.

The equation used to describe the flow of a fluid through a porous medium was
formulated on the basis of observations made by French engineer Henry P. Darcy in
1856. He observed that, under steady-state conditions of water flow through beds of

sand, the rate of flow was always proportional to the hydraulic gradient:
v =-K(ha-h1}/1 2.1

where: v=Q/A; - average flow velocity, m/s
Q - flow rate, m3/s
Ag - cross-sectional area, m?2

(h2-hp)/1=1 - hydraulic gradient in the direction of flow



1 - distance in the direction of flow, m

(hz-hy) - difference between cutlet and inlet fluid heads, m

K - coefficient of permeability (hydraulic conductivity), m/s
The constant of proportionality K, called the coefficient of permeability, is a function of
both soil and fluid properties. In more general form, Darcy's law for the laminar flow of K
an incompressible fluid in an arbitrary direction 1, within an isotropic incompressible

medium, can be written as:
Q = -(kA/p)(dp/di+pgdz/dl) 2.2

where: |t - dynamic viscosity of the fluid, Pass

p - fluid density, kg/m3

g - gravitational acceleration, g=9.81 my/s2

p - pressure, Pa

z - vertical location, m

k- absolute permeability, m?
The constant of proportionality k in Equation 2.2 is called absolute permeability or simply
the permeability of a porous medium. Assuming there is no reaction between fluid and
rock, permeabﬁity is a function only of the pore structure of the medium. The unit of
permeability in the SI system is m? or umZ2 and in the cgs system is the darcy or

millidarcy. The relationship between these units is defined as:
1d = 1000 md = 0.987 «10-12 m2 = 0.987 um?

The absolute permeability of soils and rocks can assume an extremely wide range of
values (from 103 um? for coarse gravel to 10-8 pm2 for shale); this explains why
permeability is so sensitive to differences in the state of the granular medium. "With

sands even a slight change in the void ratio or the washing-out of a portion of the fine
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fraction may substantially impair the results of the permeability test” (Kezdi, 1974,
p. 134).

In oil sands, pores are filled with two or more fluids; hence the concept of
effective permeability finds an application. Effective permeability to a fluid is a measure
of the ability of a porous medium to conduct that fluid when two or more fluid types are
present in the void space. Each fluid phase has its own effective permeability. Effective
permeability is a function of the degree of saturation and of the properties of the rock and
fluid, including initial pore-system geometry, fluid distribution within the system, and
physico-chemical interaction of the mineral grains and the pore fluids. By analogy to

Equation 2.2, the effective permeability to water (kew) can be expressed in the equation:
Qw = - (kewAs/tw)(dpw/dl+py,gdz/dl) 2.3

The effective permeability is often presented as a relative permeability, which is defined
as the ratio of the effective permeability at a given saturation to the effective permeability
at 100 % saturation (absolute permeability). The relative permeability to water (k) can

be calculated from the equation:
km, = k.ew/k 2.4

The relative permeability to a fluid is usually plotted versus degree of saturation of that

particular fluid.

2.2.2 Indirect Determination of Permeability

Ds_fjk:y's law is utilized to calculate permeability on the basis of the direct
measurement, in field or laboratory tests, of all the variables appearing in Equations 2.2

or 2.3, In the absence of direct measurements, several empirical formulas have been
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proposed to estimate permeability when porosity and grain size distribution are known.
To develop these formulas, flow in a real soil matrix is represented by various models
(capillary tube models, fissure models, hydraulic radius models, resistance to flow
models, and statistical models). Bear (1972) provides a review of these models. The
characteristics of these models were briefly described by Rajani (1988). |

All formulas for permeability calculation may be expressed in the following

general form:

k = Cofy(d)+f(0) 25

where: C - shape factor representing the composite effect of the pore shape and the
surface roughness of the grains

f1(d) - function indicating the effect of grain size

d - average diameter of grains

£2(9) - function indicating the effect of porosity

¢ - porosity
The formula which has been found particularly applicable for sandy and silty soils takes
the form:

k = Cod2e¢3/(1-0))2 2.6

This formula was developed by Kozeny and Carman on the basis of the model which
considers soil to be a bundle of capillary tubes with 2 common hydraulic radius. Since the
capillary tube model is a simplified scheme for depicting porous media, it often cannot
take into account the influence on permeability of such factors as fines content, the
grading of grain sizes, and the presence of a second fluid in the pores: The Kozeny-
Carman formula clearly reflects the influence of porosity on the permeability of soils.
Because factor C changes only slightly with porosity (Kezdi, 1974, p.135) and has little

influence on calculated permeability (Rajani, 1988), Equation 2.6 can be used to predict,
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for a given soil, the value of permeability at any porosity through the application of the

conversion relationship:

k2 =k1°f(92)/1(1) 2.7

where: f(¢1) = 0:3/1- 01)2 and f($2) = d23/(1- &,)2

In the event that the volumetric strain (€y) is known, the new permeability can be

calculated from the following equation (Tortike and Faroug Ali, 1991):
ka2 = ki+(14+38,/01+3€,2/012+ £,3/013)/(1+ &) 2.8

Equation 2.8 can be derived from Equation 2.7 if the following relationship between the

new porosity (¢2), old porosity (¢1), and volumetric strain is applied:

¢2 = (@1+ en)/(1+ &y) 2.9

Monicard (1980) suggested the following correlation for field studies in reservoir

engineering:
¢ = Ag*log(k) + By 2.10

where Ag and B, are constants.

Monicard alsc noted that there are sometimes two line segments for the log(k)-0

correlation. Rajani (1988) demonstrated that Equation 2.10 can be derived from the
Kozeny-Carman equation or from a more general permeability - porosity relationship of

‘the form:
k= Co-¢a/(1-¢)b 2.11

where: Co = Cef1(d) (from Equation 2.5)
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a, b - constants.

Taking the natural logarithm on both sides of Equation 2.11, expressing the logarithmic
terms in series form, and neglecting terms of ¢3 and higher order, the following equation

can be cbtained:

Ingk) =1n(Cy) + A1 + Bye¢ + Cj42

(W]

A2

where A1, By, C; are constants.

In terms of a logarithm to base ten and with one constant including Cy and A1, this

equation can be written:

log(k) = Ay + Bae¢) + Cpe¢p2

tJ
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where Az, B, and Cs are new constants.
For small porosities, the term Cp+¢2 can be neglected and an equation can be obtained
which is practically the same as Equation 2.10. Rajani demonstrated that for permeability
measurements on oil sand samples from the Orinoco Heavy Qil Belt in Venezuela, a
bilinear fit seems to be most appropriate. The Kozeny-Carman equation gave the best fit
in the high porosity range ($>25-28%). Below this range, a linear semi-logarithmic
relationship expressed by Equation 2.10, gave the best fit to the data. The parabolic semi-
logarithmic relation expressed by Equation 2.13 gave a smooth transition from one region
to another. Rajani postulated that the mechanism of flow in each of these ranges must be
fundamentally different. Monte and Krizen (1976) also found that the bilinear semi-
logarithmic relation between permeability and void ratio provided the best fit for their
experimental data obtained from clay specimens.

Chardabellas found the follewing relationship between permeability and void

tatio (¢) (Monicard, 1980):

k = PeeX . 2.14
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wher: B and x are constants
The equation indicates that the plot of log(k) versus log(e) is a straight line.
Jacquin found the following relationship for Fontainebleau sandstone

(Monicard, 1980):
k = ae(@m-1) 2.15

where: ks expressed in md and ¢ in %
o and m are experimentally derived constants
When two fluids occupy pore space, reservoir engineers apply the coefficient of
relative permeability as defined by Equation 2.4. Numerous empirical equations relate
relative permeability to water to the saturation ratio (Sy,). The general shape of the water

relative permeability curve is most often expressed in the form (Honarpour et al., 1986):
kew = A+(S)0 2.16

For example, The Petroleum Production Handbook (1962) suggests the following water-
oil relative permeability equations:

1. For unconsolidated (non-cemented) sand, well sorted:

kpy = (Sw*)3 ko = (1 - S,*)3 . 217
2. For unconsolidated sand, poorly sorted:

kew = (S*)3.5 kro = (1 - Su™)2(1 - (S*)1.5) 2.18

where: Sw* =(Sw - Swi)/(1- Swi)

Swi - irreducible water saturation
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2.2.2.1 Use of Indirect Methods for Qil Sands

The oil sands tested in this study, originating from the Athabasca McMurray
Formation at the UTF site, are unconsolidated, fine, dense sands. They are well sorted
(uniform grain size) with dsg ranging from 0.11 to0 0.25 mm, fines content (particles
<45um) from 1 10 6 % by weight, and porosity ranging from 32.5 to 35.0 %. Absolute
permeability of these sands is expected to be mainly a function of porosity. Therefore, the
Kozeny-Carman formula will be evaluated to determine if it can reasonably predict
absolute permeability changes with stress induced changes in porosity.

In rich oil sands, the larger part of the pore space is occupied by bitumen which,
at an in situ temperature of 8 °C, can be considered immobile due to its high viscosity
(107 mPass). In such oil sands, any stress induced volume changes may increase the
water saturation ratio (Sy) from its initial values of 10 to 15 %. At such low water
saturations the linear serni-logarithmic relationship between effective permeability to
water and water porosity (defined as the ratio of the pore volume occupied by water to the
total specimen volume) may be applicable. Therefore Equation 2.10 will be evaluated to
determine if it can predict the increase in effective permeability to water with water
porosity increase.

A plot of kew versus Sy, will be compared with the relationship described by
Equation 2.17. When making this comparison it must be born in mind that the chan ges in
Sw occurring in this experimental program result from shearin g strains and differ from
those for which Equation 2.17 was developed. In this testing program, Sw increases
because of an increase in specimen porosity resulting from a pore volume increase
whereas Equaticlh 2.17 was obtained for Sy, decreasing from an initial value of unity as a
result of an increase in oil saturation under conditions of constant porosity. However,

different saturation cycles, imbibition in this testing and drainage in tests from which
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Equation 2.17 was developed, should not have a large influence on the water

permeability-porosity relationships as water is the wetting phase in all cases.

2.2.3 0Qil Sands Permeability Reported in Literature
2.2.3.1 Sources of Permeability Data

Formations containing bitumen originated in depositional environments which
changed from continental to shoreline and marine, with the result that the properties of
deposits vary vertically and horizontally. The oil sands deposits are cross-bedded and
often interbedded with shale laminae, or containing shale breccias, shale beds or
stringers. During geological history there was extensive loading and subsequent
unloading due to the deposition and erosion of overlying sediments or due to the
advancing and retreating of continental glaciers. Of the three principal stresses, the
horizontal stress is usually the highest to a depth of 290 m (Dusseault, 1977). At the
UTF, in the McMurray Formation, the ratio of the maximum horizontal effective stress to
vertical effective stress is about 1.5 (Harris and Graham, 1989). As a result of all these
factors, the oil sands deposits are generally nonhomogeneous and anisotropic. Their
permeability tensor forms an ellipsoid and, to describe it, three permeability values are
required measured in the three principal directions. In practice, it is not easy to determine
the principal directions of the ellipsoid; even if this is known, the laboratory
measurements give permeability for an extremely small portion of the reservoir, a
measurement which may not represent the average values within the whole reservoir.

To estimate permeability values for reservoir engineering calculations, three major
measurement techniques are utilized: wireline-log analysis, well testing, and laboratory
testing of core sampies (Ahmed et al., 1991). These various techniques give various

measurements of permeability, a fact which should be taken into account when
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permeability values found in the literature are compared. The important factors that
should be considered are measurement scale, environment, and physics. The volumes
being investigated can vary from 2.5 cm long by 2.5 =m diameter for a specimen tested in
a laboratory, through wireline-log measurements involving 0.5 m to several meters of a
well and 0.2 m 1o 0.5 m into a deposit, to a radius of investigation reaching tens to
hundreds of meters in well testing. The range of well tests covers large scale
heterogeneities; the horizontal permeability calculated from such a test is a £ross average
over a vast volume and represents total reservoir permeability under truly in situ
conditions. Wireline-log measurements provide level-by-level permeability values.
Although its accuracy of permeability prediction is often unsatisfactory, this technique
delivers an excellent relative value for comparing different layers. Laboratory core
analysis provides measurements of permeability for a particular specimen measured under
controlled laboratory conditions. The in situ conditions of pressure and temperature can
be simulated. However, it is impossible to restore the in situ density by the application of
an effective confining stress without grain crushing, which may change saturation and
permeability conditions. Two different techniques are most often applied in laboratories
to measure the permeability of oil sands: the steady state and the pressure pulse technique
(Wong et al., 1991, Kwan et al., 1986). Air or water are commonly used in absolute
permeability measurements. Air permeability is higher than liquid permeability,
necessitating correction (Klinkenberg effect).

Table 2.1 presents measurement techniques and factors affecting permeability

estimation.
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2.2.3.2 Reported Oil Sands Permeabilities

Some published data on the permeability of Athabasca and Cold Lake oil sands,
measured with different techniques, are presented in Table 2.2. The lowest reported
effective permeability to water of the Athabasca oil sands is 10-5 pm2 (Wong =t al.,
1991). This permeability was measured on an exceptionally well-preserved core. Minimal
sample disturbance took place probably because of the low dissolved gas content in the
borehole. The sample water saturation was 13 % and porosity about 37 %. It can be
calculated that the water content, expressed as a percentage of the total mass, was 2.4 %.
Because lower in situ porosities are relatively common, even lower water saturations can
be encountered in oil sands. This indicates that smaller in situ permeabilities of rich oil
sands can also be expected. However, this is not confirmed by well tests, which give
permeability values about two orders of magnitude larger, 10-3 um2 (Leshchyshyn and
Sayer, 1990; Hackbarth and Nastasa, 1979). The differences between permeabilities
measured with these two techniques arise from differences in measurement scale and
physics. During well tests, flow is in the horizontal direction, in which permeability is
usually higher than in the vertical direction. Well tests measure the permeability of large
volume deposits, which are nonhomogeneous and contain layers more pervious to water,

The reported absolute permeability values range from 1 um? to 5 um?; however,
in some cases, the absolute permeability was as low as 0.06 um2. Low absolute

permeabilities are associated with larger fines content in tested samples.

2.2.4 Factors Affecting Laboratory Measurements of Permeability

The permeability of soil depends on many factors. We can divide these factors
into those related to the properties of an individual soil and those related to the

experimental method applied in the laboratory. The following factors belong to the first
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group: particle size, fines content, void ratio, composition (especially clay content and
type), fabric, and degree of saturation (Lambe and Whitman, 1979). In the second group
we can include: flow velocity, type and chemical composition of the fluid, applied
stresses, and the effects of core handling and preservation. If the effective permeability is
measured, other important factors, such as wettability of soil grains, saturation history,
temperature, interfacial tension and fluid density, can affect obtained permeability values
(Hycal, 1990). The influence of all these factors on permeability has been broadly
investigated and discussed. Some findings pertaining to this experimental project will be
briefly presented.

Darcy's law, as expressed by Equation 2.1, is valid only for laminar flow, so that
flow rate cannot exceed some critical value. For soils, this critical flow rate takes place
when Reynold's number reaches a value between 1 and 10. There is another reason to
limit flow velocity. Several researchers (Coskuner, 1988; Gruesbeck and Collins, 1982;
Gabriel and Inamdar, 1983) have illustrated that there is a critical flov. velocity at which
physical fines migration occurs. Concentration of fines in pore throats can restrict flow
through a soil (Muecke, 1979). Excessive flow rates and pressure gradients can also
affect the effective permeability by disturbing the interface positions between different
fluids (fingering) through local perturbations in fluid velocity (Hycal, 1990). The flow
rate also has an influence on the "end effects”, i.e. nonuniform distribution of saturation
in 2 tested specimen. At the :nd of the specimen, water saturation tends to be higher than
deeper in the specimen (Batycky et al., 1981). In the latter case, higher row} sates are
advantageous, as they reduce the end effect.

Proper core handling and preservation is extremely important when oil sand
properties are to be tested. Unconsolidated oil sands are highly susceptible to expansion
as the result of pore pressure and stress relief during sampling. Dissolved gasses in pore

fluids start to evolve causing expansion of the core. The best method utilized thus far to
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prevent this damage is freezing of the core, contained in a plastic liner, as soon as it is
taken out of the core barrel. The freezing of the core limits its disturbance by increasing
the solubility of the gas contained in bitumen and pore water, increasing the bitumen
viscosity to a very high value, and providing a tensile resistance to expansion by frozen
pore water (McKay, 1989). However the freezing of the oil sand core can also have
negative effects, such as altering grain structure and clay structure due to the expansion of
water as it freezes (Torsaeter and Beldring, 1987); it can also enhance the physical
adsorption of heavy oil components making samples more oil-wet than they actually are
(Hycal, 1990).

Saturation history affects the effective permeability because permeability is not a
simple function of saturation but also depends on whether saturation is approached from
a higher or a lower value (relative permeability hysteresis). Hysteresis in oil-water
systems is more pronounced in the non wetting phase than in the wetting phase (Hycal,
1990).

The type of fluid involved can influence permeability results. Absolute
permeability is independent of fluid viscosity and density but can be affected by polarity
(Wei et al., 1986; Lambe and Whitman, 1979, p- 289). It was found that permeability
decreased with increasing liquid polarity. The mobility of the fluid immediately adjacent
to the soil particles depends on the polarity of the pore fluid (Lambe and Whitman,
1979). Wei et al. views the dispersion of fine particles, as the result of fluid polarity, as a
main reason for the permeability decrease mentioned above.

Many researchers have noted the influence on permeability of non-equilibrium
brines used as a permeant (Nasr-El-Din clt al., 1991; Coskuner and Mzini, 1988; Kwan et
al., 1988). Generally, when fresh water followed brine in cores which were susceptible
to permeability damage, a considerable decrease in permeability resulted. The same

occurred when salt concentration dropped below a critical value (CSC - Critical Salt
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Concentration). The CSC was found to be a function of the initial salt concentration, the
charge or valency of a cation, type of the monovalent cation, and temﬁerature. The CSC
was found to decrease with decreasing temperature. The permeability damage was
attributed to fines migration, which is enhanced by the deflocculation or alteration of clay
structures when fluids are injected which are chemically incompatible with the existin g
connate water. Al oil sands contain some amount of fines (particles smaller than 45 pm)
and clay minerals, although this amount can vary from place to place within a reservoir.
Two different types of clay found in oil sands can be distinguished: detritial and
authigenic (Coskuner and Maini, 1988). The detritial clays, which are immobile,
originated outside the sand deposits and now form part of its structure. The authigenic
clay minerals are distributed in a different way within the sand matrix. They occur as pore
lining, pore fillings, or can be deposited at pore throats. The authigenic clays are free to
expand or move without disaggregating the soil structure. The authigenic clays can be
further divided into expanding and nonexpanding types. The most common
nonexpanding clays are kaolinite, illite and chlorite. The expanding clays can be
represented by smectite, which swells upon contact with an incompatible fluid. The
expanding clays are not present in large amounts in oil sands; hence pcf.mcability damage
is attributed mainly to the movement of nonexpanding clays and other fine particles
(Coskuner and Maini, 1988; Cerda et al. 1988). Under natural conditions, clziy minerals
are in an agglomerated or flocculated state. Permeability reduction follows two steps.
First, deflocculation, dispersion, and entrainment of particies into the fluid stream take
place, following by deposition in pore throats and plugging (Nasr-El-Dim et al., 1990).
The entrainment and deposition of clay minerals and other fine partici«:s present in pores
dupend on their distribution and location within the pores, the amount of fines present,

the size and shape of grains, and the fluid flow velocity (Selby et al., 1988).
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Other factors that can influence fines migration and permeability impairment
during laboratory tests are extraction processes and sample preparation. Repacked Cold
Lake oil sands samples (regardless of whether the bitumen was extracted prior to or after
mounting and packing the sample) exhibited much lower initial absolute permeabilities
and displayed larger permeability reductions with fresh water injection (Kwan et al.,
1988). In comparison, the absolute permeability of the preserved core was not
significantly affected when brine was replaced with water.

"The degree of permeability damage is also related to the value of the initial
absolute permeability of a soil. Sand with higher permeability is less susceptible to
damage (Coskuner and Maini, 1988).

It was also found that nonextracted cores are not sensitive to the sequence of brine
and water flow (Coskuner and Maini, 1988). In tests performed on Berea sandstones
(Mungan, 1965), the rock was saturated with crude oil to the point of irreducible water
saturation (water-wet rock), after which the oil was displaced with brine to the point of
residual oil; under these conditions, permeability was not affected when the flow was
changed to distilled water. It was concluded that the mere presence of residual oil can
prevent permeability reduction by fresh water flow. The reported experiments also
indicate that, with gradual and continuous decreases in sodium chloride concentration,

even a core as sensitive as that of Berea sandstone was not damaged.

2,25 Effect of Isotropic and Anisotropic Stress Changes on Oil Sands

Porosity and Permeability

The major objective of this research was to investigate the influence of stress
changes on the permeability of oil sands. Therefore, findings on this topic require

separate discussion,
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Oil sands subject to decreasing hydrostatic stresses, or distorted by shearing
stresses at confining effective stresses remaining below some critical value, increase in
volume. The critical value of the confining effective stress depends on grain mineralogy
and sand density. It is intuitively understood that volumetric changes affect permeability,
and that the effective permeability to water will be affected to a higher degree than
absolute permeability as volume change results in a change in volume of water but not in
volume of bitumen.

Field observations performed during high-pressure fluid injection operations
confirmed that substantial volumetric changes take place within a reservoir. Bitumen
recovery techniques depending on the injection of pressurized steam or hot water into
deposits alter in situ stress conditions. At the surface, changes that occur within the
reservoir manifest themselves as surface heave (Hassan, 1990; Smith, 1990; Gronseth,
1990). Some recompaction was okserved after pressure had been released, but, for the
most part, deformations were irrecoverable. The uplifts measured at Cold Lakc were
much Jarger than could be explained by thermal expansion or tensile fracturing of the
formation. The steam injectivity was also larger then might be expected, based on in situ
reservoir properties (Beattie et al., 1989). The irrecoverable volumetric strains proved
that shéar deformations and dilation of oil sands took place in the reservoir. Only after
taking into account these irrecoverable deformations was Beattie able to suécessfully
reproduce, in his mathematical model, the observed steam-injection pressures and rates.

Extensive data on oil sands behavior during in situ recovery processes was
gathered at the Phase A Pilot AOSTRA Underground Test Facility. The UTF was
developed to test steam-assisted gravity drainage techniques with horizontal wells drilled
from tunnels situated beneath the oil sands deposit. Extensive instrumentation was
installed capable of measuring the distribution of temperature, pore pressure, and

horizontal and vertical deformations (Laing et al., 1988; Scott et al.,, 1991b). Data



27

analysis indicated limited possibilities of oil sands expansion in the horizontal direction,
due to the relatively high stifiness of the deposit. On the other hand, vertical deformations
were much higher than could be calculated only on the basis of oil sands thermal
expansion (Scott et al., 1992). It was concluded that vertical deformations were caused
by shear strains resulting from a large increase in horizontal total stresses and a decrease
in effective vertical stresses due to increased pore preséﬁre.

While oil sands volumetric changes associated with in situ bitumen extraction
operations are recognized and their influence on permeability appreciated, there is still
insufficient knowledge about how to quantitatively relate these volumetric changes to
permeability changes. Researchers pointed to the need for more experimental work
(Settari et al., 1990; Beattie et al., 1989).

Experimental work performed on sand grouted With silicate grout showed that a
significant permeability increase (two orders of magnitude) occurred as a result of triaxial
compression at relatively low confining stresses (0.5 MPa). An increase in permeability
-;:;}'a-s also observed in the case of loose sands when no dilation took place (Mori and
Tamura, 1986). The experiments showed that permeability enhancement cun also take
place due to flow channels which develop during shear deformations, without an increase
in soil volume. Since oil sands can dilate during shear, this will produce additional
permeability enhancement (Dusseault and Rothenburg, 1988). Dusseault et al. predicted
that an increase in porosity from 29-30 % to 35-36 % would result in an absolute
perméability increase of 50 % and a 12-fold increase in effective permeability to water.
They concluded that’effective permeability to water, measured in a laboratory on
disturbed specimens (35-36 % porosity), could be two orders of magnitude higher than
t};c permeability of oil sands in situ. Tests performed in a triaxial cell on preserved
Athabasca oil sand cores, using the pressure pulse-decay method (Wong et al., 1991)

showed that 1 % shear dilation can increase the effective permeability to water 50 times.
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despite the fact that shear deformation was localized in a shear band 4-6 mm thick
inclined at 70°. The same study investigated changes in effective permeability to water
with changes in effective isotropic stress. The effective permeability to water increased 18
times, from 0.01+10-3 pm? to 0.1810-3 pm2, with a decrease in effective confining
stress from 2.1 MPa 10 0.4 MPa. The absolute permeability, for the same range of
stresses, increased from 0.87 pum? to 1.68 um?, i. e., by 70 %. Agar (1984)
demonstrated a decrease in absolute permeability from 4.1 pm? to 2.3 pm2, with an
increase of effective confining stresses from 2 MPa to 18 MPa. Absolute permeability
then increased to 2.6 um?2 during unloading to 2 MPa. Other tests performed on Cold
Lake oil sands showed a decrease in absolute permeability, from about 1.9 um? to 1.6
um?, for an increase in effective confining stress from 1.4 MPa to 12.4 MPa (Nasr-El-
Din, 1991). The change in permeability during isotropic unloading generally follows the
trend in volume or compressibility changes which are more pronounced at lower
confining stresses.

Numerous studies performed on other sands investigated the influence of
isotropic stress changes on absolute permeability (Aggour et al., 1989; Gobran, 1981;
Zoback, 1975) and granular rocks (Rhett and Teufel, 1992; Wei et al., 1986). All of
these studies confirmed the marked reduction in absolute permeability with an increase in
confining effective stresses, as well as the increase in permeability with unloading. The
influence of isotropic stresses on effective permeability to water was not so widely
studied; however, it seems very likely that changes in porosity and alterations in internal
flow geometry, brought about by isotropic stresses, can have an even larger influence on
effective permeability than on absolute permeability.

Tests investigating the influence of shear stresses on permeability were mostly
performed on consolidated rocks (Rhett and Teufel, 1992; Holt, 1990; Morita et al.,

1984). The triaxial failure tests on Berea sandstone showed that permeability decreased
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inidally during axial loading but increased close to failure, as the result of dilation of the
rock (Morita et al., 1984). Tests on Red Widmoor sandstone (North Sea) showed
permeability reduction during axial loading in the triaxial cell. Other interesting laboratory
measurements, performed on two types of North Sea sandstcne, demonstrated that
compressibility and permeability are highly stress-path dependent (Rhett and Teufel,
1992). Triaxial compression tests were carried out with pore pressure (u) and cell
pressure (03) decreased in such a way that a constant ratio of stress changes (K') was
maintained (K'=(¢3-u)/(03-u)). Under nonhydrostatic loading, in which K' was lower
than 0.5, permeability increased with increasing effective stress. The increase in
permeability was gre.éter for stress paths that followed a lower stress ratio. Dilation of
rock specimens during these tests was found to be negligible.

The permeability changes of rock specimens are associated with changes in
porosity but can also be influenced by microcracking, which does not have to be reflected
in specimen total volume changes. In the case of granular soils, pore volume changes
(contraction or dilation) have the principal influence on permeability. Whether sand
dilates during shear depends on the strength of its grain material, its density, structure
(very pronounced in the case of the Athabasca oil sands), and the effective confining

stress magnitude.

2.3  Summary

1. Oil sands are a nonhomogeneous and anisotropic geotechnical material. They are
generally composed of uncemented quartz sands with associated shales occurring
in different forms: beds, stringers, layers, laminations, lenses, breccias, or

separate shale fragments of different sizes.
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2. Oil sands grains are water-wet and oil sands pores are filled with varying
proportions of bitumen and formation brines. Recovered cores also contain gas,
which has evolved from water and bitumen. The volume of pores filled with gas
is an indication of the degree of sample distarbance. The in situ porosity of rich

oil sands varies from 30 % to 35 % and oil saturation is up to 18 % by weight.

3. Oil sands geotechnical properties (high strength and dilation during shear) are

influenced by their specific, interpenetrative fabric.

4. The in sitn effective permeability to water of rich oil sands can be of the order of
105 um? or even lower. The absolute permeability of Athabasca and Cold Lake

oil sands azsumes values of the order of 1- 5 pm?2.

5. Core disturbance during recovery, storage, and spesimen preparation can

significantly alter the effective permeability to water.

6. The absolute permeability can sharply decrease when flow is changed from brine
to fresh water. The permeability change depends on the rate of change in NaCl
concentration. The sensitivity of a core to salt concentration changes can differ
from field to field and must be checked every time a core from a new place is
tested. The effective permeability to water of bitumen-rich oil sands is probably

not significantly sensitive to the sequence of brine and water flow.

7. The unloading of rocks and sands through a decrease in isotropic effective stress

causes elastic volume increase and permeability enhzncement.

8. Shear stresses cause distortion and dilation of oil sand specimens if confining
effective stresses remain below some critical value. This dilation is reflected in an

increase in permeability,



5.

10.

31

In some instances (grouted sands (Mori and Tamura, 1986), some sandstones
from North Sea (Rhett and Teufel, 1992}), anisotropic loading or unloading

caused permeability enhancernent without an increase in total volume.

Factors that should be taken into account during permeability tests on oil sands in
a laboratory include: technique of specimen preparation, flow rate, sensitivity to
fluid salinity, specimen full saturation, specimen reconsolidation, and titumen

mobility.



ol

‘(1661) 1 18 pawlyy Jaye paluasasd st 8iqE] SI Ul PAUEIUCY E1E(] TOlON
"1aujoue o} oads auo woly
Aea ues “wiad) ‘wio) snoau| -(Aposasos pe) powns AB2aq-asing
eBossiay u 1l seig ues saz1s|  -ejnwis AjBIE) palojuoil 8J8 S3IBJ MO} PUE 2Jnssaid B{iym
uapeds ews ‘aunssasd}  s1 uoneINIES) 1gjem i paoe|dsip st uawads INES IO anbjuysey uewsass|ds|g
Lejides sy uey JojeWS paje|nwis aq uogeINEs JAlEM palisap 8yl UIEIUBW 0] amMIe|ay
aq o) sey esjnd sinssalg| ued sUOHIPUOD uopiodoid uy Jayiebo) Bumoy Jaiem pue IO snbiuyos] aleig-Apeaig| pue aanosy3
OEIEENEE] ainjeladwa)l Alpgeaunad 10} pazAeue pue
sannbas Ayqeeunad pue asnsseid| (ajeas Bnid a0z paiNseaW S| JO|jB) JUBISUBN 3INSSald poyiayy Aesaq-es|ngd
I CwNIpaw pinfj eyl se|  nis 1o juaiq |BUONUBALGCS) vonenba
pPoasn B8q UBD JBIEM JO siy| -We piepuels ojdoosooep Aoreq yum paignajes Aljqeaad anbiuyoa] alelg-Apealg amnjosqy| sisdjeuy si0n
‘uonjoses tooj-Ag {uonebBnsaaul jo Bupsay souasapaiul |lemnmu‘bunse; souss
-100] S%9E{ 1} Inq INCIABYDq BOJER 159]-|joMm -a5a)ul [eaaa 'Buiise) Joaasa) paiadetl  senbiuydd) 159) PSOUBARY
MO]] lIDAIBSEI [BJO} FIUSS Aq pejuasasda a1es dajs Jo ajbuis Buiajoau)
-eJdes puUB BwNjoA 1SBA JBAD a[eos [euoibai Jo dnpjing pue umopmelp ainssaid oissein Bunse| eUOHUBAUOY)
obeioae $5016 £ 5) pojenoEd suoillpuoa| uonewloj |e10)) (dvy.l) bunss) ainsseid-juajsuesn pue sies
Aijiqeowsed |ElUGZHOM ns U Ajnag oidoosebin]  -usisues pue Bunsel 35NN 1SA Buinoau) Buyse| wia) poysg eAnve)g| Bunsal om
|oc] 10158] UOREWO) oyl UM spInj
LONBUIG) O JUBWSINSESW 8L|)/8INssald SjuswsINSEsW 144 BAI10BY)]
uoIsBAU| sj00] buibbo} ansnoxae Aq Alocjaa eaem uolsiadsig pue
aleay Asjpuolg yim Ajiqeswiad jo uonejauon| UORBRUGHY SABAA-AB[RUCIS
pnw o] Suimo joo; buibbo) [eanuayaoeb ey Aq
uojeInies SUONEALBIUGD [BISUNL (O HBLWIIST siuaWaINSeap |10
‘sauoz pue siake||  ping NoAasesal {sjepow uogne| Bo) wspaubew Jeapnu syl yum
usemjaq Bune(saioo jo uopdaoxa| -nwis Ul SYa0|q pinjj uonewio) ejgionpo.d jo Juswenseay SUBWAINSES TWN
10] aNjBA BANE|BI] B YUM SUDH -pub jo BpEds) EaJe 8oBNNS pue Ajisoicd Liim sishjeuy
1UB|[8X@ UB S|USSel -Ipuoa NS uj aidoosebapy Amjigeawnad Jo uonejauos [eauidwy suofneeMos Jeandwg ainjosqy) Doq-aulenp
$9ISIY4 pUe anbiuyda],
SIUBWILIOD [EtusLILoALT sleas UongIIosa(] peulapy Juswainseay | Aljigesunad | luswainsespy

uonewnsy ANHgeaunad jo S80S SNOUEA

1'g 9|qel




33

‘@eaws a8y} Jo

Bujjoms Buisnes o) anp
Apveoubis Appgqeewaad
pafiewep Jelem peziucleg

%) Jedspled ‘% 2 zenD '% L Al

o g2 slulloBY '% $9 BlIBWS

rwil g uey) J9jEWS B Glim Sauld
% b 8luolyd
% € A

% 8 ejjory she|)

% £¢ Jedspield

% 25§ Z1EenY

‘paloa(u) sawnjoa axod 081 10)
Zumi /g o] 4 woy

-uved ur eseelcep [enpesb pasneo
Jajem paziuclap B Jo uojoally
‘Aqeswsed uo oeje
ueayubls ou pey 10N %L Jo

{saoey) |uoy2
%l 2
% £ 8IUcloey SAB|D
% § Jedspled

Wi - 01.09
‘uoleinjes Jojrm DlJEUUO)D
18 1o [elauiW O 8All08))3

pIaly e JIop

BdW 221 Ol BdW 8€° L wolj
o ui abueyo Joy zwigy

uiwqw g'g/ o} dn sajes mojd °ntg zHenD | elels Apeels, ZWil §°| woy ebueysn pley ueseIy-exe] boig 1664 B 12
'S8103 pejoeixe panisstld ruonisodwod |essulpy 5|58} "qen 1eInjosqy SPUES |I0 eMET PIoD uq-|3-1sey
"o 0L Jo 8lbuE paulpLl U 1B YoM 2dW 901=Fo weisuos e %)
wi g - ¢ jo pueq Jseays e Guoje §88N5 JeaYs yum Lwil o 01,25°0
peleso| suoljellojsp Jeaysg % 66°98 :UoljEINjES HAWN)G 0} zw 01,500 woy abueyy
% 10°Cl TUCIBIMES ISIBM BdW 8E°Q O BdiN BO'Z Wo)
% 6998 {edw £0=50 |B)Alsolog | Aeoap-asind ebueys o o 2w 01,840
cwby gozro2 ainssaud, o zwil ¢ 01.10°0 woy abueyp
B4 OFL- 0/ 10 sasind ainssaly :(Bo) uvonnau} Asuag isa1'gen 1IBJEM O] 8AlD3)13 w 5pL-02 yldep woi 8102
cw/bs 1y0'Z 2dY 081 o1 BJW 80°Z wey Fo ALnpOW Uo4 10 yliou
{edw ©0=.%0 12) fisusqg alel moy) abueys Joj Fwt -4g'| o} ALY O} 8BNS Ly 85ea} OIS0
cuyby sEo'2 jue3uog, NE: /8 0 woy sbueyn ucnewiod Aeunpon L1665
800 pamnasesd ||am uo S1S8) :{pasanodas aiod) Aysuag 1s8} 'ge :ejnjosqy 'SpUES |I0 BOSEQELY “1e 1o Buop
YoNRI0] 159)
SIAWIL0D salliadoig pueg po paloday | anbuyosey 1sa) anjea Alqesuned pajoday lIBM JO 210D JO 3N0G 1oyIny

SPUES [I0 EBMeQlY Joj 8JMEIalT 8y} Ul papoday BIEQ Aljigeswssd 22 9I9EL




34

‘55Ut

ssans Buiuyuos eanaeye

Byl Se S3SE80ap (JUBLBAOLL
sawy Bunoaje) Anosopa jeanus

mEn ¢ - z Aupgeauuad

#njosqe spues o abelaay

DOobe @injesadwa) Joasesal

1B 5,B4w g0t AlSOISIA IO

5, £ Alsosod ueonewso) aberaay
%l Jedspla) ‘% Zialujoey

piey yblagpui
‘uofewiog

‘pioy paealul auy jo % Z ol '% S8 zuenp | ejels Apeals, w0 - 290°0 spidey puero samo | gE6t IMIEW
Allujes ayl €l 8ANISUaS 8J07D 13109 Jo uoisodwo) sisal'qe 1anjosqy 'SpUBS 10 éyeT plon | pue JeunyseD
“Jalem Usal} AqQ pajaajje Ajues
-jluBis jou st 8402 pamrasaid
syl jo Aygeewsad ainjosqy
‘abewep Apgeeunad (sau0o pajoenxa pue payoedal)
peonpul JBJEM \Salj ©lBAes Of NEn Lg'0 - 90°0
alqndaasns suewideds payoeday {saico pajsesxa pue
1d 3§2BQ B4 8E°| PUB SSaUISTjuod on Ol luBUOD Saud | 3lels Apeals, pantesaid) il g - | uojjeunIod 19jemiealnd 16861
[B10} B4y €0} 1B UO paiued sisel % g} lusuos uswnjig s|sergen :ajnjosqy 'SpUes [0 eyeT PIOD '|B 18 UBMY
AN_.E._ &G o] |ews ‘A wod) abuen)
‘seliqeawsad peapep Goj u; % §'gg Ansolod g ¢t 3 Hun-
uile} B eaey sicyjne eyj (zur g'g o1 WS A woy ebuel)
Spun Jsljeys eyl ul moj o} %, g'g2 Alsoiod Wi o g mnn-
Algeqoid ese sanjea Ausolod s Jin
‘siujod jo Jaqunu ebiej g jo sab uoilewloq ABLNWOW 6861 e 19
<BJIGAE DIjOWYIJE BJE SEN[BA Byl sboj e :ajnjosqy spues [i0 BISEQEYY | 185S5njuatioy
$i59) "qe zwi g o1.{0's-0°0}
L E
s.ed ool Anscosia uawnng [ eiep awn erer, zwi e 0L.1'S
Dp 91- § sinjesadwel HoA1esaY | plep ewy Apee gwt m.o—.ﬁovﬁ-hol
"SISO} [enpippUl UBL) °% 0g uoneinies jio abeiaay |,  :1s8} ssaus edwz ainssaid soalesey
SAISNOUOD BIOW BB SPUES |0 % §1-8 1u8juad uswnng ajes ybiy, w goe yidep ‘josfoid
Algeaunad mo| eyl Ul sisal jo zurl gL "unad eynjosqy | eres jueisuod, NE__ m-o_..ﬁmm.o-hw.ov auoisbuibuay rFaA0d 1B | 0661
uo||euIqIOS WOl Sinsay % €& Allsoiod peay bBumes, zwil p.0.LY) uollewlo ARunpow ‘1afog pue
J8|eM BUI|ES PINj 158 :pues o jo saedosd jeoidh) 1SIS8) JlaMm reAll0ay3 ‘spueg 10 easeqeuly | uAysAyoyse




35

1891 |90 [RIXR Ul $59.08 SUTUITu0d 9AN23yJa - Lo 910N
(zwr | ot ¢.01 :obues) 661
s1Sa] |1I9M wE: 10'0 afeiany ‘BseiSEN pue
uslem of aandajy SpuEs (|0 BOSEORUlY YuUEQYoEH
esea paywr
w51 BpEUBD $80JN052H OS53 [EB6L
sisal ‘qen :ejnjosqy SpuES |10 8%Ee7 pio) ‘PUB|UIRY
5,8dW g0l.g Asoasia 1o
% 86 -18 UCIBINES USWNQ edit £ =0 18wt ¢ 0L.(Z1-6)
pues |0 paaiesald ‘BANDEYT
BdW Z - 81 o8bue: ssals 1aro
w252 ol £2'2 woy ebueysn
9% cg Anusosod edi 81- 2 obuel ssauls Jaro
uawioads |E)U) Wi £2'2 o) L'y woy abueyn
'‘PUBS |10 pajCEI|X8 PIAIBSII] (s1581 lanjosay
o% L£ Alsood pue 18)awopan)
guyby 2971 Aususp Aip o) alel
13|EM Jalewapljosuod u) pajoedwodal § moj) 1UeISLOD, Bdi £ = o 1e juroe uonjeunod Aeunpyop
pIny) 1saL PUES |10 PB|EPI|CSUOS8S PBLoBAIXT s1sa]'qen iaInjosgy SPUES |10 BISEQRYIY tvegL 'Jeby
zulaso
a)els Apeals, iaInjosqy
13[EM pPO)EIOBBD 5,BdWl 09666 ALSOSSIA UBWINg Aeoap-asind zwil £g0
POIIISIP PUB uaLN]|q exeT PIoD % L8 UonBIMES {IO ainssasd, IDq Z2°6L=1 'UCHBINES IB|EM 9861
paosnpoid palsiemep SpIny IS8l %% 2 1§ Ausoiod @109 51531'qe 3|qQI2Npay Je |10 0] 8Al08)i3 SPDUBS |10 84E7 PioD e 18 uemy




36

AZojoy]
UOHRULIO]
8y

w ‘yidaqg

w ‘uoneAIq

g S % S
dm M ° 2 c Soe
5% — m = 4E QoG
~ ] v O w 38 =0 =
Q.2 o w 52520 = 3.
2% |5igf| s¥gEzizgs[e
i 2852 .nmvm.mwm&w.m,
1up) M o A &2 =l O
=} i S o
S S g 3 2 e
r% & 2 =
A N & ™
HIH:
; i
3 HHHH
3 glighgly
mmw\,w”m $9[RYS pue Spues SO[RYS SULIBW Eﬁwo%_.wwﬂ_w suosaun]
U209y UONBULIO UONBULIO] ._R_Eos_ﬁ :oumzconm uoneulo.g
ys191d spidey puein IjemIpa))  MEOSIEA | AenmAD | sAemIaem
‘AIeul UBIUOA(]
snoaoejal) Jodd $N0ADBIAI)) IOMO :
-arend) J {1 J 1 Joddn
n 2 SHE 8
— e —
N oo 00 2] % )

Figure 2.1 Geology of Athabasca Qil Sands at UTF Site (Phase A)
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Chapter 3. ABSOLUTE PERMEABILITY OF ATHABASCA
MCMURRAY FORMATION OIL SANDS

3.1 Introduction

Permeability is an important parameter in reservoir engineering analysis,
Understanding the influence that bitumen recovery processes have on permeability is
necessary to obtain reasonably accurate predictions of bitumen production rates. The
influence of oil sands compressibility on permeability is better understood and generally
applied in reservoir simulation calculations. Other aspects of the geomechanical behavior
of unconsolidated sands, such as shear dilation and irrecoverable strains and their impact
on permeability, have only recently attracted the attention of reservoir engineers (Tortike
and Farouq Ali, 1991).

This chapter discusses results of laboratory experiments investigating the
influence of variations in the state of stress on volume change and absolute permeability.
Tests were performed with a triaxial cell on specimens of reconstituted bitumen-free oil
sands. Isotropic stress as well as shear stress conditions were investigated.

The series of tests denoted PI was carried out by the author of this thesis. The
remaining series, denoted Sn-D, Ss-D, PI-D, were performed by Adhikary (1991), who

worked on the same testing program.
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3.2 Experimental Program
3.2.1 Test Conditions and Stress Paths

Injection of steam or water into petroleum reservoirs during bitumen recovery
processes alters the existing in situ state of stress. The oil sands matrix response 1o
increased pore pressure depends on the character of the initial existing stresses. In the
case of isotropic stresses, pore pressure injection causes a decrease of the effective
isotropic stresses and the formation expands by reason of elastic unloading. If the stress
field within a reservoir is anisotropic, with higher horizontal stresses than vertical, as at
the UTF site, the pore pressure increase causes a reduction in all principal effective
stresses by the same amount which results in shear deformations. As the Athabasca
McMurray Formation oil sands dilate during shear an increase in porosity will take place.

This model of stress changes was used to design stress paths for the experimental
program. It does not take into account thermal expansion of the sand matrix or consider
the resistance of the surrounding formation to local volume changes. These factors will
also result in stress changes within a reservoir but they can only alter the sequence or rate
of change of the three principal stresses.

Figure 3.1 shows the stress paths followed in this experimental study in the p'- g

stress field. The p' and q stand for:

p'= (0,+ 0,+ 0;)/3 - mean principal effective stress
g=0;—0;=0,- 0, - deviatoric stress
Oy, Gy, O3 - principal total stresses

0’1, G, 6'3 - principal effective stresses

In a triaxial cell both of the principal horizontal stresses are assumed to be the same and

equal to the cell pressure (0,=63=0y=p). The vertical siress 6, (0y) is equal to the sum of
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the cell pressure (confining pressure) and the deviatoric stress. The isotropic unloading,

stress path Ay, was accomplished by increasing the pore pressure (back pressure) in
steps and keeping the cell pressure at a constant value. The deviatoric stress remained
equal to zero. During anisotropic unloading, stress path Fy, the deviatoric stress was set
at a predetermined value, kept constant during the test, and the pore pressure was
increased in steps until the specimen failed. Compression shear tests (stress path B) are

the most common laboratory triaxial test. The two types of compression shear tests,

denoted Be and Bg, differed from each other only in the manner of strain control. During
Be tests, specimens were sheared with a constant strain rate. During B tests, vertical
stresses were increased in steps, 5o that axial strains also changed in steps. An additional
stress was applied when the axial strain became constant.

All tests were carried out at room temperature, 22 °C. Additional data on test

conditions are contained in the subsection devoted to test procedures.

3.2.2 Grain Size of Sand Specimens

The grain size distribution, fines content, grain shape and texture are factors that,
amongst others, affect permeability and can be controlled in a laboratory. Tu eliminate
natural differences that would appear if specimens were taken from a core, all specimens
(except specimens PI) were made from one batch of extracted oil sands.

Sand from the Athabasca McMurray Formation deposits was used to prepare
specimens for testing. A sample of extracted sand was sieved to obtain several fractions
of grain sizes. These fractions were then mixed in such proportion to prepare a sand
sample with a grain size distribution considered to be "typical" for the McMurray

Formation sand. Results of grain size analyses performed after triaxial tests are shown in
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Figures 3.2 and 3.3. The grain size distributions of PI specimens slightly differ from

others since the sand sample for making PI specimens was prepared separately.

3.3 Equipment

A conventional high pressure triaxial cell was used to measure the permeability of
oil sands under changing stress conditions. The triaxial cell and auxiliary equipment
allow for controlling cell pressure and pore pressure and increasing the vertical load
(deviatoric stress) on a specimen. Different stress paths were achieved by changing the
cell pressure, vertical load, or pore pressure in a predetermined manner. The cell pressure
and back pressure could only be changed manually by means of regulator relief valves. In
practice they were changed in steps. The minimal range of the pressure change was
determined by the regulators’ capability for controlling pressure changes and setting
pressure at a predetermined value. The vertical load was controlled in two ways. When
the Bellofram load frame was used to apply deviatoric stress, the vertical load was
changed manually in steps. When a constant strain rate loading frame was used, the load
was changed continuously. Figure 3.4 shows a schematic layout of the test facility. It
includes the following major components: triaxial cell, load frame, back and cell pressure

systems, flow system, electronic measuring devices and data-logging system.

3.3.1 Triaxial Cell and Load Frames

A Wykeham-Farrance WF40020 high pressure triaxial cell was selected for this
test program. The cell was designed for cell pressures up to 14 MPa. The Wykeham-
Farrance constant shear strain rate, electric motor driven load frame was used for strain-

controlled tests. It can supply shear strain rates from 6.25 mm/min to 0.0008 mm/min.
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The maximum load capacity is 440 kN. Another load frame, with a Bellofram air
diaphragm cylinder, was used for stress-controlled tests. The load is applied by

compressed air.

3.3.2 Pressure Systems

Pressure systems used to apply cell pressure, pore pressure, and vertical loads
(with tne Bellofram load frame) are schematically shown in Figure 3.4, The pressure
systems contain a series of "Dynareg"” regulator relief valves driven by a nitrogen booster
pump. A éompressed alr system drives the nitrogen booster pump and also feeds the
Bellofram. Nitrogen for the system is supplied from a nitrogen bottle. Two nitrogen over
water accumulators and two "Ennis Measuring Accumulators” (EMA) were used for
maintaining pressures, dampcning pre.ssure spikes, and allowing changes from the gas
system to a water system. The EMA is provided with a piston that separates the nitrogen
from the water. The piston is connected to a Linear Variable Differential Transformer
(LVDT) which measures displacement of the piston and can indicate the amount of water
flowing in or out of the EMA. One of the Ennis Measuring Accumulators was used to

maintain cell pressure and to monitor specimen volumetric changes.

3.3.3 Flow System

A constant flow rate of water was maintained and the pressure drop across the
specimen was monitored during permeability tests. A LC-5000 syringe pump was used.
The pump is designed for applications requiring precise, pulse free delivery of liquids. It
has the capability of giving flow rates from 0.06 ml/hr to 400 ml/hr and working under

pressures up to 25.5 MPa. The syringe pump was connected to a port in the triaxial cell
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base pedestal that accesses the specimen from the bottom. Water was drained to one of

the accumulators through a top cap. The back pressure (pore pressure) in the specimen

was maintained by setting a required pressure in this accumulator. Fresh water was used

as a permeant.

3.3.4 Electronic Instrumentation and Data Acquisition System

The cell pressure and back pressure (downstream and upstream) were measured
by three strain gauge pressure transducers designed for pressures ranging from 0 to 7
MPa. Axial deformations of specimens were measured by means of an LVDT that was
fastened to the triaxial cell load piston. The applizd vertical load was measured with a
22 kN capacity strain gauge load cell placed between the cell piston and the load frame.
The water pressure drop across the specimen was monitored by means of a Validyne
differential pressure transducer that could measure pressures over a wide range by
inserting a diaphragm with an appropriate capacity.

Excitation voltages for the electronic instruments were supplied by a signal
conditioner. The output voltage signals from the instruments were received by the signal
conditioner and sent to a data acquisition system. A "HP-3497A Data Acquisition Control
Unit" was used for scanning transducers and sending the signals to a Macintosh IIx
desktop computer where data were stored, processed, and displayed on screen during

tests. The "Lab View" program was used for data processing.
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3.3.5 Instrument Calibration and Compliance Testing

Calibrations of all instruments and compliance t:sting were completed prior to
conducting tests. In addifion, calibration checks were carried out periodically and the
compliance testing was repeated after any element of the triaxial system was changed.

The purpose of the compliance measurements was to isolate apparatus
deformations, stresses, and system pressure loss, which were included with external
measurements of specimen behavior (e.g., cell and tubing pressure expansions, piston
friction, system differentiz’ pressure loss). Special attention was directed to finding
proper relationships between cell pressure and cell volume since the volumetric changes
of specimens were measured by means of the EMA placed in the cell pressure system.
The system pressure loss was found to be a linear function of the flow rate. For a flow
rate of 400 mi/hr, the system pressure loss was about 1.4 kPa, making up a significant
part of the total pressure drop across specimens during absolute permeability tests (about

40% for a permeability of 3.8 um?2).

3.4 Specimen Preparation

Before specimen preparation was started, the sand sample was partly saturated
with water to change it into a "rigid body" after freezing. The degree of saturation was
kept lower than 80 % to provide space for water expansion during freezing. The water
content of all specimens remained within limits from 12.0 % to 16.6 %.

The specimens were formed in a three piece, steel split mold, 38.1 mm in
diameter and 127 mm in length. The mold was assembled and lined with a latex
membrane passed through the center of the mold and stretched over the ends. The mold

was then fitted over a steel base pedestal to support the specimen. The sand was placed in
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the mold in 20 mm layers. Each layer was tamped with a steel rod. Filling of the mold
was stopped when the sand reached a height of about 80 mm. An aluminum "plug" with
2 mm diameter holes drilled through it and a 5 kg weight were placed on top of the
specimens. Next, the mold was held on a vibrating table for 4 to 5 minutes. (Specimens
Sn-D, 8s-D, PI-D were vibrated during filling of the mold without an additional weight
on the sand.) The specimens were placed in a cold room, with temperatures maintained in
the range from -20 °C to -25 ©C, and left overnight. A 5 kg weight was placed on top of
the plug to help minimize heaving of the specimens during freezing. The specimens taken
out of the mold required little final preparation. Only the top of the specimens covered
with the plug had to bLe slightly smoothed with a file. The final size of the specimens was
38.1 mm diameter by 76.2 mm long.

Specimen mounting in the triaxial cell was also carried out in the cold room. The
cell was transported there for chilling one hour earlier. The height, diameter and weight
of a specimen were measured before it was set on the pedestal. In view of the high
confining stresses applied and the angularity of sand grains, two latex membranes, 0.70
mm and 0.33 mm thick, were used to enclose the specimen. A drainage tube was attached
between the top cap and a port in the triaxial cell base. The upper part and the base of the

cell were fastened together, and the cell was transported to the testing laboratory.

3.5 Test Procedures
3.5.1 Saturation and Isotropic Compression

The triaxial cell was placed in a load frame, and the cell pressure line and the
water line from the syringe pump were connected. The cell was filled with water and a

confining pressure of 200 kPa applied. The specimen was left for two hours to thaw.
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Then, with the back pressure line opened, water flow, at a rate of 400 ml/hr, was
instigated to flush air from the tubing and the specimen and to increase the specimen's
initial water content. Flushing was performed for 40 minutes to 3 hours, thus exceeding
the typical flushing time for sand specimens recommended by Caney (1980). (Specimens
Sn-D. Ss-D and Pi-D were saturated without initial flushing with wéter.) Next, the back
pressure line was closed, and cell and back pressures were increased in steps to complete
saturation of the pore fluid. The pore water pressure necessary to accomplish this was

calculated from the theoretical equation (Love and Johnson, 1960):
Ug = Ua(l-So)(l'H)/I"I 3.1

where: u, - initial absolute pressure, kPa

So - initial degree of saturation

H - Henry's constant

ug - saturation pressure, kPa
Henry's constant for water at room temperature is equal to the ratio of 0.02 cm3 of air to
1 cm3 of water. Assuming that a degree of saturation of 90% was reached after the
specimen was flushed, the required back pressure (ug) was calculated to be 497 kPa. To
reduce the time needed to dissolve free air in specimen voids, a 3 MPa back pressure was
applied and continued overnight.

The pore pressure parameter B was measured to check saturation conditions for
specimens. Full saturation was defined as the point at which B becomes constant with
increasing back pressure.

Once the specimen was fully saturated, cell and back pressures were increased in
increments of 200 kPa until a cell pressure of 5 MPa was reached. Cell pressure was
always maintained at a higher level than back pressure by about 200 kPa. Specimen

isotropic compression was performed by reducing pore pressure in stages down to
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1000 kPa. Cell pressure was kept constant. Specimen volumetric changes were
monitored by the EMA placed in the cell pressure system. Two cycles of isotropic
pressure increase and decrease were carried out. Cyclic compression was intended to
compress the specimen to a higher density, closer to in situ porosity values. The volume

compressibility coefficient was measured as an index of sample quality.

3.5.2 Isotropic Stress Change Test

After the specimen was consolidated under an effective stress of 4 MPa and
stabilized for at least one hour, a permezability test was started. The syringe pump was
turned on and distilled water was pumped through the spedimen at a constant flow rate of
400 ml/hr, Pressure drop across the specimen was monitored. When the differential
pressure across the specimen was stabilized, the flow was stopped and the back pressure
increased. The permeability test was repeated at a number of effective stress values. Cell

pressure and specimen volumetric changes were monitored as in 3.5.1.

3.5.3 Shear Stress Change Tests
3.5.3.1 Triaxial Compression Strain Controlled Test

The Wykeham-Farrance load frame was used to apply a vertical shear force to a
specimen in the triaxial compression strain-controlled test. After the isotropic unloading
was finished, the specimen was reconsolidated at a predetermined confining effective
stress and the flow of water through the specimen was begun. When the pressure drop
across the specimen was stable, the load frame motor was turned on. The motor speed
provided a constant rate of displacement of 0.5 % strain per hour. Axial displacements of

the wriaxial cell piston, vertical loads on the piston, cell pressure, back pressure, and
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differential pressure across the specimen were continuously recorded and displayed on a
computer screen. Water flow through the specimen to measure permeability was

continuous during testing.

3.5.3.2 Triaxial Compression Stress Controlled Test

During the triaxial compression stress controlied test, the Bellofram load frame,
equipped with a pressure chamber with "Bellofram” rolling seals, was used to apply
constant vertical loads on the specimen independent of its deformation. In this test, the
confining effective stress was kept constant and the axial stress was changed in
increments until the specimen failed. Permeability measurements were carried on at each
level of vertical siress. Displacements, vertical loads, pressures, and volume changes

were monitored.

3.5.3.3 Anisotropic Unloading Test

A constant effective stress ratio was maintained during this test. The cell was set
in the Bellofram load frame. A predetermined effective confining pressure was applied to
a specimen and the axial load was increased to a precalculated value to obtain the desired
stress ratio. The specimen was brought to failure by increasing the pore pressure in
several stages. At each back pressure level, permeability was measured. Vertical and

volumetric deformations and pressure changes were monitored.
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3.6 Resunlts
3.6.1 Degree of Saturation and Compressibility

In permeability measurements, it is important to obtain complete specimen
saturation, thus eliminating obstructions to flow caused by bubbles of gas. The presence
of air in specimen pores reduces the "active” volume available to flowing water.
Permeability can be affected even more by the accumulation of bubbles at pore throats
and at the specimen outlet. In these tests, the degree of saturation was monitored by
observing pore pressure response (with back pressure lines closed) to confining pressure

increments. The pore pressure parameter B was calculated from the equation:
B = Av/Ac 3.2

where:  Au - back pressure change
AG - confining pressure (cell pressure) change

If several successive equal increments of confining pressure gave similar values of B,
despite the increase in the magnitude of back pressure during this process, specimen
saturation was considered acceptable. (Each consecutive increment of confining pressure
was preceded by the adjustment of the back pressure to restore an initial confining
effective stress of 200 kPa.)

Table 3.1 presents values of the pore pressure parameter B obtained during the PI
series of tests. The values of B, ranging from (.87 to0 0.90, are significantly lower than
unity. Neglecting compressibility of soil grains, the coefficient B can be defined by the

theoretical relationship:
B = 1/(1+¢pcy/cg) 33

where: ¢ - porosity
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cs - compressibility of soil skeleton, kPa-!

cw = 0.46+10-6 kPa-! - compressibility of water
Table 3.1 shows compressibility of the soil skeleton calculated as a slope of the curve
representing the relationship between volumetric strain and isotropic effective stress at the
initial stages of the isotropic compressibility tests. On the basis of these values, a
theoretical coefficient B for 100 % saturation was calculated: its value varied from 0.978
to 0.983. Even at relatively low effective confining stresses, such as 400 kPa to 600 kPa,
specimen material can be classified as a stiff soil after Black and Lee (Head, 1985, page
793). For sand with such low compressibility, they obtained a coefficient B value of 0.8
at a degree of saturation of 99.7 %. This saturation level was considered satisfactory for
these experiments. A pore pressure coefficient B larger than 0.85 was obtained by
flushing the specimen with water and applying a 3 MPa back pressure for more than 12
hours. The measured coefficient B is considered to be a lower boundary of its true value,
since the measured pore pressure changes were affected to some degree by changes in the
volume of the back pressure system, e.g., deformations of the pressure transducer
diaphragm and the 1 m long steel tubing. Table 3.1 also shows specimen compressibility
calculated at confining stresses around 4 MPa at the end of the first and second loading

cycles.

3.6.2 Absolute Permeability and Volume Changes
The absolute permeability was calculated from the equation based on Darcy's law:

k = (Q-W/AS}AVAp) 3.4
where:  Q - flow rate, m3/s
Ag -~ cross sectional flow area, m?2

Ap - differential pressure across flow section (pressure drop), Pa
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L - dynamic viscosity, Pass

1-length, m

k - absolute permeability, m2
Absolute permeability is, in principle, independent of the nature of the flowing fluid,
pressure gradient and macroscopic dimensions; it is a function only of the pore structure
of the medium, which is affected by grain size, porosity, the manner in which grains are
packed, and the shape characteristics of voids. In these tests, an attempt was made to
maintain simi.r grain size distributions and grain shape characteristics for all specimens.
Porosity was calculated at all stages of testing, however, control of this parameter was
not equally successful throughout all tests. This will be discussed later. Flow rate was
kept constant during each test. The dynamic viscosity of water at 22 °C was taken from
thermodynamic tables. Specimen length and cross sectional area were calculated on the
basis of the initial dimensions and the axial and volumetric deformations measured during
testing. The pressure drop was monitored by a differential pressure transducer.

The term volume change, as used in this thesis, refers to the percent volume

change of the total specimen. To convert volume change into pore volume change, the
parameter commonly used in petroleum engineering, the following relationship must be

applied:
AV/Npo = (AV/ V)b

where: AV/[Vpq - pore volume change
AV/V, - volume change
Vpo - initial volume of pores
V,, - initial total volume of specimen

0o - initial porosity
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3.6.2.1 Isotropic Unloading

The characteristics of specimens at the beginning of isotropic unloading are
tabulated in Table 3.2. The summary of the isotropic unloading test results is presented in
Table 3.3.

Figures 3.5 and 3.7 show the relationship between effective confining stress and
volumetric change for ten experiments. The initial effective confining stress in eight cases
was about 4 MPa; the other two cases measured 3.2 MPa and 1 MPa. All the curves have
similar characteristics, displaying similar slopes at corresponding stress levels. The
effective stress change from 4 MPa to about 200 kPa resulted in a volume increase of
1.2 % to 1.5 %; a change from 1 MPa to 250 kPa resulted in a 0.45 % volume increase.

The influence of volumetric change« . .1 permeability is shown in Figures 3.6 and
3.8. The relationship between absolute peﬁneability and porosity is shown in Figures 3.9
and 3.10. The initial permeability in most cases varied from 0.4 um? to 3.8 um2. The
maximum permeability increase was 70 %. In most cases, higher permeability increases
were associated with lower initial permeability values (except the test conducted on

specimen Sn 3-D which gave untypical results).

3.6.2.2 Triaxial Shear

Figures 3.11 and 3.12 show the relationship between volumetric changes and
axial strains for the compression strain-controlled and stress-controlled tests,
respectively. In all cases but two, at the beginning of testing, specimens underwent a
decrease in volume; when axial strains from 1% to 2 % were reached the volume started
1o increase.

The stress-controlled tests could be carried out only until specimens reached their

maximum strength. From that point on, deformation took place in an uncontrolied
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manner. The maximum measured volumetric changes for the four specimens were: 2.15,
1.45, 1.1 and 0.74 % at axial strains of 7.1, 3.6, 3.2 and 4.5 % respectively. The
volume changes at failure are related to the effective confining stress at failure. The lower
the confining stress, the higher the volume increase that took place. For example,
specimen Ss 4-D, which sheared under an effective confining stress of 120 kPa,
expanded by 2.2 %, whereas specimen Ss 3-D, sheared under a 550 kPa effective
confining stress, dilated by only 0.7 %.

The strain-controlled tests were continued in the post-peak range of strain. For the
two dilating specimens, the tests were conducted up to 11 % and 12 % axial strains, at
which point the respective maximum volumetric changes were 3.2 % and 2.4 %. In both
tests, the effective confining stress was 150 kPa. Two specimens (Sn 3-D and Sn 4-D)
did not behave typically. Specimen Sn 4-D contracted from the beginning of the test in
the characteristic manner of loose sands. Specimen Sn 3-D expanded at the beginning but
when the axial strain reached about 1% it started to contract. It is hypothesized that these
specimens might have been accidentally unloaded through an excessive increase in back
pressure or that the specimens might have thawed during the set-up in the triaxial cell
prior to the application of an initial confining pressure. The density of these specimens
was probably lower than was calculated.

Figure 3.13 shows volumetric changes measured during the anisotropic
unloading tests. It can be seen that the volume started to increase sharply at the beginning
of the tests and that its rate of change decreased with increasing axial strain, The
anisotropic unioading tests were also stress-controlled but they were carried on to higher
levels of strain than the compression stress-controlled tests. This procedure was possible
because back pressure increments were lower during these series of tests and because
specimen weakening, due to decreases in the effective confining stress, was largely

counter-balanced by increases in cross-sectional area due to deformation. For two



53

specimens, P1 3 and PI 4, volumetric changes of 2.6 % and 3.8 % at axial strains of
13 % and 18 % were recorded.

The relationships between absolute permeability and volume change during
compression shear tests are shown in Figores 3.15 and 3.17. The relevant data on
permeability changes are contained in Tables 3.4 and 3.5. During the strain-controlled
tests, permeability measurements were performed on three specimens: Sn 1-D, Sn 3-D
and Sn 4-D. Specimen Sn 1-D dilated during testing and experienced a permeability
increase of 27 %. Specimens St 3-D and Sn 4-D contracied during shearing and their
permeability dccfcased by 33 % and 46 % respectively. During the stress-controlled tests,
lower permeability changes were recorded (from 11 % to 28 %) since specimens
experienced smaller volumetric changes. Absolute permeability versus porosity plots for
the compression shear tests are shown in Figures 3.16 and 3.18.

Figure 3.19 presents relationships between absolute permeability and volume
changes for the anisotropic unloading shear tests. The permeability of specimen PI 1-D
departed from the permeability of all other specimens. Its magnitude was from 15 to 100
times lower and its change during the shear test (4 %) was relatively small (Table 3.5).
The results of the test on the specimen were discarded from further analysis. Three
specimens, PI 2-D, PI 3 and PI 4, were subjected to deformations beyond the failure
point; they displayed permeability increases of 19 %, 30 %, and 42 % respectively. The
permeability increases were only 15 %, 6 %, and 28 % respectively, at the moment the
specimens reached their maximum strength. The permeability changes were confirmed to
be a function of the volumetric changes and the initial permeability. Absolute permeability

versus porosity plots for the anisotropic unloading shear tests are shown in Figure 3.20.
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3.7 Discussion
3.7.1 Volume Changes

During the triaxial compression shear tests, the specimens contracted at the
beginning and then, in most cases, they expanded at higher axial strains. At the end of
testing, specimen volume was larger than it had been initially. To explain this volumetric
behavior, it is convenient to make reference to the concept of two components of stress
states: mean principal effective stress and deviatoric stress. For triaxial cell stress

conditions, the mean principal effective stress is defined as:
¢' = (0'1+ 20%3)/3 3.5

According to the theory of elasticity, the mean component of stress causes "pure” volume
change of the specimen whereas the deviatoric component causes shear strain. In the case
of sand, the shear strain results in dilation or contraction depending on sand density and
confining stress.

In the triaxial compression test (stress path B) on dense sand, both components of
the state of stresses increase but their influence on volumetric changes is different. At the
beginning of the test, contraction dominates due to the increase in the mean sffective
stress. At larger leviatoric stresses, dilation due to specimen shear distortion exceeds this
contraction and the specimen displays a net increase in volume. Figures 3.11 and 3.12
show behavior of this kind. If sand is loose or confining stresses are hi gh, both
components of the state of stress generate soil contraction.

In the anisotropic unloading test (stress path Fy), the vertical and horizontal total
stresses remained constant at a pre-chosen ratio and the pore pressure was increased in
increments until the specimen failed. During this test, the deviatoric stress was constant

(but not equal to zero) and the hydrostatic effective siress was decreased in steps; hence
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both components of the state of stress tended to cause specimen expansion. It can be seen
in Figure 3.13 that all specimens started to expand at the very beginning of the test.
Figure 3.14 illustrates specimen volume changes with changcs in mean effective stress. If
the deviatoric component of stress had no influence on specimen volume, the plotted
changes in specimen volume would be similar to those during isotropic unloading tests
(Figures 3.5 and 3.7) at corresponding stress levels. The dilation caused by deviatoric
stress is especially pronounced when stress conditions are approaching their state at
failure and in the post-failure region. At the beginning of anisotropic unloading,
deviatoric stress seems to cause contraction and it hinders the expansion caused by the
reduction in the mean effective stress. This observation indicates that the way in which
deviatoric stress influences specimen volume (contraction or expansion) depends not only
on the specimen density and the magnitude of the mean effective stress but also on the

degree of specimen shear distortion.

3.7.2 Absolute Permeability
3.7.2.1 Initial Permeability of Specimens

The initial permeabilities of all specimens measured in this study (as well as
results of three tests reported by others) are shown in Figure 3.21. The permeability
values are consistent with the permeability increasing with an increase in porosity.

All points in Figure 3.21, representing results of tests performed in this study,
corne together in two groups. One group is composed mainly of results of tests
performed on specimens of series PI and the other group contains most of the results of
all other tests. To saturate the specimens of series PI, they were subjected to flushing
with water for 40 minutes to 3 hours, under an effective confining stress of 200 kPa,

which may have washed out some fine particles and resulted in higher permeabilities.
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Specimen PI 4 was tested with frictionless porous stones, which might have led to errors
in pressure drop calculations. Specimens of the other series were not flushed before
compression.

Another reason for the two groups of results is that the specimens of series PI
were vibrated after placement of sand in the mold was finished, with a confining weight
of 5 kg on top of the specimens, while the other series were vibrated during preparation,
when sand was placed in the mold, without any confining weight on the sand. The
differences in preparation could generate differences in specimens (anisotropy) that could
lead to generally lower permeabilities measured on specimens of the second group.

The scatter of points on the permeability-porosity plot confirms that it is difficult,
during testing, to control all factors having an influence on sand permeability. Although
an effort was made to ensure similar grain size distributions for 1! specimens, the initial
permeability of the fourteen specimens varied from 0.42 umi to 3.8 um? despite
relatively similar porosities ranging from 36.7 % to 39.5 %. Figures 3.2 and 3.3 show
the results of the sieve analyses perfermed after triaxial testing. The grain size distribution
curves are fairly similar, The percent smaller than 75 um (U.S. sieve No. 200) was less
than 6 % for all specimens. However, the fine material smaller than 75 um may have
been different for the two groups of specimens.

In summary, the permeability variation between the two groups of specimens
probably arose from differences in grain size distribution of particles smaller than
75 um, and possibly from differences in specimen preparation and saturation tcenniques

and equipment head loss.
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3.7.2.2 Extrapolation from Laboratory Tests to Reservoir Conditions

The two lines which are plotted in Figure 3.21, passing through the two groups
of points, follow Kozeny and Carman's theoretical relationship between permeability and
porosity (Equation 2.6). In the equations written in Figure 3.21, the two parameters C
and d2 used in Equation 2.6 are expressed as one constant. Because the difference
between the average particle diameters of the two groups of specimens is small, the
theoretical difference in permeability between the two groups of specimens arises from
constant C, that is, the shape characteristics of the voids and the grains.

The good agreement between Kozeny and Carman's theoretical equation and the
measured changes in initial permeability with changes in porosity makes possible
extrapolation of the permeability values from laboratory tests to in situ conditions. Such
extrapolation is of importance in the case of oil sands, because it is not only difficult to
recover relatively undisturbed core from the formation but the in situ porosity of the core
can not be restored upon application of a confining presture in the laboratory. The tests
performed on core from the UTF site in this study (Chapter 4) showed in situ porosities
varying from 33 % to 35 % with an average value of 34 %. Confining pressures of 6 to 7
MPa, applied in the triaxial cell, reduced specimen disturbance, however, specimen
porosity remained higher than the in situ porosity by 1.5 to 2 %.

To perform the extrapolation of the permeability value (kj) measured in the
laboratory on a specimen with a porosity (¢), coefficient Co can be calculated from the

following equation:
Co =k / (@13/(1-01)?) 3.6

Using the obtained value of Co, the in situ permeability (k;) can be calculated for the in

situ porosity (¢;):
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ki = Co » ¢;3/(1-6)2 3.7

To illustrate the permeability extrapolation, the typical experimental results in
Section 3.7.2.4 shows that kj = 2.69 um? at ¢; = 39 %. Coefficient Co, calculated from
Equation 3.6, is equal to 16.9 um?. The initial permeability at the average in situ porcrity
of 34 '% would then be;

ki = 16.9+0.343/(1-0.34)2 = 1.52 um?

These laboratory tests therefore indicate the initial in situ absolute permeability of
relatively low fines Athabasca McMurray Formation oil sands is 1.52 um?2, Similar

extrapolations from laboratory tests can be made for higher fines oil sands.

3.7.2.3 Permeability Changes Caused by Isotropic and Shear

Stress Changes

Results of permeability measurements during isotropic stress unloading tests are
shown in Figure 3.22, and during triaxial shear tests in Figure 3.23. In these figures,
four Kozeny and Carman's theoretical curves are shown for comparison. The curves
were drawn through four points with common abscissa (39 % porosity)'énd different
ordinates (1, 2, 3 and 4 pm?2).

For the specimens with the higher initial permeabilities (>2um?2), agreement
between the test results and the theoretical equations is good. For specimens with lower
initial permeabilities (<2um?2), the experimental curves deviate more from the theoretical
plots.

It can be seen in Figures 3.22 and 3.23 that the change in permeability slopes for
all the experimental results are similar. On the basis of this observation the slopes of the

experimental curves are plotted for comparison in Figures 3.24 and 3.25. The best linear
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fits were constructed on both plots and the best fit lines are compared in Figure 3.26. The

following relationships were found between permeability change and porosity change:
1. For isotropic unloading: Ak =32+ A pm? 3.8
2. For triaxial shear: Ak =29+ Ap um? 3.9

Because the slopes of both lines are very similar, the average change in permeability with

change in porosity for both types of tests can be expressed with one equation:
Aii =31+ Adp um? 3.10

It can be concluded that the change in absolute permeability is a function of change in
porosity and is independent of the stress path followed to induce this porosity change.
This conclusion is for low fines Athabasca McMurray Formation oil sands and limited to
the magnitude of porosity changes which would take place during bitumen recovery

Processes.

3.7.2.4 Calculations of Change in Absolute Permeability for Reservoir

Modeling

In reservoir simulation practice the question arises whether the absolute
permeability changes brought about by in situ bitumen recovery processes are significant
and how they can be calculated when an increase in porosity takes place. The change in
porosity can be determined from volumetric strains obtained by geomechanical modeling.
Geomechanical modeling simulates stress changes and subsequent volumetric strains
which occur in a reservoir during bitumen recovery operations by utilizing geomechanical
constitutive models which incorporate the oil sands geomechanical properties obtained

from laboratory tests. Two different equations are given below which allow the change in
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absolute permeability to be calculated when a change in porosity has been determined by

modeling.
Procedure Based on Kozeny and Carman Theory

The results of tests performed in this study, that displayed an unique relationship
between permeability change and porosity change independent of initial permeability
values and stress paths followed, indicate :hat the following Kozeny and Carman

equation can be used to calculate permeability increase:
k = Cor$3/(1-0)2 "3l

On the basis of Equation 3.11, the increased absolute permeability induced by-an

increase in porosity can be calculated from equation:
ky = ki + Ak =k; + Cos(923/(1-92)2 - $13/(1-¢1)?) pm? 3.12

where: ki - initial (in situ) porosity, pm?

kj - increased permeability, pum?2

¢1 - initial (in situ) porosity

02 - increased porosity

Co - coefficient
Co can be determined based on the experimental findings discussed in Section 3.7.2.3
where it was shown that all the ratios Ak/A¢ are similar. The Kozeny and Carman
equation with this slope at a typical experimental ¢ of 39 % has the coefficient
Co = 16.9 um?. This coefficient gives an in situ permeability of 1.52 pm?2 at the in situ
porosity of 34 %.

The increase in absolute permeability can than be calculated from Equation 3.12:

ky =ki + 16.9(923/(1-92)2 - 013/(1-01)2) um?
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With an initial in situ ¢1 of 34 % and a volumetric strain of 6 % (this amount of
volurr iic strain is typical during shear as will be shown later with tests on UTF core),

the increased porosity can be calculated from Equation 2.9;
¢2 = (91 + ep)/(1+ey) = (0.34 + 0.06)/(1 +0.06)+100 % = 38 %
Taking the initial in situ kj = 1.52 um? from above:

kg = (1.52 + 16.9+(0.383/(1-0.38)2 - 0.343/(1-0.34)2)) m?2
= (1.52 + 0.89) pm?
=2.41 pm?

Therefore this amount of volumetric strain has increased the absolute permeability by

59%.
Empirical Procedure Based on Test Results

A moru direct, simpler procedure for the calculation of changes in absolute
permeability is to directly use Equation 3.10 which is based on the test results. A new

permeability for Athabasca oil sands would be calculated with the equation:
k2 =k + Das(¢, - ¢7) 3.13

where: Da=31pm2 (from Equation 3.10)
This latter method gives slightly larger permeability increases than the Kozeny and
Carman procedure but is simpler and appears to be more accurate as it fits the laboratory
results better. It also does not vary with the initial porosity and did not require a choice of
porosity as Equation 3.12 did.

With the initial in situ @) = 34 % and k; = 1.52 um? and a volumetric strain of

6 %,



k2 = (1.52 + 31+(0.38 - 0.34)) um?
= (1.52 + 1.24) um?
=2.76 um?

This is an increase in absolute permeability of 82 %.

3.7.2.5 Comparison with Other Experimental Works

Initial Permeability

Agar (1986) measured the absolute permeability of remolded samples of oil-free
Athabasca McMurray Formation oil sands. The sample was recompacted in the
consolidometer to a porosity of 37 % and was then confined under an effective stress of
3 MPa. The permeability of this specimen at room temperature (20 9C) was 3.0 um?,
which falls within the range of permeabilities measured in this study (Figure 3.21),

Agar (1986) also performed one test on an undisturbed Athabasca oil sands core
specimen. It was confined in a consolidometer under an effective vertical stress of 2 MPa
anc deprived of bitumen through flushing with benzene. The porosity of the flushed
specimen was 35 % and its initial permeability to water was 4.1 pm2,

The absolute permeability of the Athabasca oil sands reported by Won g et al
(1991) measured on extracted core with a porosity of 36.6 % was 0.87 um? which can
be placed in the lower range of permeabilities (second group of points in Figure 3.21)
obtained in these tests.

The absolute permeabilities measured by Agar and Wong fall within the same
range of magnitudes as those measured in this study (Figure 3.21). It can be further
concluded that absolute permeabilities measured on reconstituted oil sands or on oil sand

cores are not appreciably different if porosities are similar.
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Change in Permeability

Agar (1986) continued his absolute permeability test on an extracted core over a
range of effective stresses from 2 MPa to 18 MPa. The permeability changed from 4.1
um? 1o 2.2 pm? during loading and then increased to 2.5 um? during unloading back to 2
MPa. The change of permeability over the relatively high range of stresses was not large
(about 12%) since the greater part of the elastic volumetric deformations takes place at
lower confining stresses. It must be mentioned that Agar's tests were performed in the
consolidometer where the lateral deformations of the specimen were restricted.

Wong et al.(1991) plotted absolute permeability against effective confining stress.
The permeability was measured in a constant flow rate test on a preserved, bitumen-
extracted core specimen. For an effective confining pressure change from about 2 MPa to
130 kPa, the absolute permeability increased from about 0.87 um? to 1.68 um2, that is,
by 93 %.

In Figure 3.26, changes in permeability versus changes in porosity from Agar's
and Wang's tests are compared to the best linear fits to data obtained in this study. The
slopes of curves from both tests, performed on extracted core, differ substantially from
slopes of curves obtained in our experimental study. The large permeability changes
during the tests on cores could not result only from changes in porosity and other test
factors must be influencing the results. It is significant that in case of Agar's test, the
slope of the plot decreased and became similar to the slopes of experimental plots
obtained in this study as porosity changes increased. Agar's and Wong's results can not
be extrapolated over a wider range of porosities. To determine the factors that caused
these large absolute permeability changes, more tests on extracted cores or on natural,
bitumen-free oil sards cores need to be performed. It is speculated that the core extraction
processes could involve changes in specimens which allowed fines movement and led to

the measured high permeability changes.
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The differences in the rates of change in permeability may also be partially due to
the difference in sand fabric between reconstituted specimens and core specimens. It
would appear, however, that the locked structure of in situ oil sands may have a greater
volume increase during shear which would result in a larger permeability increase but
probably a similar rate of change with the increase in porosity.

No data was found in the literature on absolute permeability changes during

triaxial shear tests.

3.7.3 Shear Strength

Investigation of the shear strength of the oil sands was not the main objective of
this experimental program; nevertheless, recorded data allowed for the appropriate
calculations and for plotting stress-strain curves. A summary of the compression shear
test results is presented in Table 3.4 and the anisotropic unloading test results are shown
in Table 3.5.

A principal stress ratio failure criterion, defined as the maximum ratio of vertical
effective stress to confining effective stress, is preferable to a deviatoric stress criterion,
defined as the maximum deviatoric stress. The maximum effective stress ratio criterion
can provide a better correlation of specimen shear strength as measured in different types
of tests. The maximum deviatoric stress criterion could not be applied for anisotropic
stress unloading tests since its magnitude was kept constant during testing. However,
plotting the deviatoric stress versus axial strain provides other information useful for
analyses: it shows clearly that the maximum deviatoric stress that a specimen can
withstand, before failing in shear, depends on the effective confining stress. The higher
the confining stress the higher deviatoric stress a soil can resist (Figures 3.28, 3.30). The

effective stress ratio versus axial strain plot shows that at lower confining stresses, higher
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stress ratios are reached before failure (Figure 3.27, 3.29). This indicates that the failure
envelope is not linear and that the angle of shearing resistance is a function of applied
stresses.

The effective stress ratio against axial strain plots for the compression strain-
controlled tests are shown in Figure 3.27. The deviatoric stress against axial strain plots
for the same: four tests are shown in Figure 3.28. The two specimens that dilated during
shear (Sn 1-D and Sn 2-D) failed at 4.5 % axial strain and reached a peak effective stress
ratio of 4.4. Figure 3.31 shows the stress paths followed and the failure envelope in the
s'- t stress field.

The compression stress-controlled test results are shown in Figures 3.29 and
3.30. These tests could not be continued in the post-peak strain region. The last reading
taken when pressure was increased in steps was considered to correspond with the
maximum strength. The relationship between effective confining stress and effective
stress ratio or deviatoric stress was the same as observed in the strain-controlled tests. At
higher confining stresses, specimens appear to be stronger than in strain-controlled tests.
One reason for this was the lower density of the two accidentally-unloaded specimens
(Sn 3-D and Sn 4-D). The failure envelope and stress paths followed are shown in
Figure 3.32.

The anisotropic unloading test results, the effective stress ratio against axial
strain, are shown in Figure 3.33. Two specimens, PI 1-D and PI 2-D, tested under initial
confining stresses of 920 and 845 kPa were unloaded to effective confining stresses of
95 kPa and 300 kPa. Axial deformations were 22 % and 14 % respectively. These
specimens experienced a volumetric change of approximately 1 % and behaved like loose
sand. Specimens PI 1-D and PI 2-D withstood higher stress ratios (4.5 and 3.9) than
specimens PI 3 ar:t Pl 4, tested under initial effective stresses of 1470 kPa and 2000 kPa

respectively. Effective stress ratio peak values for the last two specimens were 3.5 and
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3.8. A low stress ratio decrease with further increases in axial strain was noted during
these tests. One specimen (PI 1) failed early, as the result of an excessive back pressure
increase. The failure envelope and stress paths for anisotropic unloading tests are shown
in Figure 3.34,

The summary of shear strength tests is shown in Figure 3.35, where points
representing the state of stresses at maximum effective stress ratios are plotted on the s -
t stress field. Two failure envelopes are shown to indicate possible differences between
triaxial compression and anisotropic unloading by pore pressure injection tests. To draw
these curves, the results of the two strain-controlled tests conducted at hi gher confining
stresses were not taken into account, since the densities of these specimens were much
smaller than all other specimens. The results of one pore pressure injection test was also
discarded because the last reading in this test was taken before the peak stress was
reached. Both envelopes exhibit distinct curvature which alters with changes in stress.
The test data for all types of tests give an angle of shearing resistance ¢' of 420 at low
effective confining stresses. At higher stresses, the stope of the tangent to the failure
envelopes decreases and the angle of shearing resistance varies from 31° for pore
pressure injection tests to 350 for compression shear tests. The difference in the stren gth
behavior of the oil sands specimens under various stress paths can be attributed to
differences in volumetric changes resulting from_changing stresses, as discussed in
subsection 3.7.1. Following stress path Fu, specimens PI 3 and PI 4 were ‘brought to
failure at comparable confining stresses to specimens Ss 1-D and Ss 3-D and
demonstrated greater expansion and lower stress ratios at failure than specimens Ss 1-D
and Ss 3-D.

The angle of shear resistance at failure (42°) is much lower than the maximum
recorded (60°) for undisturbed oil sands (Dusseault and Morgenstern, 1979). The high

angle of friction is a result of the characteristic interpenetrative or "locked"” structure of the
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Athabasca McMurray Formation oil sands. In the reconstituted oil sand specimens, this

special fabric is not present and the original density cannot be restored without grain

crushing. Therefore, the strength of reconstituted oil sands is similar to other fairly

uniformly graded, fine, dense sands with angular grains.

3.8 Summary

3.8.1

Observations

. The absolute permeability of reconstituted bitumen-free oil sands specimens

compacted to porosities ranging from 36.7 % to 39.5 % varied from 0.4 pm? to
3.8 um?2. The variations in absolute permeability did not correspond strictly with

variations in porosity.

. The isotropic unloading from a 4 MPa to 0.2 MPa effective confining stress

resulted in an average increase of 1.4 % in specimen volume. The measured
absolute permeability increase varied from 13 % to 70%.

The volume changes during triaxial shear, as the result of dilation, is more
pronounced in the close to peak and post-peak stress ranges. While the average
volume increase at failure for dilating specimens was about 1.2 %, it increased to
3 % at 12 % axial strain.

The extreme absolute permeability changes measured during triaxial shear ranged
from -46 % for a specimen contracting by 2 % to +42 % for a specimen dilating
by 2.6 %.

The magnitude of the volume change at the moment of specimen failure depends

on the stress path it has followed to approach the state of stresses at failure.
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Conclusions

- Experimental results of absolute permeability can be extrapolated from laboratory

to in situ porosities using Kozeny and Carman's theory. The number of tests and
the variation in the initial densities and grain size distributions, however, do not
allow a statistical evaluation of data quality and model fit to better prove this

extrapolation.

. Absolute permeability change is a function of pore volume change and is

independent of the stress path a specimen has followed to undergo this volume
change. It should be realized, however, that the amount of volume change is a

function of stress path.

. For reservoir modeling purposes, a new permeability resuliin g from an increase

in porosity of the Athabasca McMurray Formation oil sands can be calculated

from the equation:

kg =k1 + 16.9+(923/(1-¢2)2 - ¢13/(1-61)2)

. The new permeability also can be calculated by using the equation:

ko =kj+31+(¢7 - 01)

which agrees better with the experimental results.

. The absolute permeability measured on reconstituted oil-free oil sands and on

extracted oil sand cores fall within the same range when the porosities are similar.

. The failure envelope of the reconstituted oil-free Athabasca oil sands is

curvilinear. At low effective confining stresses (up to 250 kPa), the angle of

shearing resistance @' is equal to 420. At higher effective confining stresses, its
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value is lower and is a function of the stress path followed in the triaxial cell. The
shear strength of the reconstituted oil-free Athabasca oil sands is similar to other

fine, dense sands with uniform gradation of angular grains.
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q=0,- G,

w

>
p'= (G, +20})/3

A -Isotropic Consolidation

Au - Isotropic Unloading by Pore Pressure Injection
Fu - Anisotropic Unloading by Pore Pressure Injection
Be - Compression

Bo - Compression

Figure 3.1 Stress Paths Followed During Triaxial Tests on Reconstituted
Qil-Free Oil Sands Specimens
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Figure 2.2 Grain Size Distributions- PI Specimens
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Figure 3.3 Grain Size Distributions - Sn-D and Ss-D Specimens
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Figure 3.5 Volume Change During Isotropic Unloading
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Figure 3.7 Volume Change During Isotropic Unloading
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Figure 3.8 Absolute Permeability - Volume Change, Isotropic Unloading
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Chapter 4. EFFECTIVE PERMEABILITY TO WATER - TEST
PROCEDURES AND RESULTS

4.1 Introduction

This chapter describes a series of triaxial tests performed on preserved oil sands
core material at in situ temperatures. The stress paths followed and measurements of
stress induced deformations and changes in effective permeability to water are presented.
The test results will be compared and discussed in Chapter 5.

The testing program followed in this study deals, in part, with processes that take
place in a reservoir in front of the heated zone that develops during steam assisted in situ
bitumen recovery. Researchers (Scott et al., 1991a) postulated that a zone of increased
horizontal stresses propagates in front of a zone of increased pore pressure which in turn
propagates in front of the zone of elevated temperature. According to measurements at the
Underground Test Facility, the full steam chamber pressure at a given point in the
reservoir was reached before the temperature rose above 20 to 30 °C (Laing et al., 1991).
The combination of total stress and pore pressure changes cause complex deformations
that, in the case of shear dilation, lead to permanent alterations in oil sands structure and
increases in porosity. At an in situ temperature of 8 °C (at UTF), bitumen is practically
immobile and all changes in porosity affect water saturation. Because of the heated zone,
the elevated pore pressure zone and the elevated total stress zone propagate relatively
slowly, it is assumed that increases in oil sands porosity can be accommodated by flow
of cold injection water away from the steam chamber. This assumption appears relevant
for the gravity drainage process at the UTF because no significant pore pressure changes
were mezsured at the UTF Phase A Pilot that could be related to changes in total stresses.

In the case of rich, thick oil sands deposits, however, the ability to conduct water can be
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especially low, so that some shear deformations may take place under partly undrained
conditions.

The hydraulic fracturing of oil sands deposits also creates conditions under which
shear stress can induce dilation. The hydraulic fracturing process is utilized to obtain
communication paths between injection and production wells or to obtain more rapid and
extensive injectivity. Injection of fluids into an oil sands deposit at a pressure higher than
the minimum principal total stress results in fracture development in the form of a shear
band of altered sand fabric. The increase in porosity due to shear dilation results in an
increase in the effective permeability to water.

Investigation of the enhanced porosity of oil sands due to shear dilation and due
to a reduction in the mean principal effective stress, and the associated changes in
effective permeability to water were the main objectives of the series of tests described in
this chapter. The stress-strain relationships of tested specimens were also measured and

will be presented.

4.2 Testing Program

The testing program was designed to investigate relationships between oil sands
volumetric deformations and changes in effective permeability to water. These
relationships were investigated in the context of the stress paths followed to induce these
deformations; isotropic unloading, triaxial shear, and "pure" triaxial shear. The effects of
sample quality (disturbance index), and other oil sands parameters such as strength,

stress-strain relationship, grain size distribution, and fines content were also evaluated.
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4.2.1 Stress Paths

Four different effective stress paths or, in terms of the total stress, seven stress
paths were followed during tests performed. The stress paths in the p'- g stress field are

plotted in Figure 4.1.

Stress Path A

The isotropic unloading tests were carried out by reducing cell pressure (path Ap)
or by increasing pore pressure (path Ay). These tests were conducted on the same

specimens used for constant p' tests.

Stress Path B
The triaxial compression shear tests were conducted at different effective

confining stresses ranging from 240 kPa to 3000 kPa. Two initial tests were stress-

controlled (Bg) during which the vertical total stress was increased in several increments

until specimen failure occurred. These tests will be described in Appendix A. The next

eight tests were strain-controlled (Bg) carried on with the load frame delivering a constant

vertical strain rate.

Stress Path D
The constant p' tests, during which the mean principal effective stress

p' = (01'+ 2+03')/3 was held constant, were carried on with the constant axial strain rate

load frame. During one type of test, a constant p' value was maintained by reducing cell
pressure (path Dp), whereas during the other type this was accomplished by pore

pressure injection (path Dy).

Stress Path G

The confining stress unloading tests were conducted under constant axial strain

and constant verticsl effective stress (o7"). Four tests were performed by decreasing cell



97

pressure (path Gp) and four other tests by pore pressure injection (path Gy). Both the cell
pressure and the pore pressure were changed in a predetermined way to keep o'
constant.

Triaxial compression tests were conducted to investigate the general relationship
between volumetric strains generated by deviatoric stresses and changes in the effective
permeability to water. As an approximation, the triaxial compression shear tests simulate
stress conditions that occur laterally in front of the steam chamber. The oil sands therma!
expansion in the steam chamber causes large local increases in the total horizontal stress,
whereas the vertical stress remains unchanged or can be even reduced. These stress
changes are similar to stress path B.

The triaxial confining stress unloading tests, stress path G, simulate the stress
conditions that occur along a hydraulic fracture during hydraulic fracturing. In this
process, the minimum principal effective stress is reduced to a very small value resulting
in localized shear failure and oil sands dilation. Porosity enhancement due to this dilation
affects effective permeability to water in the developed shear band along the fracture.

The constant p' tests, stress path D, were conducted to investigate the influence of
"pure” shear strains on permeability enhancement. No change in the mean effective stress
occurs along this stress path. The isotropic unloading tests, stress path A, investigated
permeability enhancement due to elastic rebound. No shear strains occur along this stress
path. These latter two stress paths bound the possible stress paths that could occur in the

formation.

4.2.2 Tested Material

The oil sands cores for this experimental study were obtained from wells drilled

in 1987 at the AOSTRA Underground Test Facility site. The data on the origin of tested
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specimens, including well number, depth and the stratigraphic unit number (Rottenfusser
et al., 1988) are shown in Table 4.1. The wells AT3 and AGI4 were cored with the
Christensen core barrel with modified liners, giving a core 63 mm in diameter. The PVC
inner liner, having a length of 149.3 cm, was designed to reduce radial and longitudinal
expansions of the core compared to the standard core liner (McKay, 1989). One
specimen was from well AGI1 cored with the Craelius SK6L standard triple tube core
barrel which gives a 102 mm diameter core. All plastic liners containing oil sands cores
were capped and sealed and placed in dry ice on site and subsequently stored at
temperatures well below 0 °C.

The samples for testing were chosen from two stratigraphic units, E and D, which
are composed of the richest oil sands at the UTF site. The criterion applied to select a
piece of core was its bulk density as measured before specimen preparation. After a piece
of core was machined in a lathe to a 38.1 mm diameter, the specimen was cut to a length
of 38.1 mm from the part of the machined core that appeared to contain the lowest
amount of shale fragments. In spite of this effort, the specimens often contained shale
fragments of various sizes from very small to several millimeters in diameter. In some
cases, the tested specimen contained shale or silt layers, or lenses up to several mm thick
and stretching through the whole cross-section of the specimen or a significant portion of
the specimen. The presence of shale and silt fragments and layers was noticeable, in most
cases, only after *esting, when the specimens were cut into pieces for examination.

The triaxial specimens were machined to a length to diameter ratio of one as short
specimens were necessary to reduce the variation of radial effective stress with height,

induced by the water flow during permeability tests (Appendix A).
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4.2.3 Equipment

The testing equipment used in this experimental study is described in Chapter 3
and is shown in Figure 3.4. The main modification introduced was a brass tubing coiled
around the steel triaxial cell, through which cold antifreeze was circulated to lower the cell
temperature to the in situ temperature of 8§ ®C. A cold bath was used to coo! down the
antifreeze to the required temperature. An attempt to reduce the influence of caps on the
specimen ends through the application of frictionless porous stones is described in

Appendix B.

4.3 Specimen Preparation and Mounting in Triaxial Cell

Specimen preparation was conducted at a temperature below -20 2C in a cold
room in which the cores, sealed in plastic liners, were stored after transportation to the
University. Before trimming, the chosen picces of core were kept in a styrofoam cooler
containing dry ice for at least two hours. The core was trimmed to a diameter of 38.1 mm
on a lathe using a diamond bit. The trimming was performed in several stages. Between
stages the trimmed core and bit were put into dry ice to dissipate the heat generated
through friction between the bit and the frozen core during machining. The wrimmed core
was cut to a desired length with a diamond saw. Specimens S1 and S2 were made 76 mm
long and the rest of specimens 38.1 mm long. The specimen ends were finished at right
angles to the specimen longitudinal axis in the lathe. After trimming, the specimen was
chilled in dry ice and then mounted in the triaxial cell. The mounting process was also
carried ouv. " the cold room. The triaxial cell, end cap, porous stones, and membranes
were kept in the cold room for at least one hour before the specimen was installed on a

cell base with porous stones at both ends, covered with the top cap, and confined with
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two latex membranes, 0.67 mm and 0.28 mm thick. After the cell was assembled, it was
transferred to a testing room and placed in a loading frame. The cell pressure lines were
connected, the cell filled with water, and an initial confining pressure applied to prevent
the specimen from softening when it thawed and gas attempted to come out of solution in

the bitumen.

4.4 Index Testing

During preparation of a specimen, 200 to 400 g -.f oil sand from the vicinity of
the spécimen was retained for index analysis.

Water and bitumen contents were determined using a Dean-Stark apparatus. In
this apparatus, vaporized toluene passes through the oil sands core, dissolving bitumen
and vaporizing water. The water vapor is condens 1 and collected in a graduated tube.
The weight of the core is measured before and after extraction. The amount of extracted
bitumen is calculated as the difference between the total weight of the core and the weight
of solids and water.

The weight, diameter and length of each specimen were measured before
mounting in the triaxial cell. The bulk density was calculated from these measurements.
The mean density of sand grains was assumed to be 2.65 g/em3. (Two grain density tests
gave results: 2.642 and 2.647 g/cm?.) The density of bitumen was assumed to be 1.03
g/em3. This data could be used to calculate dry density, porosity and saturation ratio. To
calculate in situ porosity, the volume occupied by water and bitumen was divided by the
specimen volume minus the volume occupied by gas. Zero free gas in situ was assumed.
The disturbance index was calculated as the ratio of oil sands porosity increase to oil

sands in situ porosity.
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Table 4.1 contains the data described above. Bitumen contents for most
specimens, as measured on trimmings, ranged from 13.4 % to 15.2 % and water
contents ranged from 1.0 % to 2.9 %. In case of specimen S$13, bitumen content was as
low as 11.7 % and water content 3.5 %. Bitumen and water contents are expressed as a
percentage of total specimen weight. Porosity of the specimens varied from 34.7 % to
39.3 %. Calculated in situ porosity varied from 32.5 % to 35.0 %. (Porosity of specimen
S13 was 31.4%.) The disturbance index ranged from an exceptionally low 4.8%
(specimen S3) 10 18.3 %.

Grain size analyses were conducted on each sample extracted for bitumen and
initial water content determination, as well as on each specimen extracted after testing.
The characteristic grain sizes and coefficients, fines contents and, for comparison, water
contents for all specimens are shown in Table 4.5. The grain size distribution curves are
contained in Appendix F. It can be seen in Table 4.5 that, in many cases, significant
differences occurred between fines content measured on trimmings before triaxial testing
and on the corresponding specimen after testing. Differences up to 100 % are not
infrequent; sometimes differences are even higher (specimens S6, S8, S20). Because
water content in oil sands has been proven to be a function of fines content (Figure 5.7),
the differences in measured fines contents correspond to differences in water contents;
this means that the initial water contents assumed for specimen saturation and porosity
calculations contain some degree of error. In these experiments, it was not possible to
reliably estimate this error because of variations in measured water contents for different

specimens containing similar amounts of fines.
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4.5 Experimental Procedures and Results
4.5.1 Specimen Saturation and Isotropic Compression

Specimens $3-S19

To reduce specimen disturbance and bring the specimens close to the in situ
porosity, an isotropic compression test was performed as a first step after the cell
pressure line was connected and the triaxial cell filled with water. A confining pressure of
7 MPa was applied to the specimen, while the back pressure system remained opened to
atmospheric pressure. The refrigerated bath circulator was turned on just after the cell
was filled with water and the cooling tubing connected. The bath temperature was setat a
predetermined value necessary to keep the temperature inside the triaxial cell at 8 °C. The
specimen was left overnight to thaw and recompress to a higher density. Next, the cell
base channels were saturated with a measured quantity of water. The channels were
composed of two ports (one to connect the pressure transducer, which measures pore
pressure, and the other for the back pressure line) and two holes ending at the porous
stone situated at the bottom of the specimen (Figures 3.4 and A.1). In the next step, the
pore pressure port was closed and the back pressure line attached to the cell. The back
pressure line is composed of an inlet line that transmits water from the syringe pump to
the bottc:n of the specimen and an outlet line that drains water from the top of the
specimen and transmits it to an accumulator. A bypass between the inlet and the outlet
lines was opened and 3 MPa back pressure (1 MPa for S19) applied in several increments
to both ends of the specimen simultaneously. The sample and back pressure lines were
saturated overnight. The amount of water flowing into the ceil was measured. The
amount of water used to saturate the specimen was calculated by subtracting the known
volume of gas occupying the back pressure system (before back pressure was applied)

from the total amount of water injected into the system. The difference between the
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volume of gas contained in the specimen before testing and the volume of water at
saturarion reflects the specimen volume change as a result of compression. To check the
state of specimen saturation, the pore pressure parameter B was measured. If the value of
B did not change with changes in the magnitude of the back pressure, when effective

confining stress was kept constant, this indicated that the specimen was fully saturated.

Specimens S20-S23

The saturation and compression procedures were changed for the last four
specimens to allow direct measurement of specimen volume changes during
compression. In the new procedure, a specimen was thawed under an initial confining
pressure of about 150 kPa, with the back pressure lines open to atmospheric pressure.
Next, to saturate the specimen, the back pressure lines were connected and both cell and
back pressures were increased in increments of 100 kPa until a cell pressure of about
7 MPa was reached. The pore pressure parameter B was measured during this process.
To compress the specimen, the effective confining stress was increased to 6 MPa by
reducing the back pressure in steps. The amount of water that entered the cell during
compression indicated specimen volumetric changes.

The 1sotropic compression results are tlotted in Figures E1-E4 contained in

Appendix E.

4.5.2 Isotropic Unloading, Stress Paths Ap and Au.

Procedure

An isotropic unloading test was serformed on five specimens ($19-523). Before
isotropic .unloading, the initial permeability test was continued overnight to allow the
differential pressure across each specimen to stabilize under steady-stress conditions. The

initial stress conditions for the isotropic unloading tests were a cell pressure of 7 MPa and
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a back pressure of 1 MPa. The tests on specimens S19, 521 and $23 were performed by
increasing back pressure in steps until effective confining stresses of 140, 154 and 122
kPa respectively were reached. Specimen S20 was unloaded by reducing cell pressure
until an effective confining stress of 146 kPa was reached. During the isotropic unloading
test on specimen S22, the cell pressure was first changed to about 3 MPa, after which
the cell pressure was left unchanged and the back pressure was increased, until an
effective confining stress of 115 kPa was reached. At the beginning of all tests, the
pressures were changed at intervals of about 1 lira. At lower effective confining
stresses, pressures were changed in smaller intervals.

The flow of water through the specimen was continued during testing. Time
intervals between each consecutive pressure change were kept long enough to allow the
differential pressure across specimen to stabilize. The length of this time interval, which
depended on specimen permeability and an applied flow rate, ranged from 20 minutes,
for a flow rate of 1.5 mi/hr, to 3 to 6 hours, for a flow rate of 0.075 ml/hr. The flow rate
into the specimen (Qjp) was controlled by the syringe pump, designed for precise, pulse-
free delivery of liquids. The flow rate out of the specimen (Qoyt) was calculated taking
into account Qjp and volumetric changes of the specimen.

Specimen volume changes were measured with the Ennis Measuring Accumulator
connected in line with the cell pressure system. EMA volume readings were corrected for
triaxial cell expansion brought about by cell pressure changes. The differential pressure
between the top and the bottom of the specimen was measured with a differential pressure

transducer.

Results
The effective permeability to water was calculated from Equation 3.4. Specimen
length and cross-sectional area were calculated on the basis of initial dimensions and

measured volume changes during testing, assuming uniform specimen expansion in all
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directions. For permeability calculations, average flow rate (Qav=(Qin+Qout)/2) was
used.

The test results are plotted in Figures 4.2 to 4.4. Some -test details, such as
specimen conditions at the beginning of isotropic unloading, effective confining pressure
changes, and volumetric and permeability changes, are listed in Table 4.2.

All plots of volumetric changes against effective confining stresses proved fairly
consistent with one other. The average change in volume was 1.7 % for changes in the
effective confining stress from about 6 MPa to 150 kPa. The slopes of plotted curves
increase as the effective confining stress is decreased. The logarithm of effective
permeability to water plotted against volumetric changes or water porosity shows a nearly
linear relationship. The slope of the line is less for specimens with a larger initial
permeability. A scatter in initial permeability values for different specimens at the same
water porosity can be observed in Figure 4.4

The straight line drawn in Figure 4.4, derived from Equation 5.4, was drawn in
all permeability versus porosity plots as a reference for comparison between different

types of tests. The physical meaning of this line will be discussed in Section 5.3.3.

4.5.3 Triaxial Compression Tests, Stress Paths Bs and Bg

A total of ten triaxial compression tests were carried out. Specimens S1 and S2
were axially compressed with the Bellofram load frame in a stress-controlled mode,
stress path Bg. This mode of triaxial compression was found to be unsuitable for
volumetric strain-permeability change investigations. The tri.axial compression stress-
controlled tests are described in Appendix A. Specimens S3 - $10 were compressed in

the strain-controlled mode, stress path Be, with the Wykeham-Farrance load frame.
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Procedure

After icotropic compression and saturation, each specimen was consolidated
under the isotropic confining stress at which triaxial compression was later conducted.
Next, upward flow through the specimen was begun at a constant rate. Flow was
continued throughout testing, but the flow rate was adjusted, at the beginning, 1o
maintain the pressure drop across the specimen below the upper limit of the differential
pressure transducer (140 kPa). The flow rates used in the eight tests were: 0.3, 3.0, 2.0,
0.3, 4.0, 1.5, 0.15, and 0.6 ml/hr. The initial permeability test was conducted until the
differential pressure became stabilized. The time required to achieve this stabilization
ranged from 2 to 9 hours and was a function of flow rate and specimen permeability.
Next, axial compression was applied to the specimen at a constant rate of 0.075 mm/hr
(an axial strain of 0.20 %/hr) while pore pressure and cell pressure were kept at a
consiant level. In the case of specimen $9, the strain rate was as low as 0.05 mm/hr,
equaling the lower limit of the load frame capabilities. Application of low strain rates was
necessary so that the flow rate through a specimen was not excessively affected by
specimen volumetric changes during deformation. In addition, the average flow rate
through the specimen was used for calculations to obtain reliable measurements of
permeability.

The cell pressure, back pressure, differential pressure, axial displacement, cell
liquid volume change, and piston load wers monitored by computer throughout testing
and recorded at predetermined time intervals, usually of 5 or 10 minutes.

After tests, the bitumen was extracted from specimens and grain size analyses

were performed.
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Results

Specimens conditions at the beginning of the triaxial compression tests are shown
in Table 4.3. The results of eight tests, 82 - §10, are plotted in Figures 4.5 - 4.10; some
test details are presented in Table 4.4.

The stress paths in the s'- t diagram are shown in Figure 4.8. A failure envelope
was drawn through the points representing specimens with the highest strength. Because
the measured stress ratio at failure is affected by specimen disturbance, this failure
envelope is believed to be the best representation of the in situ strength. The deviatoric
stress versus axial strain plots in Figure 4.6 illustrate the influence of the effective
confining stress on the magnitude of the sheur stress that the specimens can withstand.

The effective stress ratio versus axial strain plots are shown in Figure 4.5. The
specimens reached their peak strength at axial strains ranging from 1.8 % to 4.4 %. The
value of an axial strain at failure depends, to a high degree, on specimen disturbance. The
disturbance index, however, is only a measure of change in specimen porosity and does
not reflect other aspects of specimen disturbance; this is especially notable in the case of
specimen 86, the disturbance index of -which was lower than those of many other
specimens. Nevertheless, the initial slope of the curve representing specimen $6 on the
effective stress ratio versus axial strain plot is small, until an axial strain of about 2.2 % is
reached. After this point, the slope increases and the effective stress ratio at failure is
finally higher than the maximum stress ratio for specimen S8, which also sheared under
an effective confining stress of about 2 MPa. Specimen S6 was prepared from a core
contained in a thin plastic liner of an internal diameter of 105.6 mm, larger by 3.5 mm
than the diameter of the core cut from the deposit. (In modified liners, the gap between
the core and the liner was reduced). The free space in the liner allowed the core to expand
radially until it filled the liner entirely. During specimen preparation, many longitudinal

fissures filled with bitumen were noted. Similar fissures on disturbed specimens have
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been observed by other experimenters (Wong et al., 1993). The particular stress-strain
behavior of specimen S6 is believed to be a result of the mode of core disturbance
described above.

All specimens except S7 displayed strain-softening after failure. Specimen S7
sheared under the lowest initial effective confining stress of all specimens: initial stress
was 240 kPa but increased with time due to a self activating increase in cell pressure, and
at failure reached a value of 410 kPa. The increase in effective confining stress had an
influence on the shape of the stress-strain curve,

Volumetric change versus axial strain plots for seven specimens are shown in
Figure 4.7. Specimen S8 volume changes are not plotted because they were disturbed by
accidental changes in cell temperature. All specimens displayed initial compression
followed by shear dilation. Dilation rates reached their maximum values usually befare
specimen failure or directly after failure. At higher axial strains, dilation rates becime
smaller. The relationships between magnitude of volume change, effective confining
stress, and specimen density can be observed on the basis of the plots in Figure 4.7 and
the data contained in Table 4.3. The specimens that sheared under effective confining
stresses of 2 MPa and higher initially underwent a substantial decrease in volume. At
failure, specimen volumes were still below their initial values, but at higher axial strains
volume changes became positive (dilation). The specimens that sheared under lower
effective confining stresses underwent small degrees of compression followed by
substantial shear dilation, up to 5.6 % at an axial strain of 6 % (specimen S4). The
magnitude of dilation depends on the effective confining stress, specimen density
(porosity) and axial strain.

The effective permeability to water is plotted against volume change and water
porosity (the latter defined as the ratio between the volume occupied by water and the

total volume of the specimen) in Figures 4.9 and in 4.10, respectively. The plot of
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logarithm of permeability against volume change or water porosity is almost a straight
ling in the case of specimens that did not contract during initial stages of testing. The
permeability - volume change relationships for contracting specimens are more
complicated. During specimen contraction the effective permeability to water decreased
less than it increased during specimen dilation. When the specimen volume returned to its
inidal value, specimen permeability became larger than it was at the beginning of the test.
At larger volumetric strains, permeability changes seem to follow the general trend

depicted by the straight line shown in the plot.

4.5.4 Confining Stress Unloading Tests, Stress Paths Gp and Gu

The triaxial confining stress unloading test was designed to investigate how the
dilation that occurs during hydraulic fracture propagation influences the oil sands
effective permeability to water. To be able to monitor post-peak behavior, the specimen
was compressed with the constant strain-rate loading frame. During the test, a constant

vertical effective stress was maintained and the confining effective stress (03') was
reduced until specimen failure occurred. Then, 63 was left unchanged until the end of
the test .

Two types of confining stress unloading tests were performed:
1. The confining stress unloading test with cell pressure reduction and constant pore

pressure, performed on specimens S11-S14 (total stress path Gp).

2. The confining stress unloading test with pore pressure injection and constant cell

pressure, performed on specimens S15-S18 (total stress path Gyy).

Procedures
After the isotropic compression and saturation described in Section 4.5.1 was

finished, each specimen was consolidated under an initial confining stress. Specimens
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S$11-514 were consolidated under effective confining stresses of 2930, 1920, 1040, and
560 kPa respectively and specimens S15-S18 under respective effective confining
stresses of 2000, 1510, 980, and 2860 kPa. Next, the initial permeability test was
conducted until the differential pressure across the specimen became stabilized. The flow
rate was adjusted to keep the differential pressure lower than 140 kPa. The respective
flow rates applied during testing of $11-§18 were: 4.0, 2.0, 0.03-0.45, 0.3, 0.75, 0.75,
0.60, and 0.60 ml/hr. (During the test on specimen S13, the flow rate was changed
several times because of significant changes in permeability.) After the initial permeability
measurements were finished, axial compression was started at constant strain rates that
ranged from 0.047 to 0.11 mm/hr.

During the tests on specimens S11-S14, the cell pressure was reduced in a
predetermined manner to keep the total vertical stress close to its initial value. Since the
pore pressure remained unchanged during these tests, the effective vertical stress was
also kept ai its initial level. The following relationship between piston load, vertical

strese. and cell pressure for triaxial stress conditions was derived:
N = (01‘ 03(1‘ as/As))'AS 4.1

where; N - piston load, kN

o1 - vertical total stress, kPa

03 - confining total stress (= cell pressure), kPa

Ag - specimen cross-sectional area, m2

ag - piston cross-sectional area, m?
To keep 0] constant, the relation between N and o3 must follow this equation. In practice
during testing, as compressica was continued, 61 and N were allowed to increase by
some amount, whereupon 63 wes reduced slowly until N reached a value that satisfied

Equation 4.1 for a given 03. The &3 value was controlled in this way until the peak
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strength was reached. The pressure regulators were not accurate enough to allow for
confining pressure control in the post-peak region, because this required precise, small
pressure increments. As well, tests were conducted for many hours before peak strength
was reached, which usually took place late at night. For this reason, in the post peak
region, the tests were continued as conventional triaxial compression tests with cell and
back pressures remaining unchanged.

The confining stress unloading tests on specimens S15-S18 were performed
under constant cell pressure conditions. The pore pressure was changed during these
tests in a predetermined manner to keep the vertical effective stress constant. The total
vertical stress was changing slightly during these tests. Equation 4.1 was modified to

show the pore pressure component (u):
N=(u+01-03(1-a/Ag) )Ag 4.2

The N and u values have to follow this equation if Gy’ is to stay at a constant value. The
pore pressure was increased manually at certain time intervals, each time in several small
steps. Each change in pore pressure involved some reduction in vertical load. The pore
pressure increase was stopped when the desired value of N was reached, as described by
Equation 4.2, for a given pore pressure. The specimen cross-sectional area (Ag) was
corrected at each pore pressure level, since it was known approximately how volumetric
changes are related to axial strains, on the basis of tests performed earlier. As during the
previous four tests (S11-S14), 61" was controlled only until the specimen reached its
peak strength. The tests then were conducted as conventional triaxial compression tests.
The time interval between consecutive corrections of N, through changes in u (or o3),
was equal to the time required to obtain stabilization of the differential pressure across the

specimen. This factor determined the duration of the test. For specimens with a low
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permeability, the axial strain rate had to be set at the lowest possible value of 0.047

mm/hr.

Results

The results of the cell pressure reduction tests are shown in Figures 4.11 to 4.16
and the results of the pore pressure injection tests are shown in Figures 4.17 to 4.22.
The stress paths followed are shown in Figures 4.14 and 4.20 in the s'- t stress field.
The jagged appearance of the stress-strain plots resulted from the way the confining
effective stress was controlled, that is, by pore pressure or cell pressure changes in steps
at certain time intervals. For both types of tests, the most striking characteristic of the
effective stress ratio versus axial strain plots is the value of the effective stress ratio at
failure. The stress paths followed during these tests led to very low effective confining
stresses at failure. In the most extreme case (specimen $17), the effective stress ratio at
railure was 145 at an effective confining stress of 10 kPa. Although such low values of
stress, measured by the difference in readings of two pressure transducers, may have a
relatively large error due to limited instrument resolution, the general tendency was for an
increase in effective stress ratio with a decrease in effective confining stress. The
unexpectedly high stress ratio (for sand) at low effective confining stresses is the result of
the high viscosity bitumen in the oil sands specimens. Although the bitumen is not a solid
body but a fluid, its very high viscosity (about 107 mPass) at 8 °C (Peacock, 1988) gives
the oil sands an apparent cohesion, that is, some degree of strength at zero confinin g
stress at the strain rates used. The effective stress ratio at failure of oil sands is a function
of this factor, the magnitude of effective confining stress, the specimen disturbance and
the initial porosity. The latter two parameters also influence the magnitude of axial strain
at failure; this was especially noticeable in the case of specimen S12, in which cracks and
fissures were visible before testing. For specimens S11 - $14, axial strain at failure

ranged from 1.9 % to 4.8 %. For specimens S15 - S18, axial strain at failure ranged
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from 0.8 % t0 1.9 %. The ¢ ’ference in the magnitude of axial strains at failure as
measured in these two types of tests, is obvious, although the causes of this differential
are not well understood. It could be speculated that the difference may be associated with
the low permeability of oil sands. If the cell pressure is reduced, the specimen undergoes
expansion because of the instantaneous drop in effective confining stress. But this, in
turn, results in a reduction in pore pressure if the specimen permeability is low, and the
equalization of pore pressure requires some time, so that water can fill the increased
voids. When water fills these voids, the pore pressure returns to its initial value and, in
effect, the effective confining stress decreases. Hence, after each cell pressure reduction,
one cycle of confining effective stress increase and decrease takes place, which
strengthens the spzcimen. If the pore pressure is increased, the effective confining stress
is reduced by the amount by which the pore pressure has increased, so that no cycie of
confining effective stress can take place. This could be the reason that, in the pore
pressure injection tests, specimens failed at lower axial strains and expcrenced larger
volume changes at corresponding axial strains than in the cell pressure reduction tests.

The volume change versus axial strain plots are shown in Figures 4.13 and 4.19.
Dilation at failure for both series of tests ranged between 2.0 % and 4.7 %. The largest
volumetric changes at higher strains, measured «.ring these tests, ranged from 4.9 % 1o
8.7 %. The highest rates of volume change occurred in the region where the specimens
reached their peak stress ratio. At higher axial strains, the curve representing the relation
between volumetric strain and axial strain tends to level off. The volumetric strains at
failure constituted about 1/3 to 2/3 of their largest measured values.

The effective permeability to water versus volume change plots are shown in
Figures 4.15 and 4.21. The effective permeability to water versus porosity plots are
shown in Figures 4.16 and 4.22. The tests on specimens S15 - S18 gave rather

consistent results mainly because their initial permeabilities were close to one another
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(some differences in 3’ - i ot different plots can be noticed). Differences in the initial
permeabilities of specimens S11-S14 were much greater. The difference between the
maximum and minimum values of effective permeability to water for specimens $11 and
S$13 was equal to two orders of magnitude ( 8.0010-6 versus 6.8:10-4 um?2). Specimen
$13 contained about four times more fines than other specimens from the same series.
The reason for the high permeability of specimen S11 (which was ten times higher than
the permeability of specimen S14, which had a similar water porosity) was not easy to
identify. Specimen S$14 had only a slightly higher content of fines, defined as particles
smaller than 45 lim, but had more than twice the content of fines smaller than 75 um.
Probably the latter factor and the mode of fines distribution led to the difference in
permeability. The effective permeabilities to water of specimens S$12 and $14 were
consistent with their water content and with the general tendency for permeability to

change as a function of water porosity.

4.5.5 Constant p' Tests, Stress Paths Dp and Du

The objective of this series of tests was to measure volumetric changes due to
"pure” shear deformations under a constant mean effective stress (p'= (01'+2+¢3")/3) and
the effect of these changes on permeability. The constant p' tests were performed on
specimens S19 - 8§23, previously used in isotropic unloading tests,

Two types of constant p' tests were conducted:
1. The confining pressure unloading test, performed on specimens $19 and $20. During

these tests, pore pressure was maintained constant and cell pressure was reduced.

2. The pore pressure injection test, performed on specimens $21 to $23. During these

tests, cell pressure was maintained constant and pore pressure was increased.
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Procedure

After the isotropic unloading tests, specimens $19 and S20 were recompressed
under an effective confining stress 5f 6 MPa and then unloaded to 3 MPa and 890 kPa
respectively at a back (pore) pressure of 3 MPa. Specimens $21, S22 and 23 were
recompressed under effective confining stresses of 1950, 570, and 1480 kPa respectively
at a back (pore) pressure of 3 MPa.

During both types of tests the specimens were axially loaded at constant strain
rates and pressures were changed in a predetermined way to maintain mean effective
stresses at constant values. The following relationship between the external load on the

cell piston, cell pressure, pore pressure, and mean effective stress was derived:
N = (3(p'+ u) - 63(3-a/Ag))rAs 4.3

where: p' - mean effective stress, kPa

v - pore pressure, kPa

o3 - cell pressure, kPa

ag - piston cross-sectional area, m2

Ag - specimen cross-sectional area, m?2

N - piston load, monitored by load cell, kN
Equation 4.3 must be satisfied by all variables and constants in order to maintain the
mean effective stress (p') at a constant value. The cross-sectional area for the first test
was assumed to be constant. In the next tests, the cross-sectional area was corrected on
the basis of estimated specimen deformation at a given axial strain. The cell pressure was
changed manually in steps, in the same manner as during the confining stress unloading
tests. During the constant p’ pore pressure injection tests, the mean effective stress was
maintained constant by manually increasing the pore pressure. Permeability

measurements were continuous throughout every test.
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Results

The constant p’ test data are included in Table 4.4. The test results are plotted in
Figures 4.23 to 4.28. Figure 4.26 show the effective stress paths followed during the
constant p' tests in the s'-t stress field. The way in which the pressures were changed
resulted in the saw-tooth plot shapes. Constant p' values were maintained only until
specimens reached their peak strength. This process usually took several hours.
Specimen compression in the post-peak strength region was continued overnight
unattended, with cell and pore pressures left unchanged. In the s'- t plot, the stress paths
follow the standard triaxial compression stress path after the specimens reached their
maximum strength. The effective stress ratio versus axial strain plots are shown in Figure
4.23 for all constant p' tests. Maximum effective stress ratios occurred at axial strains
ranging from 1.2 % to 3.5 %. The value of the maximum stress ratio is a function of the
effective confining stress at failure. The lower the effective confining stress, the higher
the peak stress ratio that was reached. Deviation from this rule in the case of specimens
S20 and S22 was caused by differences in their porosity. The disturbance indexes for
these two specimens were very similar. The deviatoric stress versus axial strain plots are
shown in Figure 4.24. The initial slopes are similar for the three tests that were carried
out under higher initial effective confining stresses. For the two tests that were started at
lower inital effective confining stresses, the curves are less regular and their initial slopes
are smaller,

The volumetric change versus axial strain plots are shown in Figure 4.25. Only
one test (§19), carried out under an initial effective confining stress of 3000 kPa, differs
substantially from all other test results, that is, its dilation is less than half of the dilation
of other specimens. The confining effective stress at failure of specimen S19 was
relatively high (1160 kPa) compared to the confining stresses at failure of specimens $20

to 523, which were: 94, 360, 81 and 250 kPa respectively. At the beginning of axial
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strain, the volume changes were increasing but relatively slowly. They started to increase
in volume significantly at 0.5 % to 1.5 % axial strain and usually reached their maximum
rate before the peak stress ratio. At larger axial strains, the rate of volume change became
low again and the volumetric change-axial strain curves tended to level off. The average
volume change at peak stress ratio for the four tests was 2.1 % and was 6 % at 5 % axial
strain. The logarithm of effective permeability to water versus volume change is plotted in
Figure 4.27 and versus water porosity in Figure 4.28. It is interesting that, in spite of
different initial permeabilities and water porosities, the general trend of permeability
increase with volume increase is similar. In two cases (specimens S20 and S$22), the
slope of the curves are substantially higher in the initial stages of the tests (up to a 2%
volume change), but at larger strains the slopes again follow the general trend. Specimen
§20 contained the largest amount of fines of all specimens. Specimen S22 contained less
fines than specimen S20, but the common characteristic of both of them concerned the
mode of fines distribution, which was in layers instead of in small pockets. The
continuity of these impermeable layers was broken by shear deformation and dilation at
the beginning of shear and the specimens then behaved similarty to the specimens without

shale layers.

4.6 Summary

The experimental procedures followed in the triaxial tests on oil sand cores and
the results of these tests have been described in this chapter. A total of 28 triaxial tests
were carried out on 23 different specimens, following four different effective stress
paths: isotropic unloading, triaxial compression, confining stress unloading, and
constant p'. For each stress path, effective stress ratio, deviatoric stress, and volumetric

strain were plotted against axial strain. Similarly, plots for each stress path were
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constructed for effective permeability to water versus volumetric strain and versus water

porosity. The stress paths followed are depicted in the s'-t stress field. The test results are

compared and discussed in the next chapter.
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Table 4.5 Cegin Size Diatnibutan Daty

Sampie Ne. Grain Sca_mm Unitermity Curvalute Finas Content Wate
Costhcient CoeMdent Contmnt
Dio 030 D&0 D39 CueDBEOT10{Cc-D302010/060%«0.075mm |%< S45mm | % {by waghp
Pi1 A 90.066 0.3 Q.15 0.153 1.86 1.23 5.30
Pl2 A 0.088 0.13 0.6 0.153 1.86 1.23 590
P13 A 0,086 0.13 .16 ©.153 1.86 1.23 550
P14 A 0.086 0.13 0.8 0.153 1.88 £.23 8.30
s1 8 .15 .15 0.255 0.24 17¢ 12 210 1.00 (R}
A 8,15 0.5 9.24 0.224 1.5¢ 1.20 2.5¢ 1.30
52 B 015 0.22 0.265 ©.255 1.77 1.22 2.10 1.50 .o
A 0.097 0.183 0.25 023 2.58 1.38 6.40 3.60
53 Bl 0.126 .21 0.24 ¢.228 1.80 1.48 2.20 a9
By o114 0.187 0.248 0.238 197 112 2.40 1.20 1.98
A 0.086 0.124 0.19 0167 2.2t 0.04 5.30 1.80
54 A D112 0.165 0.22 o1 1.93 1.00 2.70 0.90
b1 A 0.053 0.1& 0.22 0.204 .37 1.25 620 1.00
S6 B 0.104 Q.15 018 g7z 1.73 1.20 1.80 070 1.2%
A 0,085 0.134 0.173 0162 2.04 1.22 [3.1:] 210
s7 B 12 A4 .21 0.2 1.75 1.2% 4.60 2,30 2.30
A 0.1 Az 0.215 0.204 218 0.57 10 470
sa A 0.083 018 0.1% 0.18 229 1.62 8.80 580
s% Bl 0.124 9.153 0.24 0.22 1.94 o7 5.20 2.40 2.3
B 0.09 0.205 D.244 .23 2.71 19 2.90 1.50 1.81
A 0.073 0112 0.173 0.15 2.37 c.o 9.90 410
s10 B 0.09 0.12 0,154 0147 1.76 1,04 6.00 290 L3
Bl XL 0.15 0.17% 0167 1.53 1.4 4.00 2.50 1.92
A 0.082 0.123 0.165 v.158 1.79 1.00 6.00 2.50
541 A ot 0.132 0172 0.159 1,72 [ 4.0C 210
st2 &1 0.083 0.107 0.14 0.128 1.89 0.99 7.50 350 2.66
Bl 0.677 Q.10 0.128 D118 1.66 t.0d 540 210 2.87
A p.oe 6.1 0.122 0114 1.53 t2 660 2.30
513 3] 0.0§ 0.135 0.19 o128 a7 1.60 1200 5.80 .49
B ©.068 a.105 0.144 0115 2.2 1.12 1210 9.00 4.46
A oot 0.088 6.1z 0114 2.00 1.61 20.20 11.60
St4 B 0ee 0.112 0.142 0132 1.78 1.1¢ 8.50 22¢ 199
A 0.077 0115 0.152 0.14 1.97 1.12 9.00 27¢
515 A 6.083 Q.27 0.158 015 1.90 120 71.80 2.1
S5t6 B 0.072 Q.104 c.139 0.128 1.9 1.08 10.60 236 139
A 0.065 2.104 0.137 0.128 2. . 13.80 390
517 A 0.071 9.096 c.13 a.t1a 1.42 1.00 11.50 2.40
518 A K- 0.097 €126 9915 1.9 RE| 13 50 4.30
519 Bl ©.065 0.118 o147 0.142 2.26 1.4 11.40 7 50 426
B G.064 0116 6155 0.136 242 1.36 1200 590 ER L]
A €073 0.105 0135 0.127 185 112 10.00 3.90
520 B 0.03 01 0.13 212 4.31 2.%6 17 40 1220 432
A sere 0.1 0125 0.117 14 111 10,60 410
s21 8 0.09 .12 0.153 0.143 1.70 4.80 1.80 1t
A ©.088 0.122 0.153 0144 1.74 630 260
522 8 o192 0.13 0.162 0.152 1.59 2.30 .50 1.96
A Q.09 0.112 0.438 0.129 1.53 560 260
523 B 908 0.t09 0.945 014 1.81 1.02 7.80 188 1 40
Bl 0.082 015 0.152 0.129 1.835 1.08 7.60 2.%0 225
A 0.076 0109 0.145 0.129 1.01 108 9.20 2.90
Rote

B - grain size mnalysis pertermed on trimmings
A - grain EZe anaiysis peiormed on spacimens ahe tesis

D
L9
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Be, Bo

Du, Pp

Gu, Gj ’

1=

3

2
Au, Ap A

> >
p'= (0} +20})/3

A - Isotropic Compression
Au - Isotropic Unlcading by Pore Pressure Injection

Ap - Isotropic Unloading by Decreasing Confining Pressure

Be - Compression

Bo - Compression

Dp - Constant p', Compression with Decreasing Confining Pressure

Du - Constant p', Compression with Pore Pressure Injection

Gp - Confining Stress Unloading, Compression with Decreasing Confining
Pressure (Constant 61" and &)

Gu - Confining Stress Unloading, Compression with Pore Pressure
Injection (Constant 61' }

Figure 4.1 Stress Paths Followed During Triaxial Tests on Oil Sands Core
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Figure 4.4 Stress Paths Ap and A , Effective Permeability
to Water - Water Porosity
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Figure 4.6 Stress Path Bc, Deviatoric Stress - Axial Strain



t= (0’1'— 63')/2, kPa

. 128

—e— 53 0’3'=1300kPa
0‘3'=480kPa M S S S

| =855 0'3'= 970 kPa i : 5

—— 56 0’3'=2030 kPa
3

—_
[}

w

o

—— 57 o,'= 240 kPa

——— S8 G,'=1970 kPa

—— S10 0'3'=2890 kPa

dilation

T 4

e rereerennd Y S max.éffe(;ﬁve 4 ”
i stress ratio i

Volume Change, %

S = MW A LN 00 WO

1
[

Axial Strain, %

Figure 4.7 Stress Path B , Volume Change - Axial Strain
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Figure 4.8 Stress Path B, Failure Envelope
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Figure 4.11 Stress Path Gp, Effective Stress Ratio - Axial Strain

=
0 1 2

A VU EEU SO VPO A R B
3 4 5 6 7 8 9 10

Axial Strain, %

Figure 4,12 Stress Path Gp, Deviatoric Stress - Axial Strain
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Figure 4.13 Stress Path Gp, Volume Change - Axial Strain
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Figure 4.17 Stress Path G, Effective Stress Ratio - Axial Strain
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Figure 4.18 Stress Path G, Deviatoric Stress - Axial Strain
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Chapter 5. EFFECTIVE PERMEABILITY TO WATER - DISCUSSION
OF TEST RESULTS

5.1 Specimen Saturation and Compressibility

The effeciive permeability to water tests on oil sands cores were conducted under
conditions of complete liquid saturation, that is, any gas bubbles in the core were driven
back into solution. The pore pressure parameter B (defined as the ratio of change in pore
pressure to change in cell pressure) was measured for all specimens to ensure they were
saturated. The oil sands isotropic compressibility, used for the calculation of the
theoretical value of B, was determined from tests on five specimens {S19 to S23).

The complete saturation of specim~ns was achieved either by saturation after
isotropic compression or before isotropic compression. Saturation after compression,
conducted on specimens S3 to S19, was performed in order to reduce the amount of
water needed to inject into the specimen to completely drive gas bubbles into solution.
Because the need arose to measure specimen volume changes durin g isotropic
compression, the remaining specimens were saturated before compression, so that
volumetric changes could be measured with the EMA in the back pressure system. In
both methods, saturation conditions were checked by observing changes in pore pressure
parameter B (Equation 3.2). Complete saturation is obtained when B becomes constant
with an increase in pore pressure (under unchanged effective stress). Figure 5.1 shows
the changes in parameicr B with changes in pore pressure for specimens $20 to S23.

The experimental values of B, obtained from completely saturated specimens, are
shown in Table 4.3 and plotted versus the coefficient of isotropic compressibility (cg) in

Figure 5.2. The effective confining stresses (G3'), under which values of B were
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determined, are also shown in Table 4.3. The compressibilities of specimens saturated
after compression, as shown in Figure 5.2, were calculated using the equation obtained
as a best fit to the test results (shown in Figure 5.3) from specimens S19 to $23 during

isotropic unloading:
cs = 0.00127.55'(-0.815) (Figure 5.4) 5.1

A curve following this equation is shown in Figure 5.4 together with the experimental
compressibility data. The compressibilities of specimens saturated before compression
were estimated from Figures A.7 and E.2 to E.5, all of which show plots of specimen
volume changes against effective confining stresses.

Figure 5.2 shows that the pore pressure parameter value varies with changes in
compressibility, which, in turn, is a function of effective confining stress and loading
history. A scatter of B values also occurred at the same effective confining stress (the
same compressibility), This variation could result from slight differences in the
compressibilities of individual specimens and the average values are reflected by
Equation 5.1.

The experimental results were compared to the theoretical relations between pore

pressure parameter B and compressibility, as defined by the equation:
B = 1/(1+(¢pw cwtdpecp)/cs) 5.2

where: dw - water porosity (ratio of volume occupied by water to total specimen
volume)
p - bitumen porosity (ratio of volume occupied by bitumen to total specimen
volume)
cw =0.45+106 kPa'! - compressibility of water

Cp - compressibility of bitumen
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cs - compressibility of oil sands structure or matrix

The typical porosities used in calculations were: ¢ = 7.5 % and ¢, = 28.5 %. The
compressibilities of oil sands specimens were calculated from Equation 5.1. Two
theoretical curves were plotted for two different bitumen compressibilities to show how
bitumen compressibility influences the B value. The bitumen compressibility value of
2.1+10°6 kPa-! was taken from Plewes (1987). This compressibility value resulted in
theoretical values of B higher than that given by the experimental results. A larger
bitumen corpressibility of 8.0+10-6 kPa-1 was used in Equation 5.2 and resulted in B
values which more closely matched the experimental results.

The compressibility of bitumen used by Plewes was measured from core which
originated from shallow deposits at the Syncrude open pit mine. The core used in this
study was taken from deeper deposits (150 m) at the UTF site. The core was preserved in
a frozen state from the moment of recovery to the time it was used in the experiments
conducted at the in situ temperature of 8 °C. The bitumen in the UTF core is saturated
with gas at the in situ temperature and pore pressure, that is, it is a live oil. It, therefore,
contains more dissolved gas than that contained in the core used by Plewes. An increase

in the amount of gas dissolved in bitumen increases the compressibility of the bitumen.

5.2 Volume Changes

This section presents and interprets volume changes (as defined in 3.6.2) that
occur in Athabasca McMurray Formation oil sands during stress-induced deformations.
The volume changes are analyzed in the context of changes in mean effective stress and in
shear stress, as well as in the context of the intergranular interactions and the mutual
rearrangements of grains that are associated with sand structure deformations. Extending

the proposal of Wong et al. (1993), the possible deformations have been grouped into
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five different modes: contact elastic deformations, rearrangement, sliding (frictional

sliding), rolling (shear contraction and dilation), and crushing (grain breakage).

5.2.1 Isotropic Unloacing Tests

During the initial isotropic compression of specimens the dominant mode of
deformation is the rearrangement of particles, with the elastic deformations of individual
grains playing a lesser part. When the specimen is unloaded, only the portion of the work
used to produce the elastic deformations is recovered. During the recompression cycle,
on the other hand, contact elastic deformations are dominant. The hysteresis, which
occurs between the unloading and reloading phases of a cycle, indicates a lag in the
response of oil sands towards changes in forces. Comparisons made between the
unloading and reloading cycles, shown in Appendix E, must be carried out with the
recognition that the two stress paths were conducted with different time intervals between
consecutive pressure changes.

Figure 5.5 shows total volume changes of the specimens measured during
isotropic unloading tests carried out on samples S19 to $23, during which permeability

measurements were conducted. The best curve fit to all data takes the form:
EV - AV -+ Bv.log 03' 5.3

where: €y = AV/V, - volumetric strain (= volume change), %

03 effective confining stress, kPa

Ay, By - constants
The constants were calculated as: Ay = 3.980 and By = -1.031 (R=0.991). One curve
was fitted to all the results of the five tests because of the obvious similarity between the

different experimental curves (Figure 4.2).
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The power function, often used to relate the change in bulk volume to the change
in confining pressure (Wong, 1993), is less accurate. This curve is also shown in Figure
5.5 for comparison and is not considered further,

The pore volume changes (Evp) versus effective confining stresses are shown in

Figure 5.6 and are curve fitted with the function:

gvp = 11.1 - 2.86+log o3’

5.2.2 Triaxial Shear Tests

The three types of triaxial shear tests differed in the way changes were made in
the two components of the state of stresses, the mean effective stress and the deviatoric
stress. However, the general picture of specimen deformations in all tests was similar to
that which occurred during the conventional compression test, with an increase in
compressive strain in the axial direction (imposed by the loading frame) and an increase
in the expansive strain in the radial directions.

The mutual displacement of grains is more complex in triaxial compression tests
than during isotropic unloading. During isotropic stress changes, the specimen increases
or decreases its dimensions in all the principal directions. During the triaxial compression
test, the specimen is compressed in the axial direction a: a constant rate of strain and
expands in the radial directions at the same time. At the initial stages of triaxial testing on
dense sand specimens, contact elastic deformations and rearrangement dominate,
resulting in a decrease in the net volume of the specimen. At higher stress ratios, sliding
(the relative motion between groups of particles) and rolling dilation occur, which results
in permanent (plastic) increases in volume. The grains forced to move laterally override
one another causing this expar..ion in the volume of the pores in the specimen. At high

confining stresses, dilation can be somewhat suppressed by the shearing and crushing of
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sand grains. The McMurray Formation sands, being almost all quartz grains, withstand
grain crushing except at very high stress levels which do not occur at the UTF site.

Figure 5.7 shows the relationships between volumetric changes and mean
effective stresses (p'), as measured on specimens at shear failure (at the maximum
effective stress ratio) and at the end of testing (residual shear strength conditon). Similar
relationships between pore volume changes and mean effective stresses are shown in
Figure 5.8. The solid line represents volume changes at failure as a function of p'. The
dashed line gives an approximation of the largest volume changes which would be
expected to occur at a given p' value. The results of the tests indicate that the Athabasca
Mc¢Murray Formation oil sands undergo a substantial increase in volume at shear failure if
the mean effective stress is lower than about 3 MPa. This volume increase can occur at
even larger mean effective stresses (up to 6 MPa) if sand is deformed to larger axial
strains (> 5%). At low mean effective stresses (< 0.5 MPa) volumetric changes can be
substantial, exceeding 25 % of the initial pore volume or 10 % of the initial total volume
of the specimen. It should also be noted that volume increase at failure constitutes only a
fraction of the volume increase occurring at larger axial strains.

The relationship between volume change at failure and the mean effective stress,
measured on different specimens following different stress paths, is fairly consistent.
However, some scattering of points in Figure 5.7 follows from differences in specimen
void ratios. The initial porosity or void ratio is another parameter having an influence on
specimen volumetric changes. Its influence can be determined when comparing the
results of tests following the same stress path. For example, specimens $3 and S8, both
of which failed at mean effective stresses of about 5.3 MPa, displayed 0.4 % and -0.4 %
volumetric strains, respectively. Figure 5.18, which plots void ratio versus mean
effective stress, displa&*s a difference in the initial void ratios of these specimens ( 0.52

and 0.57).
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Figures 5.18 and 5.20 also illustrate that specimens having a lower initial void
ratio have a larger potential for volumetric increase during shear. The figures also
compare volumetric changes during shear tests with those that occur during isotropic

unloading tests.

5.3 Effective Permeability to Water
5.3.1 Bitumen Mobility

In field extraction operations, the bitumen contained in Athabasca Mc¢Murray
Formation oil sands can be considered immobile at reservoir temperatures. However,
following these laboratory tests, conducted on short specimens (38.1 mm in length),
small amounts of bitumen, ranging from about 2 to 9 % of the bitumen initially contained
in the specimens, were found in the porous stones. Some of the bitumen could enter the
porous stones because they were in direct contact with pressurized specimens.
Nevertheless, various amounts of bitumen must have been displaced from the specimens
as the result of other factors, such as specimen compression. The amounts of bitumen
expelled from specimens, however, were relatively small and the resulting error in the
measured effective permeability to water should not be greater than a few percent.

A broader discussion of the problem of bitumen mobility, as well as of the
estimation of the error that could occur in calculated effective permeability to water, are
carried out in Appendix D. The error resulting from the displacement of small amounts of
biturnen from specimens influences calculations of the effective permeability to water.
However, this influence is in the opposite direction to the error resulting from

nonuniform specimen dilation brought about by friction between porous stones and
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specimen, as described in Appendix B. One of these errors would tend to offset the other

10 a certain degree.

5.3.2 Influence of Fines on Permeability

No evidence was found of fines movement during the effective permeability to
water tests, even though fresh water was used as a permeant. As discussed in
Section 2.2.4, when fresh water is used as a permeant, it may cause problems by
dispersing clays and allowing them to move which could decrease or increase
permeability. Observations made during the initial stages of testing revealed that after the
differential pressure across a specimen was established, the differential pressure often
decreased, indicating a slight increase in permeability; however, given time, the pressure
grudient stabilized. No increase in the pressure gradient took place that could indicate a
permeability reduction caused by the movement of fines. The initial decrease in the
differential pressure could be associated with the bitumen mobility described in the
previous section or could simply follow from the reshaping of the channels through
which water flowed.

Most of the fines in the specimens were contained in shale and silt fragments or
layers, visible to the naked eye. The fragments varied in size from very small to several
millimeters in length. The layers or lenses were longer and sometimes extended
throughout the whole cross-sectional area. These shale fragments are detridal and cannot
move without destroying the existing sand structure. Moreover, water in oil sands of low
water saturation does not flow along the whole grain surfaces but through channels that
are built of interconnected pendular rings (Section 2.1.3); therefore, the amount of
authigenic fines that could possibly be entrained into flowing water was further limited to

those which happened to border with the water channels. A noticeable reduction in
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measured permeability did not take place, either because the amount of fine particles was
not sufficient, or because the particles themselves were not free to move.

The fine particles did not create problems on a microscale level (in pore spaces).
However, in many cases, shale fragments, as well as shale and silt layers, were obstacles
to flow on the macroscale level. As a general rule, specimens which contained larger
amount of fines, despite their larger total water content, had a significantly lower initial
permeability than low fines specimens. Also, the rate of change in permeability with
changes in porosity, in the init -{ stages of testing, was higher for specimens containing
more fines (Figure 5.11). At larger volume changes, the rate of increase in permeability

became similar for all specimens.

5.3.3 Initial Permeability of Qil Sand Cores

The effective permeabilities to water of core specimens, measured at the
beginning of the triaxial shear tests or the isotropic unloading tests, are plotted in Figure
5.9. The permeabilities of tested specimens varied between 5.3¢10-6 um?2 and 2.3+10-3
um?2. This significant difference in permeability values occurred for specimens of similar
water porosity but different fines content.

The line plotted in Figure 5.9 represents the best linear semi-logarithmic fit to the
rest results from specimens S1, $3, S4, 85, S10, and S11. All these specimens
contained only a small amounts of fines (<2 % particles smaller than 45 pm) distributed
in small separated fragments. Therefore, the differences in the permeability of these
samples result from differences in their initial water porosities, which, in turn, was a
function of the in situ water porosity, the degree of disturbance, and the effective
confining stress applied during testing. This line shows a good relationship between

water porosity and initial effective permeability to water for low fines oil sands.
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The line plotted in Figure 5.9 follows the equation:

10g Kew= -5.868 + 36.2000y, 5.4

where: ke - effective permeability to water, pm?
¢w - water porosity, fraction
From this equation, the change in effective permeability to water can be expressed as a

function of change in porosity :
log kew - log kew] = 36.2¢(0w2-0w1) 5.5

Deviations in specimen permeability values from the line described above were caused by
such factors as higher fines content, the mode of fines distribution, and possibly grain
size distribution.

The relationship between the initial effective permeability to water and fines
content is presented in Figure 5.10. Larger fines contents are clearly associated with
lower effective permeabilities to water. A bilinear line drawn in Figure 5.10 shows the
approximate relationship at a constant water porosity of 8 % between fines content and
the effective permeability to water of oil sands. The in situ oil sands, which are rich in
bitumen, have a water porosity of approximately 4 %. For these rich oil sands with low
fines content (<2%) the in situ initial effective permeability to water is 3.8 +10-3 um?. A
relationship between fines content and effective permeability to water for this water
porosity is also shown. This bilinear relationship can be expressed by two equations for

two difterent ranges of fines content:

log kew = - 4.420 for F<2% 5.6
log kew = - 4.420 - 0.452+(F-2) for 2% < F < 5% 5.7

where: F = fines content, %
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For fines contents over 5 %, the distribution of fines is in large clasts or
laminations which result in a variable decrease in the initial effective permeability 10 water
and cannot be modeled. As shown later, shear strains have a significant influence on
increasing the permeability of these higher fines oil sands.

Fines contained in specimens can influence measured permeabitity values in two
ways. First, the water contained in discontinuous shale clasts or in other agglomerations
of fine particles (Takamura et al. 1982) is generally less mobile than that contained in the
pendular rings at the contacts of sand grains and in the channels created between sand
grains and the bitumen contained in pores. Consequently, the pore space involved in
conducting water contributes to only a fraction of the total pore space occupied by water.
Second, the shale fragments, lenses and layers may not only bind some pore water, but
they also create restrictions to flow by reducing the area through which water can easily
flow. The first reason given above appears to be the major cause for the scatter of the test
data in Figures 5.9 and 5.10.

To summarize, the permeability of oil sands specimens, recompacted under 7 to 6
MPa confining effective stresses and unloaded to between 3000 and 240 kPa effective
confining stresses, varied from 5.3+10°6 to 2.3-10-3 um2. The measured permeability
values were affected by such factors as specimen water porosity, fines content, the mode
of fines distribution, and the grain size distribution of sand. Good relationships were
obtained for low fines specimens (less than 2 % of particles <45 um) and constant water

porosity specimens (in situ water porosity of 4 %).
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5.3.4 Isotropic Unloading

Changes in the effective permeability to water during isotropic unloading tests are
shown in Figures 5.11, 4.3, and 4.4. Some additional test details are ccntained in
Table 4.2.

The main feature of the plots shown in the figures is a relatively linear relationship
between the logarithm of effective permeability to water (key,) and water porosity (0y,). If
the water porosity is small, a basically linear relationship also exists between k,..y and
volumetric strain (Ev=(Gw-Owi)/(1-¢w)). The above relationship between Keyw and dy,
agrees witn the findings of others (Rajani, 1988; Monte and Kritzen, 1976) who also
proposed a bilinear fit to the absolute permeability - porosity experimental data. In the
range of small porosity values (¢<25-28 %) Rajani proposes a semi-logarithmic

relationship as follows:
log k = Az + Bosthy 5.8

A similar correlation was also suggested by Monicard (1980) for field studies in reservoir
engineering (see Section 2.2.2). The relationship given in Section 5.3.3 (Equation 5.4) to
fit the initial permeability data for specimens with small fines content had the same form.
For the purpose of comparison, this relationship is shown in Figure 4.4 and Figure 5.11.
The relationship between key, and ¢y, for the isotropic unloading tests performed on the
specimen with the highest permeability (S21) is the same as the relationship given by
Equation 5.4. ‘

Another significant feature of the effective permeability to water - water porosity
plots is the relationship between the initial permeability values and the slope of the plots.
The lower the initial permeability, the higher the slope. Because specimen initial
permeability to water was mainly a function of the fines content and the mode of fines

distribution, these two parameters also strongly affect the rate of change of the effective
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permeability to water with changes in water porosity; this indicates that the constants in
Equation 5.8 (A2 and B2) change with changes in the fines content and in the mode of
fines distribution (clasts, layers, lenses or fine particles in small agglomerations). As
shown in Section 5.3.3, for low fines oil sand (F <2%), A2=-5.868 and Bo= 36.20. For

higher fines oil sands (2% < F < 5%), constant A can be found from the relationship:

Ap=-441-0.728F 3.

\D

Constant B2 may increase with the fines content but can be taken as 36,2 as a first

approximation.

5.3.5 Triaxial Shear Tests

The effective permeability to water of oil sands during triaxial shear tests was
found to be a function of water porosity, the presence of fines, and the stress path
followed.

The triaxial shear tests performed in this study wers of three different types, each
of which followed a different effective stress path. The permeahility measurements
performed during triaxial compression tests are presented in Figures 4.9 and 4.10.
Permeability measurements perforined during effective confining stress unloading tests
are shown in Figures 4.15, 4.16, 4.21 and 4.22; those performed during constant p’
tests are shown in Figures 4.27, 4.28, and 5.11. All plots depicting effective
permeability to water versus water porosity contain the reference line given by Equation
5.4. Some irregularities in the plots shown in Figures 4.16, 4.22, 4.28 and 5.11 could
have resulted from the manual change (in steps) of the cell pressure or pore pressure.

Figure 5.11 beside the constant p' tests results also presents results of the

isotropic unloading tests performed earlier on the same set of specimens. For both types
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of test the relationship between effective permeability to water and water porosity follows
the same, approximately straight lines. In summary, whether volume increase occurs by
isotropic unloading or by shear dilation, the resulting effective permeabilities are the
same. The increase in effective permeability is a function only of change in water
porosity; the stress path has little effect. As mentioned above, the fines content also has
an effect on the increase in relative permeability to water; the higher the fines content, the

greater is the rate of permeability increase.

5.3.5.1 Effect of Initial Shear Contraction on Effective Permeability

to Water

Analyzing the compression shear tests resuits shown in Figure 5.12, it should be
noted that for the specimens which initially contracted and then dilated with further
shearing, the permeability increased even though the overall specimen net volume change
was still contractive. At the shear strain when the specimen volumes had regained their
initial values, the effective permeability to water had increased 100, 100, 50 and 200 %,
respectively, for specimens S3, $6, S8 and S10, which were compressed under effective
confining stresses of 1.3, 2.0, 2.0 and 3 MPa respectively. This permeability increase
must have resulted from the manner in which the specimens were deformed. The
specimens were compressed axially, and they expanded laterally from the beginning of
shear testing. This specimen deformation caused a change in shape of the intergranular
pores which tended to become flatter and wider. It appears that this mode of deformation
opened up vertical channeis which resulted in an enhanced effective permeability to water
in the vertical direction. The width of the horizontal channels must have been reduced, so

that the horizontal effective permeability to water probably decreased.
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At this initial stage of specimen deformation, the effective permeability to water
has rates of decrease ::nd increase similar to that shown by the reference line in Figure
5.12. The results of the effective stress unloading tests and the constant p' tests provide
support for this generalization. For these tests, specimen volumes increase from the
beginning, and the relationship between effective permeability to water and water
porosity generally follows the same slope as the reference line.

The contribution of this initial shear strain to the increase in permeability is small
if the specimen subsequently experiences a significant increase in volume. However, it
can be stated that the initial stages of triaxial compression tests induced anisotropic
permeability conditions in oil sands cores. The result of this deformation induced
anisotropy is permeability enhancement in the direction of the compressive stress at very
small shear strains. This permeability enhancement can occur in spite of a decrease in

specimen pore volume.

5.3.5.2 Effect of Water Porosity on Effective Permeability to Water

In most cases, the plots of permeability to water versus water porosity are linear
semi-logarithmic and have the same slope as the reference line which shows the
relationship between permeability to water and water porosity when unaffected by high
fines content. This test result shows that water porosity is the dominant parameter
affecting changes in the effective permeability to water.

Figure 5.13 presents the results of all triaxial shear and isotropic unloading tests.
The specimens have different initial permeabilities because they contain different amounts
of fines. The two straight lines in the figure show the bounds of increasing effectve
permeability to water with increasing water porosity. The lower line is parallel to the

upper line for low fines oil sands (Equation 5.4). Specimens of exceptionally jow
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permeabilities, as produced by layers or lenses of shale, fall below the lower line. Low
fines specimens, showing permeability enhancement through deformation-induced
anisotropy, fall above the upper line. The two lines contain the permeabilities of
specimens of high bitumen content Athabasca McMurray Formation oil sands in which
the majority of fines were contained in separated small clasts not affecting oil sands
permeability, on the scale of the tested specimens (38.1 mm diameter x 38.1 mm long).
The initial permeability - water porosity relationship varies because of the different
amount of water in the clasts which varied in number and size.

The higher slopes of some plots, occurring especially in the initial stages of the
testing, were associated with a higher fines content comprised of larger clasts (several
millimeters in diameter), shale lenses or layers. It would appear that small shear strains
are effective in increasing the permeability through shale inclusions. The shear strains

must develop shear bands with larger porosities through the shale inclusions,

5.3.6 Comparison with Oth-r Experimental Works
5.3.6.1 Triaxial Shear Tests on Oil Sands

Only one other experimental study has been performed so far that could be used
as a basis of comparison with these test results, Figure 5.13 includes the results reported
by Wong (1991) of one triaxial compression test performed on the Athabasca McMurray
Formation oil sands with effective permeability to water measured with a pressure pulse
technique. The initial permeability of the core in Wong's test, 1s10-5 um? at a water
porosity of 5%, falls within the range of permeabilities measured in this study. However,
in Wong's experiment, the rate of permeability change with water porosity change caused
by shear dilation is significantly higher than the rate of change expressed by

Equation 5.4.
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The apparent discrepancy between the rates of change in the effective permeability
to water may have occurred because of two differences in the testing programs. Wong
used a pressure pulse technique at room temperature to measure permeability not a direct
water flow technique at 8 °C as used in these tests. Compressibility of bitumen and other
factors may cause a differcice in the experimental results from the two different methods.
Wong's specimen also failed on a shear band that was 4-6 mm thick and inclined at an
angle of 70°. The real water porosity in the shear band might have been much higher then
the average value calculated on the basis of total volumetric changes. This deformation-
induced specimen nonhomogeneity with respect to porosity would result in an effective
permeability to water larger than would have occurred if the specimen had expanded in a
uniform manner.

A similar exceptionally high increase in effective permeability to water occurred
during the test on specimen S3 in this study. For $3, the rapid increase in permeability
took place after the peak stress ratio was exceeded. In the later stages of this test, water
permeability assumed values that could be predicted using Equation 5.4. Specimen $3
was well preserved, having a disturbance index of only 3.9 % (after isotropic
compression), so that it likely developed a shear band of a substantially larger porosity
than the rest of the specimen. At large strains, more of the specimen probably was
influenced by shear dilation. As shown in Appendix B, the mode of failure for these
short specimens, except specimen S3, was by fairly uniform lateral expansion indicatin g
a general state of shear.

The development of a shear band which has a very high water porosity,
complicates the measurement of the increase in effective permeability to water, although

its effect seems to be limited to the small strain state.
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5.3.6.2 Absolute Permeability versus Porosity and Effective

Permeability io Water versus Water Porosity

Figure 5.14 presents both the absolute permeability of bitumen-free oil sands and
the effective permeability to water of oil sands core material. The horizontal axis in this
figure shows oil sand porosity for biturmen-free oil sands and water porosity for high
bitumen content oil sands cores. For these experiments where the bitumen is considered
immobile, the water porosity is treated as porosity. The absolute permeability test results
described in Chapter 3 were extrapolated to a lower range of porosities by using Equation
3.11 with Co=16.9 um? (Section 3.7.2.4). The results of all the tests for effective
permeability to water are represented by the two limit lines described in Section 5.3.5,
which show a linear semi-logarithmic relationship between Kew and ¢v,. Although the
linear semi-logarithmic relationship between permeability and porosity is fairly
consistent, this relationship only holds for a limited range of low porosities. The
relationship is different for low porosity and high porosity ranges. Transition from the
linear semi-logarithmic fit to the Kozeny-Carman equation fit takes place between 15 %
and 20 % porosity.

A similar bilinear fit has been found to fit absolute permeabilities measured on
Venezuela oil sands (Rajani, 1988). The values of absolute permeability versus porosity
reported by Rajani are also shown in Figure 5.14. In this case, transition between the two
fits takes place between 25 % and 28 % porosity.

Figure 5.14 also shows the results of absolute permeability tests measured on
Ottawa Sand and crushed Westerly-Granite (Zoback, 1975). In thuse tests, the granular
materials were subjected to large isotropic stresses to change their porosity through elastic
deformation and the crushing of grains. The two linear semi-logarithmic relationships fit
this experimental data better than Rajani's combination of a linear semi-logarithmic fit in

the low porosity range and the Kozeny-Carman equation in the high porosity range.
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It is also noticeable that oil sands cores have a significantly lower permeability 1o
water than Ottawa Sand or crushed granite at the same porosity (waier porosity).
Therefore, the oil sands tested, in comparison with Ottawa Sand or crushed granite, must
have 1zuch narrower channels through which water can flow.

To summarize, the relationship between water permeability and porosity is
bilinear over a broad range of porosities for a number of different granvlar materials. The
transition from one straight line to the other occurs at different porosities for different

materials.

5.3.6.3 Effective Permeability to Water versus Water Saturation

Figure 5.15 compares the test results obtained in this study to the kyy - Su
relationship given in the Petroleum Production Handbook which is described by
Equations 2.17 and 2.18. In terms of effective permeability to watcr, Equations 2.17 and

2.18 can be expressed in a general form:

Kew = ((Sw -Swi)/1-Syi))"ek 5.10

Assuming the equation must go through the point with coordinates Kew = 2.6210-4 um?
and Sy, = 0.17, which lies on the upper bound to the experimental results described by
Equation 5.4 in Figure 5.13, the exponent n was calculated. It equals 3.70 and is slightly
higher than the value, 3.5, given in the Petroleum Production Handbook for
unconsolidated poorly sorted sands. An absolute permeability (k) of 1.52 um? (Section
3.7.2.2) an irreducible water saturation (Syi) of 8.2 %, and an oil sands in situ porosity
of 34 % were assumed for the purpose of calculations. These values are the averages
obtained on the core specimens which contain less than 2 % fines and seem to be the

most appropriate for the high grade, low fines Athabasca McMurray Formation oil sands



158

tested in this study. The curve described by Equation 5.10 correlates reasonably well
with the experimental results over a relatively large range of water porosities. However,
noticeable differences occur, especially at very low water porosities, at which Equation
5.10 gives lower values of the effective permeability to water than those obtained in this
study. Also, the linear increase in permeability in the effective permeability tests is poorly
modeled. Nevertheless, the model provides a transition from the range of low porosities
to the range of high porositics. However, the bilinear relationship given in the previous
section is a better model.

Any agreement between the results of this study and the Equation 5.10 are
somewhat surprising if we consider the differences in testing procedures and analyses.
The model expressed by Equation 5.10 was derived experimentally on the basis of tests
during which water saturation was decreased through the injection of oil into sand
specimens while specimen porosity remained constant. In this study, water saturation
was increased. at constant oil saturation, through an increase in porosity. Besides the
difference associated with the direction of the change in water porosity (drainage versus
imbibition), the two processes seem to be intrinsically different. Nevertheless, their
general influence on permeability appears to be similar.

The finding described above indicates that the change in the effective permeability
to water caused by shear dilation can be approximated, in reservoir calculations, by
correcting saturation ratio according to pore volume expansion. Pore volume changes
from changes in confining stresses and shear stresses can be determined through
geomechanical models. Some caution, however, is recommended in the low range of
water porosities.

This method of correcting saturation ratio, however, can not be applied when the
increase in the effective permeability to water is caused by anisotropic deformation

without an increase in the porosity (Section 5.3.5.1). In this case, water permeability
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changes must be related to linear deformations and levels of confining stress. The non-
uniform deformaticns associated with the development of narrow shear bands (Section

3.3.6.1) also require a different approach.

5.4 Shear Strength of Athabasca McMurray Formation Oil Sands

A summary of the results of the triaxial shear tests performed on oil sand cores is
presented in Table 4.4. The shear strength of all specimens is shown in terms of s' and t
in Figure 5.16. The principal stress ratio criterion (defined as the maximum ratio of
vertical effective stress to confining effective stress) was used to determine specimen
streagth.

The failure envelope drawn through the points representing the specimens of the
highest strength is believed to represent the strength of in situ oil sand; the lower strength
values reflect the influence of specimen disturbance. The failure envelope is curvilinear.
Using the slope of this line, an angle of shearing resistance of 76° was estimated for low
effective confining stresses (<200 kPa). This relatively high friction angle was measured
during confining stress unloading tests and constant p' tests, during both of which
confining stress was decreased to very low values to induce specimen failure. The results
of the triaxial compression tests carried out at low confining stresses gave a linear failure
envelope, indicating a lower angle of shearing resistance of 55°. At higher confining
stresses, ranging from 1.3 to 3 MPa, the angle of shearing resistance decreased 10 449,
This last value was obtained on the basis of only two measurements, performed on
specimens S3 and $10, of which the second had a higher initial void ratio. A larger
number of tests might give somewhat different results.

The failure envelope described above was taken as the upper bound envelope.

However, the test results show that the strength of the oil sands specimens depends to a
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great extent on their void ratio. Figures 5.17 and 5.18 show triaxial compression tests in
the p'-q and p'-e coordinates. Similarly, Figures 5.19 and 5.20 show confining stress
unloading tests and constant p' tests. In these plots, the effect of void ratio on oil sands
strength is readily apparent. For example, specimens S6 and S8 were axially compressed
at the same confining effective stress of 2 MPa, but their deviatoric stress at failure was
12.7 and 9.2 MPa, respectively, because their void ratios were different (0.56 and 0.58,
respectively). Figures 5.17 to 5.20 illustrate that two variables are required to adequately
describe the shear st=ngth and stress state of Athabasca oil sands: mean effective stress
and void ratio.

The curvilinear shape of the failure envelope follows from the fact that, at lower
confining stresses, the stress ratio at failure is higher. Figure 5.21 presents the
relationship between these two variables for all tested specimens. The effective stress
ratio reaches tens or even hundreds at very low confining stresses. These high values can
not arise merely from the shear strength of a granular material; rather, they must result
from the high viscosity bitumen contained the in oil sands pores, which would create an
apparent cohesion, that is, some degree of strength at zero coufining stress, at the strain
rates used during testing. As well, the locked sand structure may impart a cohesive
strength to the oil sands. Hence, the effective siress ratio at failure is a function of
bitumen viscosity, rate of shearing, effective confining stress, specimen disturbance, and
initial void ratio.

The approximate location of the Criticsl State Line (referring to the state of sand at
which shear deformation occurs without volume change) is also shown in Figures 5.17
to 5.20 to demonsirate the potential for volumetric change at different mean effective
stresses (p'). The changes in the void ratios of specimens during isotropic unloading tests

are shown for purpose of comparison.
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5.5 Summary
5.5.1 Observations

1. The high grade, low fines Athabasca McMurray Formation oil sand cores (from
Units E and D at the UTF Phase A Pilot) contain, in terms of mass, 1.1 % to
2.9 % water and 13.3 % to 15.2 % bitumen, with average values of 1.8 % and

14.5 %, respectively.

2. The in situ porosities varied from 32.5 % to 35.0 %, with an average value of

33.5%.

3. The in situ water saturations varied from 6.4 % to 17.5 %, with an average of
11.2%. Taking into account the nonhomogeneity of the whole formation, which
contains a higher percentage of shale than the core specimens tested, the average

in situ water saturation for the formation could be higher.

4. The irreducible water saturation of cores containing less than 2 % fines (<45um)

was measured to be 8 % (equivalent to a water porosity of 2.7 %).

5. The effective permeability to water of high grade oil sands, recompressed to
porosities ranging from 34.4 % to 37.6 %, varied from 5.3¢10°6 pm?2 10 2.3¢10-3
um?2, Lower permeability values are associated with higher fines content, even

though specimens with more fines have a higher water porosity.

6. During isotropic unloading, the increase in the effective permeability to water can
reach 500 % for a decrease in confining effective stress from 6 MPa to 0.1 MPa
and a pore volume increase of 4.5 % or a total volume increase of about 1.6 %.
The permeability change is a function of initial permeability. The lower is the

initial permeability, the greater is the permeability change.
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" - = effective permeability to water can increase by three orders of magnitude as
the result of a 17 % increase in pore volume or a 6 % increase in total volume

brought about by shear dilation.

. The specimens in triaxial shear failed by fairly uniform lateral expansion

indicating a general state of shear and a uniform volumetric strain. Only one

specimen developed a discernible shear band.

Conclusions

. The initial effective permeability to water of the Athabasca McMurray Formation

oil sands is a functicn of water porosity, fines content, and the mode of fines
distribution. The following equation describes the relationship between effective

permeability to water (key) and water porosity (¢) for low fines (<2%) oil

sands, for the range of porosities occurring during testing:

log Ko = -5.868 + 36.2000y, 5.4

This equation can be used to extrapolate laboratory effective permeability to water

results on cores to in situ oil sands.

. The increase in the effective permeability to water caused by isotropic unloading

and by shear dilation is mainly a function of the increase in water porosity and is
independent of the stress path a specimen has followed to undergo this volume
change. It should be realized, however, that the amount of volume change is a
function of stress path. The rate of permeability change follows Equation 5.4,

except for cores containing high amounts of fines.
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During triaxial compression tests, the initial mode of core deformation, which
involves axial compression and lateral expansion, can cause permeability
enhancement even when specimen porosity does not increase. This type of
permeability enhancement ceases to predominate when specimen porosity starts to

increase by shear dilation.

During oil sands shear failure, the development of a shear band, which is
associated with a large increase in localized porosity, can induce a very large
increase in the effective permeability to water. The effect of a shear band,

however, appears to become small at large strains after shear failure.

A bilinear relationship, on a semi-logarithmic plot, between permeability and
water porosity was found to model the absolute permeability values at high
porosities and the effective permeability to water values at low water porosities.
The transition from one relationship to the other takes place between 15 % and

20 % porosity.

The increase in relative permeability resulting from the increased water porosity
brought about by shear dilation can be approximated by existing models by
correcting for water saturation. Agreement with experimental results, however, is
poor in the low range of water porosities. The mechanisms which influence the
increase in relative permeability to water include more than just the increase in
water porosity. Volumetric changes cause a change in pore throat geometry and in
capillarity effects between water and bitumen. These changes may also be highly
influenced by surface chemistry.

Void ratio has a significant influence on the stress-strain relationship and must be
considered, along with mean effective stress, as one of the two variables defining

the shear strength and stress state of the oil sands tested.
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Chapter 6. SUMMARY AND CONCLUSIONS

6.1 Factors Affecting Permeability of Qil Sands

1.

The Athabasca McMurray Formation oil sands are a nonhomogeneous and
anisotropic geotechnical material. They are generally composed of uncemented
quartz sands with associated shales occurring in different forms: beds, stringers,
layers, laminations, lenses, breccias, or separate shale fragments of different

sizes,

. Oii sands grains are water-wet and oil sands pores are filled with varying

proportions of bitumen and formation brines. Recovered cores also contain gas,
which has evolved trom water and bitumen. The volume of pores filled with gas
is an indication of the degree of sample disturbance. The in situ porosity of rich

oil sands varies from 30 % to 35 % and oil saturation is up to 18 % by weight.

. The 1n situ effective permeability to water of rich oil sands can be of the order of

10-5 um2 or even lower. The absolute permeability of Athabasca and Cold Lake

oil sands assumes values of the order of 1- 5 um2.

. The absolute permeability can sharply decrrase when flow is changed from brine

to fresh water. The permeability change depends on the rate of change in NaCl
concentration. The sensitivity of a core to salt concentration changes can differ
from field to field and must be checked every time a core from a new place is
tested. The effective permeability to water of bitumen-rich oil sands is probably

not significantly sensitive to the sequence of brine and water flow.
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5. Shear stresses cause distortion and dilation of oil sand specimens if confining

effective stresses remain below some critical value. This dilation is reflected in an

increase in permeability.

In some instances (grouted sands (Mori and Tamura, 1986), some sandstoncs
fro:n North Sea (Rhett and Teufel, 1992)), anisotropic loading or unloading

caused permeability enhancement without an increase in total volume.

6.2 Experimental Apparatus and Procedures

1.

The experimental system designed for this program was able to measure the
change in porosity and change in permeability constantly throughout isotropic
unloading tests and throughout triaxial shear tests following different stress paths.
A constant flow pump was used to maintain flow through the specimen in the
triaxial system for permeability measurernent and a sensitive differential pressure
transducer was used to monitor the pressure difference induced across the length

of the specimen.

The experiments were conducted at 8 °C, the in situ temperature at the AOSTRA
Underground Test Facility. In addition, a very small flow rate of water through
the cores was maintained in the effective permeability to water tests. These two
experimental techniques were successful in preventing the movement of any

significant amount of bitumen during the effective permeability to water tests.

The experimental procedure of using a constant flow pump simplified calcul:tions

of the average flow through the specimen by controiiing the rate of flow into the



179

specimen and eliminating errors which are usually associated with calculations of

the flow rate during the constant head method of permeability measurement.

6.3 Absolute Permeability of Athabasca Oil Sands

I.

Experimental results of absolute permeability can be extrapolated from laboratory

to in situ porosities using Kozeny and Carman's theory.

Absolute permeability change is a function of pore volume change and is
independent of the stress path a specimen has followed to undergo this volume

change.

. For reservoir modeling purposes, a new permeability resulting from an increase

in porosity of the Athabasca McMurray Formation oil sands can be calculated

from the equation:

kz =ki + 16.9+(¢23/(1-92)% - $13/(1-91)%) 3.12

. The new permeability also can be calculated by using the equation:

ka=ky +31+(¢7 - ¢1) 3.10

which agrees better with the experimental resuits.

. The absolute permeability measured on reconstituted oil-free oil sands and on

extracted oil sand cores falls within the same range when the porosities are

similar.

. Low fines (<2%) oil sands at a porosity of 34 % have an absolute permeability of

1.52 pm2-



6.4

b2

180
Effective Permeability to Water of Athabasca McMurray Formation

0il Sands

. The initial effective permeability to water of the Athabasca McMurray Formation

oil sands is a function of water porosity, fines content, and the mode of fines
distribution. The following equation describes the relationship between effective
permeability to water (kew) and water porosity (¢w) for low fines (<2%) oil

sands, for the range of porosities occurring during testing:
log kew = - 5.868 + 36.20¢y, 5.4

This equation can be used to extrapolate laboratory effective permeability to water

results on core to in situ 0il sands.

. The in situ porosities varied from 32.5 % to 35.0 %, with an average value of

33.5%.

. The increase in the effective permeability to water caused by isotropic unloading

and by shear dilation is mainly a function of the increase in water porosity. The
rate of permeability change follows Equation 5.4, except for cores containing

high amounts of fines.

. During isotropic unlcading, the increase in the effective permeability to water can

reach 500 % for a decrease in confining effective stress from 6 MPa to 0.1 MPa
and a pore volume increase of 4.5 % or a total volume increase of about 1.6 %.
The permeability change is a function of initial permeability. The lower is the

initial permeability, the greater is the perrneability change.
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The effective permeability to water can increase by three orders of magnitude as
the result of a 17 % increase in pore volume or a 6 % increase in total volume

brought about by shear dilation.

During triaxial compression tests, the initial mode of core deformation, which
involves axial compression and lateral expansion, can cause permeability
enhancement even when specimen porosity does not increase. This type of
permeability enhancement ceases to predominate when specimen porosity starts to

i d

increase by shear dilation.

The specimens in triaxial shear failed by fairly uniform lateral expansion
indicating a general state of shear and a uniform volumetric strain. Only one

specimen developed a discernible shear band.

During oil sands shear failure, the development of a shear band, which is
associated with a large increase in localized porosity, can induce a very large
increase in the effective permeability to water. The effect of a shear band,

however, appears to become small at large strains after shear failure.

A bilinear relationship, on a semi-logarithmic plot, between permeability and
water porosity was found to model the absolute permeability values at high
porosities and the effective permeability to water values at low water porosities.
The transition from one relationship to the other takes place between 15 % and

20 % porosity.

The increase in relative permeability resulting from the increased water porosity
brought about by shear dilation can be approximated by existing numerical
models by correcting for water saturation. Agreement with experimental results,

however, is poor in the low range of water porosities.
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5.5 Shear Strength of Athabasca Oil Sands

1.

b2

The failure envelope of the reconstituted oil-free Athabasca oil sands is
curvilinear. At low effective confining stresses (up to 250 kPa), the angle of
ghearing resistance, @', is equal to 420. At higher effective confining stresses, its
value is lower and is a function of the stress path followed in the triaxial cell. The
shear strength of the reconstituted oil-free Athabasca oil sands is similar to other

fine, dense sands with uniform gradation of anguiar grains.

The shear strength of the Athabasca McMurray Formation core also changes non-
linearly with the mean effective confining stress and shows a strong stress path
dependency. An angle of shearing resistance of 769 was measured during,
effective confining stress unloading tests at effective confining stresses lower than
200 kPa. The angle of shearing resistance measured during triaxial compression
tests varied from 55° at low confining stresses to 44° for effective confining

stresses ranging from 1.3 MPa to 3 MPa.

Void ratio has a significant influence on the stress-strain relationship and must be
considered, along with mean effective stress, as one of the two variables definin £

the shear strength and stress state of the oi! sands tested.

6.6 Suggestions for Future Work

I.

The investigations on absolute permeability described in this study were
performed on recompacted bitumen-free oil sands. Reviewing similar published
results it appears necessary to verify the findings of this study by performing

experiments on extracted or naturally bitumen-free o1l sands core.
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2. Effective permeability to water measurements during initial stages of the triaxial
compression tests indicate that permeability enhancement can occur without
porosity increase, caused only by sample deformations. To quantify these
permeability changes with the axial and radial deformations, additional tests at a

higher range of confining stresses are required.

3. To further develop the experimental apparatus used for permeability investigations
in this study, a constant temperature cell is suggested which should enclose all
elements of the apparatus. Better temperature control would allow the reliable

measurement of lower permeabilities at lower flow rates.
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APPENDIX A

Initial Tests on Oil Sand Cores, Stress Path Bo

This appendix presents results of the triaxial compression stress-controlled tests
performed on oil sands cores. Factors that led to the changes introduced into the
conditions of the following tests are also discussed.

Two triaxial cempression stress-controlled tests were performed on specimens S1
and S2. The size of these specimens, which had a height to diameter ratio of 2 to 1, was
different than the size of all the remaining oil sand specimens (1 to 1). The test on
specimen S1 was conducted at a room temperature of 23 °C while the test on specimen
52 was carried out at 15 ©C. In these teSts, frictionless porous stones, described in
Appendix B, were used and the Bellofram load frame was utilized to apply a constant

vertical load. Specimen initial parameters and test results are shown in Tables 4.1 10 4.4.

Saturation and Isotropic Compression

The specimens were thawed under a cell pressure of 200 kPa and with back
pressure lines open to atmospheric pressure. Then, the cell and back pressures were
alternately increased in steps of 200 kPa until a back pressure of 3 MPa was reached. The
effective confining pressure was always maintained higher than 200 kPa when pressure
was being increased. The specimens were left to saturate overnight. Next, the cell and
back pressures were increased in steps of 200 kPa until cell pressures of 5.4 MPa for
specimen S1 and 6.2 MPa for specimen S2 were reached. The coefficient of pore
pressure, B, equaled 0.87 and 0.89 respectively during these two tests. To compress the
specimens isotopically, cell pressure was reduced in stages down to i MPa. Plots of
volume change versus effective confining pressure during isotropic compression tests are

shown in Tigure A.7.
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Triaxial Compression

The triaxial compression tests on specimens S1 and S2 were performed at
effective confining stresses of 800 kPa and 1840 kPa respectively. After the isotropic
compression was completed, cell pressure was decreased gradually until the required
effective confining stress was reached. Next, flow through the two specimens was
started at 4 ml/hr and 0.55 ml/hr respectively. The differential pressure became stabilized
in 2 hr and 6.5 hr for specimens S1 and S2 respectively. During the triaxial compression

test, the vertical load was increased in several stages until the specimen failed.

Test Results

Specimen S1 failed abruptly. The specimen slipped to one side of the base
pedestal, and a wedge of the cylinder split at the bottom. Specimen S2 bulged and
expanded radially, rather uniformly over the lowest half of the specimens height.
Sketches of the specimens after failure are shown in Figure A.8.

The stress-strain curves for S1 and §2 are shown in Figures Al and A.2. At
failure, stress ratios of 5.0 and 4.4 and deviatoric stresses of 3.2 MPa and 6.2 MPa at
axial strains of 5.0 % and 3.5 % were measured for specimens S1 and S2 respectively.

The volume change-axial strain curves are shown in Figure A.3. During the initial
stages of testing, the two specimens contracted by 0.27 % and 0.30 % respectively. At
failure, specimen S1 had dilated by 1.2 %, but the volume of specimen 52 was still about
0.10 % less than the initial specimen volume. One measurement on specimen S2,
performed at a large axial strain of 12 %, showed dilation of 0.76 %.

The effective permeability to water versus, first, changes in water porosity and,
second, changes in volume are shown in Figures A5 and A6. Specimen S1 initially

e .;erienced a decrease in permeability even when the specimen volume increased.
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Changes in the effective permeability to water of specimen S2 are more consistent with

changes in water porosity.

Discussion and Conclusions

The strength of specimens S1 and S2 was somewhat lower than that of the
specimens tested in the triaxial compression strain-controlled tests along stress path Be
(Figure 5.16). The axial strain at failure for both specimens was larger than the strain at
failure measured for the other specimens during strain-controlled tests. The lower
strength and larger strain at failure of specimens S1 and S2 can be attributed to their
premature failure. This could result from slippage of the specimen off the pedestal on the
surfaces coated with silicon grease from a horizontal component of the external load
developed. Larger axial strains at failure also could follow from: the mode of the vertical
load change. Rapid increases in vertical load result in rapid increases in the mean effective
stress, which produces specimen contraction. This, in turn, involves an instantaneous
increase in pore pressure and a decrease in the effective confining stress. Dissipation of
this excessive pore pressure can be a relatively slow process, as a result of the low
permeability of oil sands.

The differences in the effective confining stress between the top and the bottom of
the specimen, due to the differential pressure developed during permeability tests, proved
large enough to cause specimen failure through expansion of its lower zone. This was the
main reason why the height to diameter ratio of specimens was changed in the tests tha: -
followed. Across a shorter specimen, lower differential pressure is created at the same
flow rate, so that bulk failure is expected to develop in a larger part of a specimen.

Problems also occurred in permeability measurements. During the two tests,
small quantities of bitumen were eroded from the specimens and deposited in the

frictionless porous stones and the small porous stone placed centrally in the top cap
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(Appendix B), possibly clogging some of their pores . The test on specimen S2 was

conducted at a lower temperature (15 9C) than the test on specimen S1 (23 ©C), resulting

in improved permeability measurements.

To reduce the influence of these shortcomings on test results, the following

measures were adopted in later testing:

1.

Shorter specimens, with a height to diameter ratio of 1 to 1 (38.1 mm in diameter
and 38.1 mm in length), were used to decrease differential pressure across the
specimen (to about 100 kPa), cause more uniform distribution of the effective
confining pressure, and, in effect, almost uniform shear dilation along the
specimen.

Conventional porous stones were used to eliminate accidental splitting of the
specimen in its lower part or slipping off the pedestal during testing.

Only strain-controlled tests were conducted, applying constant and very low rates
of axial strain to assure low rates of volume chari:ge. Any manual changes in
pressure were carried out in very small increments. The strain-controlled tests also
allowed the measurement of specimen behavior in the post-peak region. The
volumetric changes that occur before peak strength is reached constitute only part of
the total volumetric changes measured at higher axial strains in the post-peak
region.

The testing temperature was lowered to its in situ value of 8 °C 10 increase bitumen
viscosity and thus reduce its mobility.

The applied measures eliminated, to a satisfactory degree, the difficulties that

were encountered during tests on specimens S1 and S2 and improved the quality of the

measurements of the effective permeability to water.
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Specimen S1

Specimen S2

Figure A.8 Shape of Specimens S1 and S2 After Failure
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APPENDIX B

Frictionless Porous Stones

Although the attempt to design and use frictionless porous stones was not brought
to a successful end, it cast additional light on the permeability test results.

It is commonly known that boundary restraint, resulting from the use of rigid
loading platens, influence specimen strength as well as the relationships between stress,
strain, and volume change. This influence manifests itself in higher strength, as well as
lower volume change and lower axial strain at failure, for specimens with non-lubricated
ends than for those with lubricated ends. Tests reported by Bishop and Green (1965),
performed on Ham River medium to fine sand samples, showed that differences between
samples (1 to 1) with lubricated ends versus those with non-lubricated ends can be
significant. Oil sands are a geotechnically different material, exhibiting less axial strain to
failure, greater strength, a larger maximum rate of volume change, and a lower porosity
as compared to Ham River sands, therefore, the effect of boundary restraint on the
strength and volumetric changes of oil sands could be different.

The location of the frictionless porous stones in the assembly is shown in Figure
B.1. The two conventional circular porous stones were cut into six segments each and
separated from the base pedestal and the top cap by two layers of rubber membranes.
Water from the specimen drains through the porous stone segments and then through a
central hele in the rubber membranes into a small circular porous stone placed centrally in
the top cap. Water can enter the specimen by passing through a similar small porous
stone situated in the base pedestal, a hole in the rubber membrane, and another set of
segmented porous stones. The surfaces between the rubber membranes and between the
membranes and the base pedestal and top cap were lubricated with silicone grease. The

porous stone segments were designed with the assumption that they would be free to
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move radially along with the expanding ends of the specimen. In the overall picture, this
did take place but, at the same time, some difficulties appeared.

Frictionless porous stones were used in four tests: one on reconstituted extracted
oil sands (specimen PI4), two on oil sands specimens having a height to diameter ratio of
2to 1(81,52), and one on an oil sands specimen having the ratio of 1 to 1 (S85). During
isotropic unloading, specimen P14 underwent only a slightly larger volumetric expansion
than the specimens not tested with expanding (frictionless) porous stones (PI1 to PI3).
Differences in the rate of the volume change were more noticeable at lower effective
confining stresses (Figure 3.7). During triaxial compression, specimen PI4 failed at a
lower stress ratio than specimen PI3, by about 6 % (Figure 3.33), although specimen PI3
was sheared under lower effective confining stress. Some influence on the difference in
the stress ratio at failure could be caused by the premature specimen failure described in
Appendix A. The average rate of permeability increase in case of specimen PI4 was
similar to that of specimen PI3 (Figure 3.20). The initial porosities of both specimens
were about 39 %. After the test on specimen PI4, the upper porous stone segments did
not show any displacement but the lower porous stone segments were displaced radially.

During the triaxial compression tests on oil sands cores, specimen S1 failed
abruptly due to shear failure at its lower part, which was brought about by the uneven
radial displacement of the segments of the porous stone. The specimen, in consequence,
slipped off the base pedestal (Figure A.8). Specimen S2 failed by bulging
disproportionately at the base rather than at the top.

Another difficulty that appeared when frictionless porous stones were used was
that, during permeability tests, even a very small amount of bitumen displaced from the
specimens could significantly reduce permeability of the small porous stone placed
centrally in the top cap. The continuous decrease in permeability during the test on

specimen S1, which took place even when specimen volume was increasing, is believed
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to follow from the partial clogging of the small porous stone by biumen. After the test,
bitumen was found in the porous stone segments, in the small porous stone, and farther
up in the top cap holes. The test on specimen S1 was carried on at a room temperature of
23 °C,

Bitumen mobility during the triaxial compression test on specimer S5 (38.1 mm
in diameter and 38.1 mm in length) performed at 8 °C did not cause problems, as
virtually no bitumen was flushed out of this specimen, however, the frictionless porous
stones caused an undesirable mode of specimen failure. Part of the specimen, in the
shape of a wedge, was split from the specimen cylinder and excessively displaced
horizontally to one side of the base pedestal (Figure B.3), which, thus, still showed a
tendency for specimen failure to be concentrated at the bottom. Also, some obstruction to
the radial movement of the porous stones was observed, due to the bending of the sharp
tips of the porous stone segments at the center of the top cap and the base pedestal.

There were no tests with conventional porous stones performed at a similar
effective confining stress, therefore, it is difficult to evaluate precisely the influence of the
frictionless porous stones on the strength and volume change of the specimen. However,
the plots of effective permeability to water against water porosity (Figures 4.9 and 4.10)
show only a slightly higher rate of permeability change during the test on specimen S5 as
compared to the other tests, performed without frictionless porous stones.

Because of the aforementioned difficulties associated with the application of the
frictionless porous stones and lack of evidence that the conventional porous stones would
excessively affect the effective permeability to water - water porosity relationship, all

remaining tests were conducted with conventional (non-expanding) porous stones.
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APPENDIX C

Effect of Rubber Membrane on Triaxial Test Results

The influence of the rubber membrane on the measured strength of specimens in
conventional triaxial compfession tests at confining stresses greater than 100 kPa is
considered to be negligible. However in the case of the confining stress unloading tests
carried on in this study, the effective confining stress at failure was as low as 10 kPa;
hence, neglecting the effect of the membrane could lead to significant errors in calculated
stress ratios.

There are two modes in which the membrane can act on a specimen during
deformations (Henkel and Gilbert, 1952). The membrane can work as a reinforcing
c¢ompression shell bearing vertical loads, or it can exert a confining pressure on the
specimen due to the hoop tension associated with the extension of rubber as the diameter
of the specimen increases. The actual effect of the membrane on the specimen is a
cembination of these two modes. Under special circumstances, one mode may dominate.
In the case of a clay specimen in a undrained or constant volume test at a high confining
stress, the membrane and specimen can probably deform as a unit because the Poisson's
ratios of clay and rubber are similar. In the case of a sand specimen in a drained test
under a very low confining stress, there is an increase in specimen diameter and the
membrane streaiches and exerts pressure on the specimen. This added confining pressure
has to be added to cell pressure when the effective confining stress is calculated, To
illustrate how the membrane correction affects the calculation of stress ratio, the test
results on specimen Sl, will be discussed. The specimen failed at a confining stress of
10.6 kPa. The membrane correction amounted to 20 % of the value of the effective
confining stress. If it were neglected, the calculated stress ratio would also be higher by

20 %. Specimen S$17 reached its peak stress ratio at an axial strain of 0.8 %. If the peak
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stress ratio were reached at larger strains, then neglecting to correct for the effect of the
membrane on the effective confining stress would result in an even larger error.

The schematic layout of the rubber extension test is snown in Figure C.1. On the
next page, the confining pressure correction is derived. Figures C.3 and C.4 show the
results of the rubber membrane extension tests on two membranes, 0.76 mm and 0.28

mm thick.
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The pressure exerted on a specimen by an extended
membrane is equal:

p = W/(DsL) = (2FsL)/(D<L) = 2F/D

From the extension modulus definition:
F =M+(S-S0)/So = M«(D-Do)/Do

since

S = n(D+t) - D

So = wDo

The confining pressure correction due to membrane
extension:

p = 2Me+(D-Do)/(D+Do)

Figure C.2 Calculation of Confing Pressure Correction
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APPENDIX D

Bitumen Mobility During Testing

In this study, effective permeability to water calculations were performed under
the assumption that the bitumen filling the pore space in oil sands is totally immobile.
Because this assumption did not prove to be completely true, the following discussion is
made in order to show that the error in permeability estimation, resulting from the
displacement of a small amount of bitumen, was small. In most cases, this error was
much smaller than 9 %, as can be inferred from the quantities of displaced bitumen,

In the natural state, the viscosity of the bitumen contained in the Athabasca oil
sands is so high (of the order of 107 mPars) that it is considered immobile. In these tests,
the temperature was maintained at the in situ level of 8 °C to keep the bitumen viscosity
high. However, it was observed that the amount of bitumen extracted from specimens
after testing was lower than the amount of bitumen that was calculated on the basis of the
composition of trimmings. This difference could be because the bitumen content in the
specimens really was lower than in the trimmings, since the specimens, in most cases,
contained higher amounts of fines than the trimmings (Figure D.2); higher fines content
is associated with higher water and lower bitumen contents (Figure D.1), Nevertheless,
flushing or squeezing of the bitumen out of the specimens also took place. Various
amounts of bitumen were found in the porous stones after testing, although bitumen
never entered the channel in the top cap (except in the case of specimen S1 described in
Appendix A). More specific measurements and analysis of bitumen mobility were
performed during testing on specimens S19 to $23, Table D.1 shows bitumen contained
in specimens calculated after testing, bitumen displaced from specimens, applied flow

rate, duration of tests, and initial permeability. No clear relation was found between these
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parameters and the amount of displaced bitumen, which indicates that the effects of these
parameters are complex and interdependent.

One factor that could play a role in squeezing bitumen out of the specimens was
the consolidation processes or, more precisely, the rate of consolidation pressure change.
A rapid increase in the effective confining stress could lead to substantial pressure
gradients inside the specimen because of the low permeability to water of oil sands. In
some cases, bitumen was found in the lower porous stone. This bitumen could not have
been displaced there by flowing water because the flow direction was upward.

Another factor that could lead to bitumen displacement was the "end effect”,
according to which the ends of the strongly water wet core tend to imbibe water
spontaneously rather than produce it. As a result, a stagnant zone of water forms near the
outlet end of the core. Bitumen is then expelled from this zone. The thickness of this end
zone, as reported by researchers, is a function of flow rate; the higher the flow rate, the
shorter the end zone. It is possible that, although the natural mobility of bitumen
contained in specimens was very low, bitumen could still be removed from the end zone
because of the additional force associated with the “end effect”.

In the event that a water-saturated end zone develops, the effective permeability to
water should be calculated by taking into account the specimen length corrected by the
thickness of the zone bitumen-discharged. For instance, if the end zone covered 9 % of
the specimen length (9 % of the bitumen mass expelied, as in the case of specimen S$19),
the real permeability would be 9 % lower than calculated. Compared to measured
increases in effective permeability to water, which can reach thousands or tens of
thousands percent, the error caused by the "end effect" would not be very significant.

Two observations snpport the assumption that the amount of bitumen expelled
from the specimens did not have a large influence on measured changes in permeability.

Figure 5.11 shows the results of two types of tests, the isotropic unloading and constant
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p' tests, performed on the same set of specimens (S19 to $23). In the isotropic unloading
tests, specimens were unloaded either to very low confining stresses (150 kPa) and then
reconsolidated under the effective confining stresses at which the shear tests were started
(821 to §23) or the specimens were restressed back to 6 MPa and then pressure was
adjusted to create the initial conditions of the shear tests (S19 and $§20). In both types of
tests, permeability measurements were similar at the same water porosity. In general, the
plots of permeability change versus water porosity change for shear tests are a
continuation of the isotropic unloading test results.

The other observation, also supporting the hypothesis that errors in permeability
estimation were not large, is that there were no differences in the slopes of test plots in
Figure 5.11 that could be clearly attributed to the amount of bitumen removed from
individual specimens. The differences in the slopes of plots in the initial stages of testing

resulted rather from differences in fines content and the mode of their distribution.
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Table D.1 Bitumen Mgbility Analysis

Specimen S19 S20 521 S22 $23
Displaced bitumen found in
(g):

Upper porous stone 0.87 0.51 0.67 0.59 0.29

Lower porous stone 0.28 0.20 0.03 0.04 0.04

On the top cap 0.10 0.19 0.03 0.04 0.00
Total amount of displaced
[bitumen (g): 1.25 0.90 0.73 0.67 0.30
Bitumen contained initially
in specimens (g): 13.3 12.6 13.9 14.7 13
Initial bilumen porosity 27.3 26.6 29.1 28.7 284
(%)
Percent of displaced 04 7.2 53 4.5 2.3
bitumen:
Initial water permeability

(um2): 21410-5 1 0.53¢10-5 | 7.4+10-3 | 1.0-10-3 | 5.3-10-3
Flow rate (cm3/hr): 1.5 0.046 0.43 0.14 0.6
Max. pressure drop across
specimen (kPa): 103 124 81 185 153 |
Total duration of flow {(hr): 50 94 69 67 59
Mode of fines distribution: |shale lenses of  |shale silt+mica  [silt+mica
fragments |shale fragments [layers layers
“ % - Bl IENG
-4 o
v <o < pre———" i




Water Content, % of Total Mass

Water Content, % of Total Mass
(measured on trimmings)

Ol.‘2l"4”16.l

8

.10. .

.12. .

Fines Content (d<451m), % of Mass of Solids

Figure D.1 Relationship Between Water Content and Amount

of Fines Measured on Trimmings

14

M S

! |

o ]

¢

-

Specimens =
Trimmings ]
A l: J 'l A ¥

0 2 4 6

g

10

12

Fines Content (<451um), % of Mass of Solids

Figure D.2 Comparison of Amount of Fines Measured
on Trimmings and Specimens

14



217

APPENDIX E

Compression Curves for Specimens S19 to $23
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APPENDIX F

Grain Size Analysis
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