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Abstract
The deformations that occur around -shafts and tunnels
depend, in.part, on the elastic aeforma}io;\moaﬁTTf These
moduli are usually stress-path depe?S;nt and it is ;Herefare
important to follow the correct stress path.in’the
laboratory when determining deformation moduli.

Th&’gtress -path dependeney of Athabasca oil sgnﬂ has -
been l:::stwgated Three series of drained trlaxial'tests
were ucted on ‘undisturbed’ samples of oil sand along
different stress paths. Two of the series were conducted in
a high presSure triaxia1.cell and the other series was
conducted on hollow cylinder samples under plane strain
cond1t1ons The laboratory results have shown that the
deformation of oil sand is path depéndent. Of even greatér'
significance is the fact that sample preparatfaﬂ techniques
have a dominant role in the sample disturbance that occurs.

! A numerical model! was developed to predict the

deformations that occur in the hollow cylinder tests. The
predicted deformations are good, provided that the Young's
modulus is correctly specified and that the model accounts

for the variation of this modulus with confining pressure.
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1.1 General
The oil sands of thé Athabasca deposit in Alberta are
currently recovered by open pit mining techniques.  There

are now two such mines operating near Forf McMurray .

Syncrude Canada Ltd. and Suncor Inc. Two further operations
»

onstruction in the near future ;

are schedules
Alsands nf (open pit mining) and the Cold Lake
Project in Eastern Alberta (-/n situ recovery).

Open pit mining is only feasible for deposits that do
.ﬁGt lie deeper than appraxim;te1y 70 m. Much of the rich
oil sands in Alberta occur in the middle McMurray Formation
which in most places far exceeds the practical limits for
open pit m%niﬁqg As the worid price of petroleum continues
to escalate, it is now becoming economical to proceed to in
. Situ recaver}'prg;esses wh}ch involve shafting and
tunnelling. o

Three In situ recovery processes involving tunnelling
are possible (Devenney and Raisbeck, 1980). The first
involves sinking a shaft through the Qvegiyihg formation
into the Timestone which lies beneath the oil sands, and
then tunnelling into the limestone. Injection wells would
be drilled from the tunnel into the oi1 sand above. Another
possibility is that used in the USSR at Yarega;(Devenﬁey and
Raisbecki1986); The shaft is sunk to a depth just above the



reservoir and a tunnel driven ha}izgﬂtally! Injection wells
are drilled down into the ceservoir. The third arrangement
%s similar to the first, the tunnel being driven in the oil
sand deposit. Figure 1.1 shows these three possible
recoveﬁy procedures .

Irrespective of which procédure 15 used, it is
important to determine- hgw the oil sand will behave during
excavation. Shafting and tunnelling in either the
overburden or the 1 imes tone” bedrock pose convention problems
only as the behaviour of these materials is wel) understood.
The oil sands pose special problems as its behaviour upon
excavatiﬁﬁ is not well understood so far. -The problem is
further complicated by the lack of any previous exper13hce
of deep excavations in this material. h

There are only two case histories avajilable to be
studied and neither of these ihvéived deep excavations. The
GCOS test shaft (Hardy and Scott, 1978) was sunk to only 23.5
metres when instability of the walls caused severe slabbing
and. thus the abandonment Of the shaft. The Saline Creek
Tunnel (Smith et al., 1978) showed the oil.sands at that
location to behave competently, but the overburden at this
site was only 27.5 meters. ’ -

It is thus imperative that more geotechnical knowledge
be obtained and used with all the available theory of qii
sand behavicur to ehable a better understanding of how this
material will behave when excavated to depths exceeding 300

metres.



__ TUNNEL A
— — M :,‘; ——— 7?‘*‘& -

bitumen sat zone

—_ JUNNEL
bar rgﬂéf;‘
sand’

hatt te surface
o

S

Figure 1.1 Possible in situ recovery methods for oil sands’
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The oil sands in Situ are a very dense, uncemented
sandstone. Their shear strengths are much higher th;n those
of narmal granular deposits due to the interlocking nature
of the sand grains which results in a material that has a
very high\dilatancy (Dusseault, 1977). There is no chemical
cementing present in the oil sands and this results in a
Mohr -Coulomb peak envelope which passes through the @f{gin
(Dusseault and'Morgenstern,IQ?B)i and hénse the oil sands

may be classified as a cohesionless material. At higher

stress levels, dilatancy will be suppressed and this results

in a curvature of the Mohr enve lope.

— A téngent drawn to the envelope (at high stress levels)
Qill give a cohesion intercept which has been defined as the
fabric cohesion (Dusseault,1877). i

The pores of the oil sands arehfilled with water,

bitumen and gas, which is present either as free gas or

dissolved gas (Dusiiault and Morgenstern, 1978). The bitumen

_does not/pontributd to the strength of the material at

- normali temperatures, but has a marked effect on tﬁe
permeability of water through the material. The oil sands
are thus low permeability materiai§ and behave ‘in a;
undrained manner when subjected to a fast stress or .
temperature change (Dusseault,1979).

These phenomena of oil sands are obviously factors

which would contribute to the behaviour of the material upon.

<excavation. When the material is unfoaded (or the

temperature increased) the gas comes out of solution and,



*

because Of its low permeability, there is an expansion of

the matérial. .This expansion results in a disruption of the

~

fabric, and hence a decrease in the shear strength (Harris

and Sobkowicz, 1977).

. THQ exsolution of gas continues as the unload{;g
progresses. The gas bubbles eventually form a connected
drainage ‘system and bleed off of‘the gases occurs
(Scott,1978). At this stage, the material begins to behave
in a drained manner. One of the major problems yet to be
solved is the question of how long a time interval is
required before Wminage occurs. This problem is of
significance 1in the design of shaft and tunnel linings and,
until so]ved..the behav}our of oil sands upon excavation can

only be estimated as lying between its two modes of
behaviour; undrained and drqined. .

1.2 Aim of the Thesis

The aim of this thesis is to examine the stress-strain
behaviour typical for, and appriicable to, ground response
around tunnels and shafts. The presence of gas will have a
ma jor influence on the undrained behaviour of oil sands and
it is thus necessary to obtain éamples for laboratory
testing that still have gas in the material. This may be
accomplished if in situ freezing techniques are used, and
the problems of bbtain{ng undisturbed sambles by this
technique have béen discussed by Dusseault (1980). The gas

has no effect on the results of drained tests provided the



samples have not been disturbed.

The research undertaken by the guth@r was restricted to
examining the drained behaviour of tﬁe oil sands st depths
: exceediﬁgaéoD metres. The tests were conducted on
relatively undisturbed sampies in order to examine_the
stress-deformation behaviour of the in‘situ material. The
dafa cbt329eg fram such tests allows for an e@aiua;iaﬁ to be
made as to whether the material in its uﬁdistur?eﬂ state is
competent enough to withstand the stresses impcéed upon it .
during shaF(ing or tuﬁﬁe]1ing. This in itself is only one
of the 'DQUﬁés’ that need to be examined to fully understand
the behaviggr of ot] sands, the undrained behaviour being
the other bound. N

The laboratory program consisted of performing a series
of drained hﬂficw cylinder triaxial tests as it is believed
tHat the stress path followed in this test more closely
resembles that which occurs in the field. The influence of
stress path on the deformatiaon behaviour was exémined by
conducting tw§ other series of ériaxiaistestS'cﬁ solid
samples of 37.5 nm diameter. %%e teg?fresuits from all
tests can then be compared.

' The analysis of the hollow cylinder triaxial data
depends upon the assumptions made regarding the stress
distribution within the cylinder. A numeriéal mode] was
develioped to in;erprgt the teist results and thus enable: some’
conclusions to be drawn concerning the validity of these ”

assumptions,



“

1.3 Outline of the Thesis

The sample collection techniques a;vd the unigue method
of sample preparation for both the hollow cylinder and
triaxial tests are discussed in Chapter 2. Laboratory
techniques and equipment are also presented in this chapter. i

Chapter 3 deals with the theoretical stress
distribution within the hollow cylinder, and the method of
éalEuTating strains from the volume changes measured during
the test. In Chapter 4, the development and theoretical
aspects of the numerical model are presented: A sensitivity
analysis of the influence of the various parameters on the
solution is given.

The laboratory results are given in Chapter 5 along
with a discussion of these results. The hollow cylinder
triaxial results Qre analysed in more detail in Chapter 6
which compares the actual test results with those predicted
by the numerical! model. A detailed discussion of these
comparisoné is given.

The conclusions reached from this research are \

summarized in Chapter 7. ‘ .



2.1 Introduct ion

The stress-deformation behaviour of oil sands is beiﬁg'
investigated to determine the behaviour of this material
when deep excavations such as shafts and tunnels are
constructed. It was decided to use a hollow cylinder
triaxial device (HCTD) for the testing program as this
device is more versatile than a conventional triaxial cell
and allows several stress paths to be followed in loading of
the sample. A stress path resembling that which occurs in
the field can also be modelled in this apparatus by
maintaining a constant cell pressure and decreasing the
internal pressure.

The HCTD used in this research program was designed and
built at the University of Alberta (Dusseault,1979), and has
the capability of sustaining cell pressures of up to 20 MPa. .

These high cell pressures are of the same order as the /n

Discussion” of this apparatus and the problems eﬁQGUﬂte%ad

will be dealt with in a later section.

2.2 Literature review of previous HCTD usage
Hollow cylinder tests in the laboratory have been
conducted as far back as 1957. The author has undertaken a

literature review to determine the various capabilities of



the different HCTD's and the purposes for which they were
employed. This review has been limited mainly to the
testing of soils since the uncemented nature of the oil sand
makes this material similar to a dEﬂSE‘Saﬁd; rather thaﬁ a
rock.

Tﬁe majority of the researchers have used the HCTD to
“investigate the shape of the yield surface for their
partiéular material. The HCTD is well suited for this type
of investigation as control of all three principal stresses

is possible. Thus the shape of the failure surface in 3-D

compression and extension) may be obtained by following
various stress paths during tge testing program.
Kirkpatrick(1957) used a medium to fine-grained sand and
allowed full drainage during shear. He conducted an
extensive te;ting program as did Wu et al.(1963) to
determine the applicability of the variows failure criteria.
Wu et al.(1963) conducted their experiments on both a

remoulded plastic clay and a uniform Ottawa sand. No

drainage was allowed during shear, but pore-pressure
measurements were recorded.

Haythornthwaite(1960) investigated the yield and flow
criteria of a remoulded silt and his apparatus allowed the
application of both.a vertical stress and torque. Frydman
et al.(1973) used giass microspheres as their material and
ran drained tests in their program.

The only investigators to have used ‘undisturbed’



samp les %ﬁ an experimental program were 5Suklje and
Drrovsek (1965). They used a Tertfary clay and ran é series
of plaﬁe-straiﬁ and plane-stress tests to determine the
tensile deformability of this material. Their apparatus did
not have the capability of allowing drainage nor to measure
pﬂreépressure!: Details of their s%mﬁie preparation for the
undisturbed clay were not given. Whitman and Luscher{1962)
ran a series of experiments to investigate the
soil-structure interaction problem of a buried pipe. The
tests were conducted on dry Ottawa sand under plane-strain
conditions. e

Broms and Jamal(1965) used the HCTD to analyse the
results of conventional triaxial tests. They ran undrained
tests on a rounded beach sand, and used the hollow cylinder
data to explain why the angle of friction measured in
triaxial compression and extension differed. Their resuit;v
show that the difference is due to a non-uniform stress
distribution in the sample. Inlanother paper by Broms and
Casbarian(1965), the hollow cylinder data was used to
examine the effects of rotation of the principle stress axes
. on lh%gf strength. Procter(1967) used the hollow cylinder .
to iﬁ;g;??gate the stress-dilatancy behaviour of a dense
sand.

The capabilities of these varigus'devices are very
similar. A1)l authors had independent ééntrcl of the cell
éressure, bore pressure and axial &tress. Volume chaﬁges in

the bore could also be measured, while the volume change of
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the pore fluid was only measured by Kirkpatrick(1957) and
Frydﬁan et al.(1973). The other authors, except Suk1je and
Drnovsek(1965), had the capability of measuring pore
pressures. Axial strains and stresses were measured by
various devices. |

The cell pressure used by these authors all varied, but
in no instance did it exceed 400 kKPa. This pressure fis far
less than the proposed pressures to be used in this testing
program. However, the use of these lower pressures enabled
the researchers to use a modified 'triaxial cell whereas this
reséarch requires the use of a cgnﬁdgté1y new gie&e of
equipment .

The stress distributions within the hollow cylinder
specimen were calculated in various ways. Suklje and
Drnovsek (1965) based their solution on the theory of
elasticity. They realized that these solutions were only
valid in a‘iimiteﬂ;stress range. Broms and Jamal(1965) :
conducted triaxial compression tests on their cylinders and
tﬁus had a8 uniform stress distribution within the cylinder.

The research carried out by Frydman et al. (1973),
Whitman and Luscher (1962) and Kirkpatrick(1957) was only
concerned with the stresses at Fai?u;e, and an average
tangential stress was calculated from equilibrium
requirements of a half section of the cylinder, the average B
radial stress being found either from the failure criterion
used or by assuming a linear distributicn of the radial

stresses within the cylinder. Wu et al.(1963) determined
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the actual stress distribution at failure from a limiting
equilibrium analysis. .

Procter (1967) discuésed the means available for
calculating the stress distribution. KHe decided, on defining
a’ radial stress distribution (1inear) as he did not think '
thﬁt'elaborate elasto-plastic analysis was valid for
partiétlate medfa. His analysis was based on average
stresses since the calculated strains in the cylinder were
average strains. ‘

Stress distributions can also be found in text books
such ‘as Jaeger and Cook(1976) and Timoshenko and
Goodier (18970) for hollow cylinders. Jaeger and Cook(1976)
give solutions based on elasticity and plasticity while
Timoshenko and Goodier (1870) only deal with elasticit

The literature review revealed valuable insight<§::o
the problems associated with hollow cylinder testing.
However, no informétion was found that would assist in the
sample preparation af undisturbed ma;erial, and the low
pressure range in which these hollow cylinder devices were
operated did not brovide much insight into the problems that

would be encountered when testing at high ‘pressure.

2.3 The University of Alberta HCTD

This apparatus is described in detail in a paper
published by Dusseault(1981), a copy of which is included in
Appendix C. The basic features described in this paber have
not been chaﬁged. but a few minor modificafions were
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necessary. _ _

The top cap was modified such that the porous stone can
be attached to it and be flush with the bottom of the cap.
This eliminated the possibility of puncturing the external
membrane against the porous stone when applying high cell
pressures. A problem still existed with the internal
membrane as it tended to pinch between the stone and cap.
Thi§ problem was finally solved by inserting a ring of
Neoprene rubber around such joints. !

It was desireable to have the capability of deairing
the system after it was assembled. Two additional ports
were drilled through the top cap such that they opened onto
the porous stone. Deairing is thus possible by applying a
back pressure to the pore pressure line and opening the line
at the top of the cap.

The major modifications made were to the membranes.

testing and it was thus necessary to increase the thickness
of the membrane to 0.7 mm. The external m;%brane was bonded
onto a specially designed membrane clampigg ring. This
eliminated one source of leaks, namely through the 0-rings
clamped onto the membrane at this location. The thickness
of this membrane is less than that repgrted in Dusseault’'s
paper. This membrane is approximately 2 mm thick. |,

A detailed description of sample assembly and test
procedures is given in a later section of this chapter.

Details of the assembled cell and measuring systems are
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‘'shown on Plate 2.1,

2.4 Advantages and Disadvantages of the HCTD

The hollow cylinder test has been selected Fc;!this
research as it enables control of all three principal
stresses. However”, this is also possible by utilizing a
true triaxial cell. Frydman(1973) has discussed the
problems associated with this apparatus: end effects and
strain measurements. The end effects are the ma jor-drawback
of the true triaxial apparatus. These end effects are not
encountered in the HCTD, and the measurement of strain is
accomplished by measuring the volume changes occurring
within the cell, bore and sample.

The HCTD has géditiaﬁal advantages as discussed by
Suk)je and Drnovsek(1965):
1. The stress state is better defined without uncontrolled

stress concentrations.

2. Tests can be conducted at various "str-ess statéis‘ ’
3. Deformation anisotropy can be taken into account. o
4. Long-term and drained tests can be more. easily

condlcted. V.,

Despite these advantages, there still exist severa)

drawbacks to the apparatus:

1. A non-homogeneous stress state exists in the sample
which complicates the interpretation of the test
results. Assumptions ha#@e to be made regarding the
stress distribution within the sample. This can be done



Plate 2.1 Instrumented Cell and Measuring System

t5
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by using elaétic theory ot by specifying a failure
cr%terion to calculate the stresses in the plastic zone.
2. Special'rubberrmmtwanes are required to resist high
cell pressures without rupturing or leaking.
3. 'Problems are encountered in the preparation of the
v samples (discussed in more detail later).
These drawbacks sti1l do not detract from the versatility of
the apparatus.‘ It is possible to conduct plane-strain tests
along ‘different stress paths in a relatively siégie manner ,
and with accurate control of pressures and volume changes.
gy Tests may be run either in an undrained mode with |
pore-pressure measurements, or with full drainage. A single
test yields much valuable data:
1. Stress-strain curves based gﬁ average stresses wifhin
the sample. . '
Volume change behav{our due to diiaiancy
Pbre-pressure response( for, undrained tests).

Closure of the bore with change in pressure.

Peak strength and hence strength parameters.

oo O BB W N

Determination of both elastic parameters (E and [V ).

The factor which contribufed largely to the use of this
apparatus in the tesfing program is the fact that the stress
‘path to failure in a shaft, and to a great extent in a

tunnel, can be more easily and closely modelled than in any

other piece of laboratory equipment.
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'2.5 Outline of laboratory program - o

It wag initially intended to investigate the stress
path dependency of oil sands by conducting three different
se}ies of drained tests in the HCTD. The laboratory prpg%am
~was modified when problems with ihe HCTD were encountered
(see'Appendix F). Ore series of tests were conducted in the
HCTD (Series A; and two other series in a high pressure
triaxial cell (Series B and C). The stress path followed in
each of the three series of tests jé shown in Figure 2.1 and

discussed below.

2.5.1 Hollow Cyljnder Triaxial Tests (Series A)

| This series consisted of two plane-strain drained tests
consolidated to 7 Mpa and 10 MPa respectively. The sanples
were sheared by ﬁaihfaining a constant external pressure and
decreasing the internal pressure iﬁcremenig11y until
collapse of the sample occurred. The volume changes of the
internal membrane and the pore fluid were monitored

throughout the test.

2.5.2 Triaxial Compression Tests (Series B)

Two samples were consolidated to 7 MPa and 10 MPa
respectively and sheared at a constant strain rate with full
drainage by increasing ihe axial stress while maiﬁti'ning a
constant cell pressure. Volume changes of the pore }?ﬁﬁix
were continuously monitored against a constant back

pressure.



@ Triaxial compression
@ Hollow cylinder
¢ Q@ J1-constant

Figure 2.1 Stress paths followed in the laboratory tests
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Z,S.EECGnSi;Af Mean Principle Stress Tests (Series C)

In these tests, two samples were consolidated to 5 MPa
and 7 MPa respectiQeiy, The samples were sheared at a
constant strain rate under drained conditions with constant
mean principal stress (J1: (G *Eze*CEJIB = constant ) by
increasing the axial stress and decreasing the cell
' pressure. Volume changes were again monitored throughout
the test against a constant back pressure.

Details of the sample assembly and test procedures are
given in a later SECéiéﬂ! An ocedometer test was used to

determine the compressibility of oil sands at high pressure.

2.5.4 Selection of strain rate

The strain rate selected for Series B a%d C tests was
based initially on the method proposed by Bishop and
Henkel (1957 ,pp125-127) wherelthe time to failure depends
upon both the drainage conditions and the coefficient of
consolidation.

Negligible volume changes are Gccufring in the sample
after 10 minutes for each application of cell pressure.' The
theoretical t;oy value is less than 10 .minutes, and the
calculated time to failure is only 1 hour. ,)

The coefficient of consolidation, Cy , is a function of
both the coefficient of compressibility and the
permeability. The coefficient of cﬂ;*:ress;ibﬂity‘is stress
dependent, and the permeability of water through™ the o1

sand sample will increase as the sample dilates.
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. The value selected for the coefficient of consolidation
was obtained from the isotropic consolidation test, and the
calculated time to failure should be conservative. However , .
due to the variability of these parameters and the presence
of the bitumen, the time to failure in these tests was takgh

as 4 hours.

2.6 Sampling and Sample Preparation

2.6.1 Sampling

Sampling of @i} sands is diFFisJ?t as sample
disturbance results from the expansion caused by gas coming
out of solution when the confining pressure is reduced.
Dusseault(1980) has discussed this phenomena in detail and
has sha%ﬁ thai conventional geotechnical methods of
obtaining samples are inadequate for use in the oil sands.
The best methods for obtaining relatively high quality
sgmpies‘is by pressure coring and fn sftu freezing
procedures, or within natural slopes where the gas has been
depleted.
In situ freezing techniques are very ccsgﬁ:fghence it
was decided to obtain block samples from an open pit mine
where the gas has slowly escaped and thus disturbance is
minimized. Preliminary determination of samp lge deasitigs
gave a bulk dEﬁéity of 2.0 g/cc (porosity of 35%) which

compares *avcurably with the results reported by

Dusseault(1980). ‘



The material used was obtained from the GCOS (Great
Canadian Dil Sands,Ltd.. now Suncor Inc.) open-pit mining
- operation north of Fort McMurray. The samples were
collected from the middle McMurray fFormation and are
bitumé.-rid% oil sands. The sampling procedure used was to
cut a block from the large blocks of material that have
- fallen off the face of the excavated walls along exfoliation
fractures. Immediately after a block had been cut, it was
wrapped‘in a plastic bag and well bound with
“fibre-reinforced tape. The sample was then transported
‘ carefully down the siope and stored on a thick foam mattress
in the back of the vehicle. Extreme care was taken in the
handling of the samples in order to minimize disturbance "and
possible breakage of the larger blocks.
On arrival at the laboratDF;i the blocks were wrapped
in cheese-cloth and waxed to prevent any further moisture
loss and deterioration. The waxed samples ﬂére then stored

in a moist room until they were required for testing.

2.6.2 Sample Preparation

2.6.2.1 Oedometer.and Triaxial Samples

A1l triaxial samples were obtained from a single block
of rich oil sand, while the oedometer sample was obtained
from a block of lean oil sand. The block was removed from
the moist room qu allowed to freeze in a cold room at -18°
C. The block was cut into smaller pieces appraximﬁtely 10

cm square by 15 cm long with a diamond saw. These blocks
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were wrapped in plastic bags, taped, then stored in the cold
room in a container of dry ice.

When a sample was required for testing, the block was
unwrapped and placed in a lathe (installed in the cold
room). The sample was trimmed using tungsten-carbide bits.
It is important that the sample does not heat up during this
operation es this will result in some expansion. To
minimize this effect, the sample was returned several times
to thedqry ice container to Keep it well frozen. The entire
length of the sample is never trimmed as some end bearing
surface is needed 4p clamp Ehe sample in the lathe.

The end§ of the trimmed sample are‘cut with the diamond
saw to approximately the required length and the sample is
then refrozen in the dry ice. The final stage of the
preparation consisted of grinding the ends of the sample on
a belt sander to the correct length. A metal guide was
mounted on the sander to ensure that the ends of the samples
were square and parallel. Extreme care was taken to eésure

that the ends did not heat ‘up.

2.6.2.2 Hollow Cylinder Samples

The preparation of these samples required some
experimentation. The method described below is that which
was finally used in the preparation of the actual test
specimens.

A block sample was left to freeze in the cold room and

then cut into a cube of approximately 20 cm square by 25 cm.



23

This cube was frozen into a wooden box containing saturated
saﬁd. At least 5 cm of sand was placed beneath the sampie
and about 5 cm around the perimeter of the sample. The
wooden box was clamped Snto a milling machine table (in the
cold room) and dry ice packed around the sample to its full
height.

The blocKAwas left to freeze for at least two Bouns
~after the dry ice was placed. A diamond core barrel, 51.4
mm external diameter, was used to core the centre hole.
Coring was done dry, pressured nitrogen being used to blow
up the cuttings. The coring was done slowly and no more
than 5 cm cored at any one time before letting any built-up
heat dissipate. Dry ice was placed in a bag and‘;ﬁserted in
the cored hole to assist in the cooling operation. The core
barrel had to be constantly cleaned tqﬁremove the broken
core. Inspection of the bore immediately after each coring
‘operation revealed no signs of heating on this inside wall
of the sample.

A similar procedure was used to obtain a sample of 15
cm external diameter. A 15 cm diameter core barrel was uéed
which had a larger clearance than most core barrels on tbe3
inside wall. This facilitated the collection and removal gf
cuttings. The barrel was centred over the first hole and
coring carried out in a similar manner. The trimming of
this oversize sample was done on the lathe. An aluminum
shaft was frozen into fhe bore and filled with dry ice

before mounting it in the lathe. Trimming was carried out
e
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as described earlier with regular refreezing periods. tfhei-\\
ends of the sample could be finished on the lathe due to the
mount ing procedure used. This ensu;éd that the ends were
flush and parallel.

The sample prepgration techniques described above are

illustrated in part on Plates 2.2 and 2.3.

-

2.7 Sample Assembly and Test Procedures

The triaxial samples are assembled as for a normal
triaxial test §n any other material. Once the sample has
been placed in the membrane, the membrane is filled with
_water to displace the air. The sample is allowed to thaw
against a cell pressure of 350 kPa and a back pressure of
200 kPa prior to the commencement of the consolidation test.
The consolidation is conducted against a back pressure of
1050 KPa, each increment of cell pressure being maintained
until no noticeable volume change of the pore fluid is
occurring (ugually 10 min.). The final consolidation
pressure is applied for at least 30 min. before starting the
shear test, which is carried out at a constant strain rate.
’For the Ji1-constant tests, a programmable calculator was
used to determine the cell pressure requireq at any
particular axial stress. The cell pressure was determined
by allowing for an area correction for the axial stress
following Bishop and Henkel(1962). Throughout the test the
cell pressure was calculated at 1 to 2 minute intervals and

the pressure reduced as required. This procedure worked



Plate 2.2 Sample preparation techniques




Plate 2.3 thple prepara‘ion

techniques
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well ?s the maximum variation in J1 was less than 2X%.

The hollow cylinder samples were mounted onto the base
plate in the cold room. The external membrane clampiis
fastened to the base plate and the sample inserted. The
internal membrane is inserted and the ram placed on top of
the load cap. The external membrane is sealed against the
iéad cap and the ram by means of O-rings and h@se”é‘lams;
The base plate is removed from the cold room and the cell
placed onto 1it.

The cell is filled with water and an initial pressure
of 55 KPa applied to both membranes ﬁFiDFXtQ installing the
cell in thg plane-strain frame . The cell pressure is raised
slightly while the system is flushed with a pressure of 70
KPa to 100 kPa. This operation removes air from the porous
stones and between the sample and membranes. After
‘flushing, the cell and bore pressures are increased to 350
_ KPa while the back pressure is increased to 200 kPa. Under
these conditions the saéple is left to thaw overnight.  The
consolidation test is conducted against a back prgssureiaf
1050 KPa. -The shear test is stress controlled. The cell
pressure is Kept constant and the internal pressure
decreased in 500 KPa increments. Each increment is
maintained for at least 5 min. or until no further volume
changes occur. The increments are reduced to about 140 kPa

in the final stages of the test.
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2.8 Sample Saturation -

The method of testing for sample saturation as outlined
in Bishop and Henkel(1962) is not applicable when testing
oil sand. The low compressibility of the material results
in a B-value less than unity at saturation. The samples
tested had an initial degree of saturation of only 80%,
hence a large back pressure was required to saturate the

Full saturation can be accomplished by use of a ba
pressure, but it is also a function of time (Black and
Lee,1873). The samples had an applied back pressure of 1050
KPa (150 psi) and this pressure should be sufficient to
fully saturate!themi After application of the back
pressure, the pore volume change was monitored and no
noticeable volume changes were occurring prior to the start
of the consolidation test. However, the sensitivity of the
burettes may not have been sufficient for this purpose. The
time interval from the application of the back pressure to
the start of the shear test was usually Y.5 hours, and this
should also assist in saturating the samﬁ1esg

Full saturation is critical when conducting undrained
tests and a satisfactory laboratory procedure to test for
saturation will be required. Uﬁdrained tests on oil sand
will be attempted by another researcher soon, and two
me thod$ of testing for saturation are outlined below.

The first method is based on the fact that the B-value
is independent of back pressure (Wissa,1969). The back
pressure is increased for each B-test while keeping the

=
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efféctive consolidation pressure constant. Full saturation
results when the calculated B-value remains constant. In
order to maintain a constant effective consolidation
pressure, each increment of back pressure and cell pressure
must be exactly equal before measuring B. Another method
proposed by Wissa(1969) is to apply several large increments
ure without allowing drainage. The B-values

ed and will be the same (or slightly smaller) for
each increment of cell pressure at saturation.

Other methods may be devised, but the method chosen
should be relatively simple and quick. This procedure may
well be the critical part of any undrained tests that are
performed, and serious attention must be directed towards
this problem.

2.9 Measurements and Measuring Systems

All data collected during the test were recorded by
electronic measuring systems except for the volume changes.
Axial loads are measured on a 89 KN load cell and axial
(LVDT). The cell pressures and back pressures are measured
with 13.8 MPa pressure traﬁséucérs. Measurements of volume
changes are made on reversible burette type volume change |
indicators. For the hollow cylinder tes&sﬁthese indicators
ihave an accuracy of 0.1 cc. The triaxial samples require a
more sensitive burette due to the smaller volume of these

samples, and burnites with an accuracy of 0.01 cc were used.
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The pressyre éystm used in the laboratory are
discussed in Appendix F, which also deals with the prob lems
encountered in the laboratory during this research program.

-
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CHAPTER 3
E&MEMMMMEMM@

3.1 Introduction

The stress distribution withief the hollow cylinder
depends upon both the stress state and the t}pe of tes@g
being analysed. If the state of stress is such thai no
yigldiﬁg occurs at any point within the cylinder, then the
stress distributigﬁ can be determined from the theory of
elasticity. When yielding occurs, plasticity solutions are
required to determine the distributions.

The series of tests conducted on thé hollow cylinder
samples were performed under plane-strain conditions. For
this case, the axial stress is the intermediate principal
stress and the sample deforms axisymmetrically, the slip
lines occurring in the r-8 plane. The distribution of
stresses can be determined from limiting equilibrium
conditions by specifying a failure criterion for the
material. The solution for the case where the axial stress
is the major principal stress requires that a stress-strain
law be specified to solve for the stress distribution (Wu et
al., 1963).

In this series of tests, the external preséure is kept
constant and the internal pressure decreased until the
sample collapses. The tangential StFéSS is the major
principal stress and the FaéfaI stress the minor one. The

stress state is such that yielding first occurs at the

31
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internal wall of the sample. h

The solutions for the distribution of radial and
tangential §tresées within the hollow cylinder are given in
the Fs]Wgwina sections for béth the case of no yielding and

for the case when yielding has occured.

3.2 Elastic Solution for the Stress Distribution

The axisymmetric problem may be solved in terms of the
equilibrium equations, Hooke's Law, the compatibility
requirements and the Airy stress function. By applying the
appropiate boundary conditions, the solution for the radial

and tangential stress distributions age determined

(j}_:é;.zc ...3.1(a)

Go=-Ar+2c . 3 tHb)
g 7;.‘@ . !;;-3.1(3)
¢ where:
' ~ -pdepd

The symbols used in the above equations are 11lustrated in

Figure 3.1.
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PLASTIC
pe
., )

Figure 3.1 Definition of the terms used in the Stress
Analysis
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The derivation of these equations is given in Appendix
A. The average stresses in the sample are found by
integrating the above stress distributions across the width
of the cylinder and dividing by the wall thickness. The

results are given below :

(\ i
- (G‘,.)g“-zc*&% f | ....3.2
(T loye = 2¢ - 2 BPRRRE

3.3 Stress Distribution after Yielding )

As discussed before, yieidtng commences at the internal
wall of the sample. A plastic zone deve lops
axisymmetrically around the inner surface, while the
remainder of the sample jis stil} behaving elastically. Thivs
plastic zone 1s‘§h§wn diagramatically in Figure 3.1. The |
stresses in the elastic zone cannot be calculated from the
~ equations given previously as the boundary conditions have
changed. The solution for the stresses in the elastic zone
requires that the extent of the plistic zone be known.

g

3.3.1 Stresses in the Plastic Zone

The Mohr-Coulomb failure criterion is asgumed to be
-valid for this material. g?he validity of this assumption is
discussed in Chapter 4. By combining the equilibrium
equations with the failure criterion, the stress



distribution is obtained :
r = ——[arM — 9.NY2] ....3.4
Uf N;‘[Ar 2¢cN i] } i *
L3
C A [arM] , 2eN7? ....3.5
“®  N-| J N-1 ' , .
where A is solved from the boundary conditions :
P.(N-1)+2¢ N2
AR — et
gN-l ‘
‘ -
&

N = 1+sing
1-sin®

The derivation of these equations is given in Appendix B.

3.3.2 Stresses in the Elastic Zone

The solution for these stresses can be obtained from
Equations 3.1 provided. that the boundaries of the elastic
zone are modified. The elastic zone is now defined by an
internal radius (R) and an external radius (b). fhe,,

pressures on the internal and external walls are J, ahd Pe

respectively.

Substitution of these values into Equation 3.1 gives :

....3.6(a)
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. RP-gp) ....3.6(b)

-
G PE-R)
T o ....3.6(c)
‘re

It is necessary to calculate the radius of the plastic
zone and the radial stress at the elastic-plastic boundary

before the stress distributions can be determined.

© 3.3.2.1 Radius of the Plastic Zone

The radius is determined by assuming that the radial
stress at the boundary is continuous. Before yielding
occurs, the sum of the elastic radial and tangential
stresses (C&,i is a constant value at any point within the
cylinder (for each set of applied boundary pressures).
After yielding has occurred, the sum of the elastic stresses
in the elastic zone is also a constant value, but this
constant is a Funstigp of the radius of the piastic zZone.

The solution for the radius of the plastic zone is

simplified if it is that this constant is of the

same magnitude as would be calculated if no yielding had
occurred. In Chapter 6, the validity of this assumption is
discussed.

The radius of the plastic zone, based on the
assumﬁt{gﬁs outlined above, is determined by equating the
values of the radial stress at the boundary calculated from

the elastic and plastic solutions. The solution is given



below and the derivation shown in Appendix B.
N L
172 + |N-\

] ;§'3i7

R o= al-2 [g‘(u-l)-iZ:N :
Net L P(N-1) ¢ 2¢N1/2

The radial stress at the elastic-plastic boundary is
found from Equation 3.4 :

. 1/2 _ qN-1 172
T [P'* N~ ][ﬂ] N-1 -

3.4 Average Stresses within the Hollow Cy1inder

3.4.1 Average Tangential Strgn'

The average tangential stress can be found by
integrating the stress distribution across the width of the
wall and dividing by the wall thickness. However, the

equilibrium of a half-section of the cylinder. Figure 3.2
shows this section and the calculation. This approach is
simpler and the solution is independent of the extent of the

plastic zone. The average tangential stress is :

..3.9

. 3.4.2 Average Radial Stress
The average radial stress can be determined in two
ways. A linear distribution of the stresses may be assumed

(or any other shape) and the average stress calculated from
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Figure 3.2 Static Equilibrium conditions for the half
Cylinder
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distribution, or the stress distribution given in
Equations 3.4 and 3.6(a) may be integrated across the width
of the cylinder and divided by the wall thickness.
The average radial stress based on a linear

distribution is

=

\M‘

(O lave = 2B ...3.10

The average stress found by integration is derived in
Appendix B and given for a cohesionless material by :

F K
(GfE'- ?I;i eee3.11

_ 7H' 7 B 7
«ep| R ___ o, (b-R) _R . (b-R
{ Pi[ NENi—i N * (beR) gN-? ] + Pe b (b+R)

Both of these solutions have been used in the analysis
of the hollow cylinder test data. Their effect on the
stress-strain curves and strength parameters are discussed

in Chapter 6.

3.4.3 Average Axial Stress

The load applied at the top of the sample is measured
throughout the test and thus the average axial stress can be
determined directly :



e = L PiA co..3.12
(O e —!iztigi

The meaning of the symbols are as defined in the

nomenc lature.

3.5 Determination of the Strength Parameters

The strength of a cohesionless material at high
confining pressures may be defined by a secant value of the
friction aﬁgle.qés, This angle is determined from the
effective principal stresses at failure (for a Mohr -Cou lomb

material):

singy « A~ % - 3.13
- G+ G

The value of (Og determined by this methbd will be
dependent on the magnitude of the average radial strassé and
the calculation of this stress will have a large influence
on the friction angle. An alternate method of determining
the peak friction angle is found from the elasto-plastic
analysis. At collapse of the sample, the radius of the
plastic zone becomes equal to the external radius (b) and
the radial stress will thus be equal to the external
pressure (P ) in Equation 3.8. Rearrangement of this

equatie? under these conditions give :
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Thelﬂressuﬁe ratio and ratio of the radii at collapse
are Known from the test results, and the strength parameter
(N) can be calculated.

Comparison of the friction angles determined by these

methods are given in Chapter 6.

3.6 Calculation of the Average Strains in the Cylinder

The calculation of the strains are based on average
strain increments rather than total strains. Strain
increments have been used as the test is performed by
reducing the internal pressure incrementally. Total strains
are calculated by adding the strain increments.

The principal strain axes are assumed to coincide with
the principal stress axes, and ccngFEisivg strains are
considered as being positive. The small strains theory is
used, {.e :

dv idé—z *£f + dé.

= d€, +d€q for plane-strain
The calculation of strains by this method has been
dealt with by Procter(1967). His derivations are presented
in a form that can be readily programmed. A copy of these
derivations is given in Appendix D.
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3.6.1 Average Radial Strain

Thg} average strain increment {s defined as

d€, = .Mean change in specimen wall thickness
o r mean wall thickness

The wall thickness at any increment is calculated from the

measured volume changes of the bore and sample :

Av,),

°" T

\

b = %‘, (D + Dw),

- L,

The average radial-straiﬁ increment is

d€. = |Lbizhr) - (EG_E.L] x 2 c...3.18
r (b;#bj)—'(ﬁ;ﬂj)

i
The jth increment is the current increment and the ith
increment the previous one. The total radial strain is

found by summation of the strain increments :

(€ ); - 3 46, 3,17
.

3.6.2 Average Volumetric Strain

The average volumetric strain increment is given by :

-
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(ZSWQ' '(Z&WJ; ....3.18
dv.[l(v,):- (Av‘)j - (ov‘)i] x 2 :

The total volumetric strain is :

(V)j gtdv . '....3.;9
1

3.6.3 Average Tangential Strain
When the average radial and volumetric strain
increments have been calculated, the average tangential

-strain increment is determined from Equation 3.15 :

de. .d"’der ..-.3-20

The total tangential strain is :

/ (€, = & d€q ....3.21
1

3.7 Determination of the Elastic Deformation Moduli
Young's Modulus (E) is obtained from the linear elastic

constitutive equations :

A 'JE‘[AOrh‘V(A‘U.'FAO’z)] ee3.22(8)
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A€ =g[Aa, -v(AG; +Aa)] ++-3.22(b)

For plane-strain conditions, Equation 3.22(c) is set equal

to zero and the following relationship is obtained :
:
A ....3.23
AG=V(AG +AG) |

Poisson's ratio is determined from Equation 3.23

4 g/'x
v. DG

- - — c...3.24
NG+ AT, :

E 3
</
Young’s Modulus is calculated by substituting Equation 3.23
into Equation 3.22(b) :

., 5%‘5 _ AC&-(Z%-)AG? ...3.25(a)

Aev TS )
=X ] N



In the hollow cylinder test, yielding occurs at the
inside wall at a pressure ratio | gi) of only 2 to 3. The
elastic modulus is thus defined for only,a small portion of
the average stress-strain curve. TheiLse of a
psuedo-elastic modulus (defined as the slope of the average
stress-strain curve at any stress level) is dealt with in

Chapter 4.

3.6 Summary | j

The calculation of stresses and strains within the
hollow cylinder has been presented. An incremental approach
has been used for the calculations of strains due to the
manner in which this series of tests have been conducted.
Several assumptions have been made in the analysis of the
stress di;tributians_ Some of these assumptions are those
typically made for soils, the others for simplicity of the
solution alone. In either case, the validity or iﬁFiUEﬁGé
of the assumptions on the analysis of the test data will be

discussed in the following chapters.



CHAPTER 4 _
ENT OF IHE MUMERICAL MODEL

4.1 Introduction
The interpretation of data from 2 hollow cylinder
triaxial test is a problem that has as yet not been proper ly
examined. Assumptions have to be made regarding the stress
distribution within the cylinder. Theseiaésumptians have

been discussed in Chapter 3.

Once a stress distribution has been determined, the
problem of how to interpret the elastic deformation modul i
remains. Linear elastic formulations enable the Young's
modulus to be defined in terms of deviatoric stress and
tangential strain as presented in Chapter 3. It stil)
remains to be shown that the moduli determined in such a
manner from the hollow cylinder data do in\ fact represent
the true moduli for the material. |

The writer has approached this problem by determining
the elastic constants (assuming a Tinear radial stress
distribution) from the average stress-strain curve for the
- test. These moduli are then used as fnput in an idealized
model in an attempt to predict the deformation of the
cylinder that ard
mode | developed fov

following sections. The stress and strain determingdt\ons

measured during a test. The analytical

's problem is dealt with in the

from the hollow cylinder test have been described in the

previous chapter.

46
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4.2 Formulation of the Problem

0il sands, as well as other materials, exhibit
curvilinear failure envelopes. This initiated the
development of an axi-symmetric solution that could
incorporate this type cfiFailure envelope. Curvilimear
failurq envelopes have not been used in any of the
elasto-plastic closed form solutions availabje in the
literature.

The straiﬁéweakenihé behaviour of oil sands
(Dusseault, 1977) was another design factor to be tonsidered.
The solution should be able to model such behaviour as o
closely as possible. It has been shown that
strain-weakening behaviour can be mgdellgﬁ with an
elastic-perfectly plastic model (Korbin,1976).

The effect of confinement on the Young’'s modulus is
evident from the test results which show.a marked non-1inear
stress-strain curve (see Chapter 5). This naﬁ!]{nagr
stress-strain curve is the result of the influence of
reduced confinement of the sample as well as the non-linear
. behaviour of the material. It is thus necessary f@_
incorporate the strain-softening effect of the deformation
modulus into the model.

4.3 Theoretical Aspects of the Model

' The use of a linear or non-linear elastic model will
not be satisfactory in the prediction of deformations.
These models work well at small strains, but in a hollow
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cylinder, the strains are large, especially once yielding
has o¢curred. i

Elastic models have further limitations (Hoeg, 1978).
They do not model typical soil behaviour such as di]gtiﬁﬂ
(for dense sands), stress history, stress path dependency
and strain-weakening. These effects can be modelled by
using elasto-plastic models. ‘ i

The theory of plasticity wag originally developed for
metals and has been adapted and extended to model soil
behaviour. The deformations are determired by defining a
flow rule and a work-hardening‘law, which are relationships
between the plastic strain increment and the stress
increment vectors.

The undrained behaviour of soils can still be mode!led
on the basis of classical plasticity, but the volume changes
that occur during drained behaviour need to be incorporated
into the theory. The Mohr-Coulomb strength relationship can
"be considered to be a yield criterion and a flow rule must
be postulated which will predict the plastic volume changes
accurately.

The use qf an associated flow rule with the
Mohr-Coulomb yield criterion has been found to give
unrealistically large plastic volume changes (Hoeg, 1978 ;
Morgenstern, 1975) and this led to the introduction of a
non-associated flow rule: i.e., the-yield criterion and the
plastic potential function are not identical. The

non-associated flow rule can account for volume changes that
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- occur between two limits, that of no volume change and that
of maximum volume change (associated flow rule). The mode!
developed below has the capability of incorporating a
dilation parameter (which is constant within the plastic

zone) that has some value between these two limits.

4.3.1 Failure Criterion

The Mohr-Coulomb failure CP;tEFiEﬁ has been shown to be
applicable for drained tests on dense sand (Kirkpatrick,
1857). ‘The non-linearity of the Mohr envelope is modelled
by using an empirical criterion postulated by

Dusseault(1977) for cohesionless materials :

T «agy

/

where J, is the normal stress on the failure plane
and a, b esre curve fitting parameters

For simplicity, it is assumed that this equation
describes the failure criterion which passes through the teﬁ
of tﬁe Mohr circles, i.e. that failure occurs along planes
of maximum shear stress (Figure 4.1). The normal stress is
then given by :

{

T+ T,
d, .,__Li_J' ... 4.2
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Figure 4.1 Failure criterion adopted in the mode]l

Or

Figure 4.2 Stress path followed by a typical soil element in
the model
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In the hollow cylinder test, plane strain is maintained
in the vertical direction (in this series of tests). The
author believes that, as a result of this constraint,
failure planes are unlikely to be the same as for the
conventional triaxial test, and that failure along plianes of
maximum shear stress is most probable. However, as
mentioned, it is simple to incorporate any other analytic
criterion into the model. The Mohr-Coulomb equation could

be modified to give the following criterion :
b
U. - 00}

The maximum shear stress is given by :

O&-CZ-
2

'nﬁax =

and the failure criterion may be rewritten as : -

Q._:zi . ,(g,_;_gr)b ....8.3
4.3.2 Determination of Stresses in the Cylinder

In order that the failure criterion is not violated,
the stress path followed by an element in the cylinder is as
illustrated in Figure 4.2. The stress path AB represents
the stress increments while.the cylinder is behaving
elastically, and Point B represents the stress state at
yielding of the element.

When the element has yielde&, the stresses are defined

by the failure criterion and hence decrease with decreasing-

N\



internal pressure (path BC). The calculation of the

stresses is dealt with in the following section.

4.3.2.1 Pre-Yield Condition

The stresses in the cylinder are calculated from the
linear elastic equations derived for a hollow cylinder (see
Chapter 3). The stress distributions are given by Equations
3.1(a) to 3.1(c).

4.3.2.2 Post-Yield Condition

The stresses in the plastic zone are calculated by
considering the equilibrium equation and failure criterion
. in the plastic zone (Equations B.2 and 4.3). The solution
of these equations is'camp1ex and makes a closed form
solution unsuitable. A finite-difference technique is used

to solve the equations.

For the axi-symmetric case, fct(r), and the

Taylor series for this function can be expanded as follows

(Ov).., = (a;_ + O () (A )( ¢0ry ...

drt

Ignoring second order and higher terms yield

rd(J (Cﬂ)h *‘(CE); LSCZ
(g - @haclod . pa

From Eqn. B.2 : 4@y _ _‘jlir

[~8
-
-

1"“»
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‘ AN/ Ar(gn' f)i | : 44

(g;)_;‘ -(0), +AC Las

elastic-plastic boundary. At the boundary, J, = (jp and the
failureecriterion can also be applied. \

From Equations 3.6(a) and 3.6(b) we get

as+ g ....4.6(a)
= Zgg
= ' 0gt-20,-0 _ ....4.8(b)

Substituting Equation 4.6(b) into the failure criterion

gives :
(20, - G) - 0., (za;—a'.-'*cfr)“
~ s a :
2 2
and : ‘ 7 ' 7

gt =0, -00, | ... 4.7
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Equations 4.5 and 4.7 are solved iteratively. The
cylinder is divided into a number of discrete nodes. The
elastic stresses on the inside wall are calculated for each
load increment until the failure criterion must be invoked.
At this stage, the tangential stresses are related to the
radial stresses by the failure criterion. These stresses on
the wall farm the first set of values to be used in the
iterative process. /\ T, is c;lcxled for tte increment Ar

and thus the value of (Q,). . | jetermined. (cj;)1 is

found from Equation 4.3.

The value of (Cj;.).1 and (r), , are substituted into
/ie !

Equation 4.7 and the value of (' is compared to Up . The
I(CYP‘G}')l is within the specified tolerance or the
difference ((j’pé CJ}') changes sign from one iteration to the
next. At this point, (U, and r correspond to the radial
stress at the plastic boundary and the radius of the plastic
boundary respectively. /
The stresses in the elastic zone are then calculated -
from Equations 3.6(a) and 3.6(b).
4.3.3 Strain Distribution
4.3.3.1 Elastic Strains
Before yielding occurs, the strains are determined from
Hooke's law and the elastic stgéss distribution (see

Equations 3.22(a) to 3.22(c)).
Strains are dealt with in an incremental manner. At
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L ]
e

the completion of each load increment, the model boundaries
are ﬁsdified by the amount of radial displacement at each
wall. Integration of the strain-displacement equations

yield :
J
€e = if;

u, = réi

#

ie. AETSFAE. ....4.8

This incremental strain procedure was instituted in the
model since the loading is applied incrementally, and the
stress distribution is sensitive to the values of the

boundary radii.

4.3.3.2 Strains in the Plastic Zone
The strains in the plastic zone are assumed to constist

of an elastic and plastic portion, thus

€o = E4tEq ce..4.9(a)
€ =€ +€P ....4.9(b)

The elastic portion of the strain is assumed to obey
Hooke's law while the plastic strains are defined by a flow
rule. Both the radial and tangential elastic strains
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(€%. 6:) are taken as being constant in the plastjc zone
and equal in magnitude to the strains at the elastic-plastic
boundary, which simplifies the solution. The elastic

strains in the plastic zone can thus be defined by :

A€ = %Z‘[AO'.R —(T-Z[/)AUP] ....4.10(a)
A€ "—;z'[AUp"(TLE{/‘)AO;R] ....4.1ofb)

The strain compatibility equation may be written :

P ' ] ’
d4€ P d€
r_d_rJ +€g_€' -Ae:_e:_r# ... 4.11(a)

: e
Since €§ is constant in the plastic zone, 3€@

.——.0'

dr
and :
d€5 . p _ P e 4.11(b)
r.;;.’ +€.—ef -e:—e. e .8,
-
The flow rule adopted is a modified form of the .
associated flow rule (Guenot,1978) and is given as :
€:+x€:-o - - ..o-4-12‘
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where X = dilation parameter. When o( =1, the condition of
~no volume change is modelled. The associated flow rule is

obtained when o<

N, the shear strength parameter. This ~
'represents the case of maximum volume change.
The compatibility equation is rewritten as

a€) _ € - €t - €d(1vex) ]

L= . 4,13
dr r
This equation can also be solved by a finite-difference
technique, similar to thategiven previously for the stress
_ :
&)

distribution :

A€ (€2). - (€,
Ar A

_‘A Es - A?'r [(E: - E:)i = (Es), (‘ *i)]

....4.14

The solution is obtained by selecting an arbitrary

value for (gf)i at the inside wall. The iteration is
carried out until r = R . At this point, the plastic strain
must be zero. The value of (és)i is changed until the .

solution satisfies the tolerance specified.

The total strains are the sum of the elastic and
plastic strains. The plastic strains calculated to satisfy
the compatibility equation represent the total plastic

strain at any stage of the test. These values are then
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transformed into plastic strain increments by subtracting
the total plastic stra%n at the previous load increment.
The change in radial displacement is ca]éuiateﬂ from the
strain-displacement equation and the model b@gﬁéaries are

L

adjusted as described earlier.

. . f
4.3.4 Strain-Softening Effect

The incremental procedure used in the analysis is well
suited for incorporating a deformation modulus that is

stress-dependent. It remains to be ascertained which
LYY

particular function best describes this écftenihg effect.

An average stress-strain curve from a hollow cylinder
test on Ottawa sand is shown in Figure 4.3, based on the.
assumption of a linear radial stress distribution. It can
be seen from this curve that the behaviau; of the material
is non-linear, and thus the tangent Young's modulus (E) will
decrease with increasing deviatoric stress. In other words,
the modulus will decrease with a decrease in the average
radial stress.

A suitable function has to be defined which can best
desgribe the variation of the deFQrmatigﬂ modulus within the
elastic region of the cylinder. Three alternate functions
were examined
1. A variation of {he modulus with average radial stress
2. A yériatieﬁ of the modulus with average deviatoric

stress

3. A variation of the modulus with the radial stress at the
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elastic-plastic boundary

The plots of these functions for the Ottawa sand test
are shown in Figure 4.4. The values of E are calculated
from the slope of the stress-strain curve (Figu%j 4.3) at
different stress levels. The wall closures are compsred
with the actual closures in Figure 4.5.

The function that yields the best result is the first
one (E varies with average radial stress'. This function
.can be described by a bi-linear distribution of the
following form : X

_ . - i re Y I |
For (Gr)m;'-a'r“ E-Eg-g[!.-la}ﬁ] oo 4.15(a)
For (gr)avj = Grca EiEbig[pjg (afh] a!-,g4i15‘b)

where czf * average radial stress at the iﬁt&F?ggtiﬂﬂ of
the above 1ines. f

The G:;rggi radfal stress used in Equltiéﬂl 4.15
depends on whether yielding has occurred or not. Prior to
yielding, the average radial stress is defined as :

_ Pet P ... 4, 155
(cnlﬂi =77
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Once yielding has occurred, the average radial stress

is given by :

elastic-plastic boundary. The modulus used reflects the

average confinement in the elastic zone.

4.4 Output from the Program
The model calculates and outputs the following data :ggﬁs)

initial input parameters
- radial and tangential stress at each node

- value of the radius at each node

e1ast1;§§nd plastic strain increments at the internal
wall

- internal pressure and wall closures (internal and
external)

- radial stress at the boundary from both the elastic
and plastic solutions

- radius of the plastic zone

Typical radial and tangential stress distributions

within the cylinder are shown in Figure 4.6.
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4.5 Sensitivity Analysis

The model was used to éheck the sensitivity of the
solution to the various input parameters and the size of the
iiératigﬁ grid (/\v). The strength parameters (a,b) and
dilation Fac;;r () all influence the solution. The
closures determined from the analyses have been normalized
to the elastic closures. This normalization procedure
elinfinates the influence of the elastic deformation
parameters on the solution.

The results of the analyses are presented in Figures

4.7 to 4.11,

The size of the iteration grid ([xr) only has a large
influence on the closure when the dilation parameter is
large. This case is close to that of the associated flow
rule and, as has been discussed before, is not applicable to
drained behaviour of sands. It can thus be concluded that
the size of the iteration grid does not have'a signi ficant
influence ¢n the closure. |

The spacing of the nodes should be selected with some
judgement since the value of the plastic radius calculated
will lie between two values which differ by an amount /\r .
Accuracy of the solution will depend on whether the nodes
are Fiqeiy or coarsely spaced. Actual variation of élf in a
finely }aasaﬁ nodal system will not have much influence on

the Eléiure.
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.The dilation parameter (X) has a éigﬁificaﬁt inf luence
on the solution, especially when it has a value approaching
- that required to represent the associated flow rule. The
value of o< cannot be determined from laboratory tests a;d
must be selected intuitively.

The associated flow rule is probably only valid for
drained behaviour near peak-stFEﬁqth. and behaviour of the
material after peak will best be represented by a
non-associated flow rule. The larger the plastic strains,
the lower will the X -value be. The plastic strains in the
hollow cylinder'test are large, and a value of &€ =1 (i.e. no
volume change) will probably be the best value to use in the
analysis. This value of o{ was used in the analysis of the
Ottawa sand sample (see Figure 4.5) when comparing predicted
closures with the measured ones.

The strength parameters (a,b) have two influences on
the results. The higher the value of either of these
parameters, the higher is the yield point (the stress at
which yielding first occurs). The yield point does not seem
to be significantly affected by a small change in the
a-value when b is less than unity.

The closures are also affected by the strength
parameters. The higher the value of a or b, the smaller are
the élosures. This is to be expected since the compar isons
are made at equal internal pressures. In a stronger t
material, dess plastic flow has é&cUﬁgd at the same pressure

ratio.
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In Figure 4.8, the results shown in the centre diagram

are completely different to the other two diagrams. These
results have been rechecked, ahd no error was found. A
slight variation in the a or b values resulted in a set of
curves similar to the other twp. It must be concluded that
the analytical procedure is unstable for this particular set
of data. The effects of grid size and size of the stress
increments may influence this instability.

The variation of E in the elastic region of the
cylinder must be correctly specified. A constant E v&igg
will result in a large under-prediction of the deformations.
" The value of E is a function of the degree of con¥inement
within the elastic region as well as the stress level.. The
variation of E within the elastic region can be modelled by
a bi-linear variation of the modulus with the average radial
stress, as determined from the hollow cylinder teéti

'The results of the sensitivity analysis have shown the
imgﬁrtancé of careful selection of the input parameters.
The values of thEIStFEHch parameters, dilation parameter
and the nodal spacing can have a large influence on the
predicted deformations. While the magnitude of Young's
modulus will affect the closures, a more detrimental effect
will result if the variation of modulus with the degree of
:aqfihement is not considered.

The mode!l has been developed for the purpose of
predicting the deformations that occur in the hollow
cylinder test. Although this has been the main objective,

=
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the mode! can also be used to analyse the deformations that
occur in deep tunnels or around shafts (i.e. the stress
field must be isotropic).

The plane-strain solution is applicable for tunnel
analysis, but the gravitational effects must still be
considered. A shaft analysis is a plane-stress problem, but
it has been suggested by McCreath(1981) that the problem can
be analysed with sufficient accuracy by the plane-strain
solution. Gravitational effects do not influence the
solution for the deformations that occur around a shaft.

| The mode) has been shown to predict the closures in a
hollow cylinder test with sufficient accuracy (see also
Chapfer 6). The finite boundaries of the cylinder make the
use of determining the elastic modulus from the average
radial stress in the elastic region (Assumption #1) viable.
In the case of a shaft or tunnel, the external boundary will
not be subjected to any significant movements and hence the
use of Assumption #3 to determine the elastic modulus will
probably yield a better solution. It was shown in Figure
4.5 that this assumption actually gave a better prediction
of the internal wall movement, but did not give a good
prediction of the external wall movement. -

The mode]l may be modified to suit any particular
requirém;ﬁt, The determination of the elastic modulus may
be found by any method with relatively few changes required
in the program. The failure criterion may also be spgeiéigé
éiffi;eﬁtly if required. The criterion used can incorporate
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a strength loss (strain-weskening) with relative ease. This_
feature has not been included in the mode! since the
deformations of the cylinder can be predicted reasonably

2

well without it. The parampeters that describe the strength
loss cannot be measured inYhe test and this results in
another variable that has to be experimented with during the
analysis. !

A non-linear dlastic-perfectly plastic ﬁgdei H;s‘thus B
been dg;elaﬁgﬂ which GiﬁapFﬁﬂict the deformations that occur
in the hollow cylinder test with reasonable acég?ucy! This

is an analytical tool that will assist in the data

interpr tation of these tests. It also has the possibility
of being used in the analysis of the aefc;maticﬁs that occur

around shafts and tunnels at fairly deep lacgtisﬁs,



CHAPTER 5  ° : -
EXPERIMENTAL RESULTS .« i

5.1 Introduction
The influengce of stresse@eth on the deformation

behavior of oil sands is examingd. A laboratory program was

conducted in which oil sands were tested under three
~different stress pathg¢. The triaxial testing of the samples
¢ . , , : ,
was conducted in a hollow cylirder triaxial device and in a

high pressure triaxial celd.

An cedometer test was conducted t@ééétéémiﬁe the . .
cgmpréssiﬁi1ity of E?e s§i1 skeleton, and to compare this -
result with those de&ermined from the triaxial jests. Index
properties of the samples were determined. _
The material gyested was an oil rich, dense sand witb
cross-beading. Sample collection and preparation techn(iues
have been presented in Chapter 2. A1l samples were taken

perpendicular to the cross-bedding. i

5.2 Laboratory Procedures | ..
5.2.1 Index Tests
Index fesés were conducted to determine grain size ) \
distribution, density, porosity and fluid content (bitumen
and water). Grain size distribgtiaﬁs were caﬁduetéﬁ on both
the original samples and the samples after completion of the

: -
tests. The samples were washed on a number 200 U.S. sieve

(0.074 mm) and the analysis conducted according to AST!%EE%;GgsS?‘

75



.taken from the block samples. -

76
J

standards. The material passing the #200 sieve hds been

”~ . .
designated as the percentage fines of the samply¢.
e '

. The densities were determined from the "e?ared

"samples whose dwmenswons and weight were recorded prwcr to

'}test1ng Fluid contents were obtained by conducting

extractlon tests ‘on: the samgles after the test. Original

fluid contents were estiﬁﬁted from representative material —

L

v

5.2.2 ODedometer Test
The testing apparatus used was designed and built at
the University of Alberta. The frame had the capability of

‘“vépp@qug normal stresses of up to 16 MPa to the sample by

means of dead weights‘Tdaded onto a lever arm. The applied!
loads were measured on a 44 kN load cell iqgithe vertical .
displacements on a linear variable differential transduger .
The compressibility of the soil skeleton was determined from
the slope of the volumetric strain-effective stress curve.

—~—__

r 4

-5.2.3 Triaxial Tests

The test procedures and sample prEparatich for the
hollow cylindérs and triaxial samples have bEEﬁ decribed 1n
detatl in Chapter 2. -



5.3 Laboratory Results

'5.3.1 Index Tests

5.3.1.1 Grain Size Distribution . | \

The grain size distribution for all samples are given
in Appendix E for both the original samples and for those
“after completion of the tests.:. A typical grain siée curve
of the oil sands tested is given in Figure 5.1, It e;ngg
seen that the material is a uniform, fine-grained, micaceous
sand w‘th a small percentage of fines.

An increase irlRhe amount of fines after completion of
the oedometer and triaxial tests indicates that grain .
crushing occurs under high pressures. "'Table 5.1 shcﬂgit;g-
results of the grain size analyses.’ L
5.3.1.2 Density and Fluid Contents v

., The results of these tests are presented in Table ;t;.
Theﬁéuﬁk density of the samples range from 1.93-1.99 g/:ei
This density is higher: than would bé-expectgd for .a dense
sand and is indicative of the intgrﬁsékiﬁg nature of the
sand:

The initial fluid content (bitumen + water) of 17%-19%
is equivalent to a degree of saturation of approximately
80%. This value is low and due, to some degree, to the
drying of the blocks. However, the low saturation is also
due to expansion of the sample. The initial porosity of the
blocks were approximately 35%, whigh,{g higher than that

expected in situ.



" . Table 5.1 Results of the grain size analyses

Sample #

Press,

(MPa)

;T . F iﬁes

Passing No. 200 sieve

——pt}
After

Oedometer

23.4

A-1
A-2

Aé[:
)

121

Befgre
20.4
2.6
2.6
6.7
6.7
6.7 -
6.7.

0.1
5.4
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5.3.1.3 Oedometer Results ! .
. The ébmpressibility of oil sands is stress dependent,
as.can be seen from Figure 5,2. The compressibility remains
relat1ve1y constant after one load-unioad c;?Je

not necessary to conduct cyclic coOHmpressibi

triaxial samples prior to shearing. The results of the test
are shown in Table 5.3(a). The compressibility of the oil
sands tegteq‘gs higher than that reported by Barnes (1980)
and similar to those reported by Dusseault (1980). These
higher ¢ ressibilities indicate that sa£e sample
disturbance has occurred. The reported compressibilities

are given in Table 5.3(b) and (c).

'5.3.2 Triaxial Tests
| 5.3.2.1 Strength Results

The results of the compressibility test, prior to
shearing, of the samples are given&in Appendix H, and the
data shown in Table 5.3. The stress-strain curves obtained
from the three series of tests are shown in Figures 5.3 to
5.5 along with the volumetric strain-effective stress
curves. It should be noted that the stress-strain curves
for Series A (hollow cflinder tests) are based on the
assumption of a linear radial stress distribution within the

?
sample.

The axial stress vs. radial+tangential stress results
far Series A are shown in Figures 5.6(a) and 5.6(b). These

curves are used to determine Poisson’'s thia for the
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Table 5.3 Compressihility data

(a) Test results ™ :

) Compressibility, Cg 7 o
Samele ___ (kPa™!y 4 107¢

4 MPa 7 MPa. 10 MPa

Oedpﬁmete‘r

1st Loading 3.46 2.60 260

Unloading _— 0.90 0.61

Reloading —_— 0.65 0.65

2nd Unloading —_ 0.22 0.22.
1.46

1.06 -

3.35 2 56 —_
412 2 82 1 2.07
360 2.64 —
3.46 _ ) .

A - -
:M—liwr‘qlh‘ il

KaXa)
I
[V

(b) After Barmes (1980)

. Modulus of Compressibility, a, (kPa =10°°)
Material T Inload | | g THR

_Load | unload | Reload [ Unload _

Fine-grained )
Mc Murray Formation 0.80 |. 0,33 0.35 0.28
(oil - free) N

v a , ay o
Note : CS‘?Z‘: - —1‘!5* (far\\:BZ'fi)

/ (c) After Dusseault (1980)

Compressibility
(kpﬂgl) " 1@"'
Highly disturbed samples 107 to 10-°
High_quality core 5. 10°% |
Probable in sity value 107 to 1077

Material
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plane-strain condition of these tests. The effective stress
paths fqr all tests are shown in F%gure(5_7. and the results
of the tests are Summarized ié Table 5,5, The effective
friction angle (Qb;) is defined as the secant angle of

friction:

. ‘ " sin qb; ggi;ileL

: (T+ &), »

The angle of friction is ;a?suiated from the stresses
at failure. For the triaxial tests (Series B and C),
failure is defined as the maximum deviator stress. The .
§tresses at failure for the hollow cylinder tests (Series A)
are defined as tge,fiﬁess state just prior to collapse of
the sample. a _ |

The failure envelope for Series B and C tests is shown
in Figure 5.8. It can be seen that the envelope is
gppfoximately linear in the stress range considered, but
does not pass through the origin. This indicates that
curvature of the envelope would occur in the lower stress
range, since the oil sands have no shear strength at zero
effective stress (Dusseault,1978).

The results of Series B and C tests have been compared
with similar tests cenducted by Dusseault (1978,1981) on
both Ottawa sand and oil sand. The comparison is shcirnin
Figure 5.9. This comparison is useful in analysing the

results. Dusseault's results are obtained from both lean

-
-
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and rich ofl sand samples of different diameters. The
results indicate that tze strength of the éil sand as
measured in this laboratory program are much lower than the.
reported strengths

Discussion of these results is given in a-later

- section.

5.3.2.2 Deformation Results

The influence of stress path on the elastic deformation
mﬂ?uli can be examined in three ways. T;g variation of the
Young’'s modulus with consolidation pressure for each series
of tests can be compared (Figure 5.10(a)), the volumetric
strain at FailuF; can be compared at different caﬁsaijdatiaﬁ
.pressures for the three stress paths (Figuﬁe‘§,10(b))i or
the Poisson’'s ratio can be tompared (Figure 5.10(c)). When
comparison of the Young's moduli are made, it is convenient
to define the modulus as the slope of the stress-strain
curve between two particular stress levels. Two moduli *are

defined in this manner as given below:

“Where (jzg,@_,o are stresses at 25% and 50% ot the

maximum“deviator stress.

€x, ESD are strains corresponding to Uhg and (07
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While this approach may not give the actual modulus at
any particular stress level, it makes comparisons simpler.
" The deformation moduli are summs®zed in Table 5.5.

Comparison of these plots siow that the deformation
moduli are qppendent on the stres§ path followed jn the

test. These results are discussed in more detail later.

5.4 Failure Modes of Triaxial Samples

5.4.1 Hollow Cylinder Tests (Series A)

The samples wenqi¢%refully disassembled after testing.
The hollow cylinders s{ill had an approximately circular
cross-section and were self-supporting. They were then
frozen in a cold room, sectioned, and photographed.

Plate 5.1 shows the condition of Samgles #A-1 and #A-2
immediately after testind. The failure surface is clearly
visible for Test #A-2 as the membrane is distorted in the
vicinity of the shear plane. _

The half-sections of the frozen samples are shown in
Plates 5.2 and 5.3 for Tests #A-1 and #A-2 respectively,

The failure surface for Test #A-1 is not distinctive but a
trace of the surface can be seen on the insitie and outside
walls of the cylinder. This failure surface is only found
in one location i.e. there is no shearing across the entire
sample. The failure mode is tybicgl for the hollow cylinder
test when sheared under such conditions. Sample #A-2 failed

in an identical ‘manner, but the failure surface is much more

distinct.



Table 5.5 Summary of the deformation modulf

Sample #

Initial

Tangent

Modu lus
(GPa)

Poisson’'s

Ratio

A-1 3.50 3.00 0.20-0.21
A-2 3.00 2.00 0.20-0.21
B-1 0.982 0.872 0.24-0.26
B-2 ¥.778 0.593 0.13-0.17
Y o 0.848 0.714 0.37-0.42
c-2 0.496 0.419 0.37-0.42

%’J.v

,\’;

T T e, mme A S mow el et als
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The actual ‘shape o% the failure surface through the
wall of the sample cannot be examined due to the bitumen in
the material. However, from the trace of the surfaces on
‘both inside and outside walls, it is lihe]y‘that the failure
surface is spiral in plan view. Failure cc:urs aloﬂg the
mos t k1nemat1cally possible surface.

The trace of this surface is inclined at approximately
70 degrees to the horizontal in the middle third of the
sample height. Th1s surface then changes d1rect1gn at the

t of the bottom of the sample is not as

top of the s mple due to the end effect of the loading cap.
The end effez

pronounced.
Examination of the half-section of the cylinder showed
the bore to have deformed in a uniform manner. No deviation
from uniform movement could be seen, even near the ends of
the sample. This uniform deformation supports the use of an
axi-symmetric analysis of the sample, as well as the use of
vo 1ume change measurements to determine the strains that
occur in the sample (which are assumed to be uniform along
the ‘height of the cylinder). x

5.4.2 Triaxial Tests (Series B and C)

At the completion of the test, the samples were removed
from the membrane and examined. No distinct’ shear planes
\were visible and the overall deformation of the sample was
uniform. No bulging of the sample occurred.

The end restraint of the load cap resulted in a minor
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distortion at the top of the sample. . .

5.5 Discussion of Results ‘ :

The strength of the hollow cylinder. tests depend on the
analysis used, and hence have' not been included in Figure
5.9. A detailed analysis of this series of tests is
presented in Chapter 6.

The strength envelopes shown in Figure 5.9 reflect the
influence of bitumen content on the!strength of oil sand.
The data from Jean oil sands tested by Dusseéult‘(1978)
provide an upper bound to the shear strength while the
strengths determi?edsfrgm this testing program provide a
lower bound. The bitumen per se does not :aﬁtFibqte to the
strength of oil sands (Dusseault,1978) but has a d@m;nant
rolte in the amount of sample ﬁisturbancg that will occur .

For the rich oil sand, the exsolution of gas that
occurs when unloading the material (qifiﬁg sampling) results ’
in an expansion of the material and 4 disruption of the
fabric. This results in a significant drop in the shear
strength.

The original porosity of the samples (35%) is higher
than the In s/tu porosity but stiH]‘reFIgsts a porosity

lower than for most dense sands. A comparison of the.

shows an increase. This increase is larger for the triaxfal
samples (n=37.6%‘§83521 than for the hollow cylinder ones

(n=36%). These porosity changes are summarized in Table



5.6.

- . ] _ b s -,

The iF;rgase in poroeity after sample preparation is
due to saﬁﬁie disturbance, and is reflected more in a
smaller sample than in a larger one. The dissipation of the
Heat generated when trimming a sample yi11idepeﬁﬂgéﬁ the
 volume of the sémp]e. The small triaxial samples (37.5mm)
have a smaller volume and therefore heat up more. This
results in more expansion as is evident Fr@ﬁ the porosity
measurements. Durgﬁg trimm{ng of the hollow cylinder
samples, the bore was Kept cold by us%ng dry ice in the
shaft. This helpeq.‘EIdissipatingthe heat generated by
trimming. |

The tests om rich oil'sands conducted by Dusseault
(1978) were carrieﬂ.aut at lowep stress levels on larger
diameter samples (75 mm). These.resu1ts show a large
curvature of the envelope and tend to correspond with the
test results of this program.” One data point from those
tests coincides with the envelope obtainag for lean oil
sands. This indieétes that the oil sand has a higher
strength than the majority of the tests would indicate. The
reduction in strength is due again to disturbance of the
material during sampling and possibly during preparation of
the samples.

7The rich oil sand sampies tested yield lower strengths
thaﬁéébtained for Ottawa sand. The oil sand is a
;;FinE*grainedi sub*aﬁgu]ar sand and should thus have a higher

strength than the coarser-grained, rounded Ottawa sand.
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Table 5.6 Influence of sample disturbance on porosity and
density : .

Before | 7After

MATERIAL . Whit B Firepqrﬁatiag ] F’rﬁpqrati?ﬁ
(%) O n % n
- (g/cc) (°4) (g/cc) (/)

-Block uéed for 7 2.0 2 o 352 | 200 35 5
Oedometer sample (1.7) o STt T

- Tis3 46

'Elackr used for ) 1,6’.76' . o
+ 2.01 Tl es | ams

Series B& C (14.1) 35.5

Block used for | 16 2 -l T 360
Series A (13.7) 2.00 1352 | 199 | 3.8

tt Figures in brackets based on sample volume
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However, the inftial porosity of the'Ottawa sand is
approximately 34%, while that of the oil sand, after
consolidatioq. is only 35% to 86%. This difference in
porosity will have a significant effect on the frictional
resfstance of the material. Variations in gra&;&kize and
shape will also have some influence on the shear strength,
but 1t is the differ%rce in porosities that will have the
largest effect.

The results show that once an oil sand sample is
disturbed, its original fabric is destroyed and will not be
recovered by subsequent reconsolidation. Consolidation of a
'. sub-angular sand, even to pressures of 12 MPa, will not
result in a porosity thaf can be obtained by vibrating a
rounded sand. It is thus extremely important to minimize
sample disturbance bf oil sands.

The drained strength of rich oil sand has not en
determined with any degree of confidence. A lower nd
value from the test results may be used, but this wil
result in conservative design analysis. It has been shown
that the careful and elaborate procedures used to prepare
samples of low gas saturation has not been sufficient to
prevent samplie disturbance. This will pdse a more serious \%;
problem when trying fb prepare ggs.saturated samples ‘
obtained at depth.'

The "laboratory preparation techniques will have to be
improved. Coring of hollow cylinder samples can be improved
by using a drilling fluid that Has been cooled, but such a
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fluid must not penetrate the walls of the sample. Trimming

techniques provide the most projd and a system for
reducing the heat generatic g o be examined.

The strains at failure §f the’tests also indicate the
effect of sample disturbance. In Series A, the strain to
failure (1.3%-2%) is typical for a brittle material while
those for Series B and C (4%-7%) are more typical of a dense
sand at high pressures (ductile). Same of this difference
. may be due to the plane-strain condition for the hollow
cylinder tests.

The influence of stress path on the deformation moduli
have been shown in Figures 5.10(a) to 5.10(c). The data are
not sufficient to make direct conclusions, but the trends
shown do indicate that deformation moduli are path
dependent. Young's modulus for all three series of tests
show different behavior. The hollow cylinder tests yield
‘higher moduli but this could be due to the relative amounts
of sample disturbance. “However, the trend of Series B and C
are different even though the sample pFEparaiiaﬁ and initié]
porosities are the same.

The Poisson's ratio is 'dependent on the failure mode of
the material. Series A and C show no dependency on the
consolidation pressure. In Series B, the modulus decreases
with consolidation pressure. This behaviour is a result of
the different failure modes that occur in this series of
tests (dilation and contraction). The influence of stress

path can be best examined from Figure 5.10(b). The stress
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path followed in Series A and C (see Chapter 2) are similar,
and their volume change behaviour is also similar. The
volume change behaviour of Series B is completely different.
At a higher consolidation pressure (10MPa), dilatancy is
suppressed while at a pressure of 7 MPa the volumetric
strain is more negative (dilatant) than for the other two
series.

The results shown in Figure 5.10 show the ﬂEpendency of
the deformation behaviour on stress path. However, the
material has been disturbed and these trends may be
completly different for the intact material. The difference
between Series B and C should still be the'same. For an
uﬁdistuﬁbed sample, suppression of dilatancy will probably
occur at a higher confining pressure while the J1-constant
test at this consolidation pressure still requires a
reduction of cell pressu@gﬁﬂuﬁéﬁg the test, and hénce will

not suppress dilation.

5.6 Conclusions

The influence of stress path on the deformation
behavjéur of oil sands must be cans{dered in any analysis.
The stress path associated with deformation around tunnels
or shafts can be approximated in a hollow cylinder triaxial
test or in a Jl-constant triaxial test. A friaxial
compression test is not relevant to such analyses and will

provide incorrect deformation properties.
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The results of the laboratory tests show the influéﬁce
of the sample preparation techniques and sample collection
on t;e disturbance of rich o0il sands. These procedures need
to be perfécted before reliable strength and deformation

propertiés can be determined.



/ CHAPTER 6
'PREDJCTION QF THE HOLLOW CYLINDER RESULTS FROM THE NUMERICAL
£77!!E|

6.1 Introduction

The deformation behaviour of the oil sands as
determined from the hollow cylinder tests was given {n the
previous chapter. Those results were based on the
assumption of a linear radial stress distribution within the
cylinder. In this Chapter, the deformation behaviour is
examined by comparing stress-strain curves for the tests
based on different assumptions.

The closures measured in the tests are compared with

4. The model is also used to determine the strength of the
cylinders and the values are compared with the actual test
data. The influence of the assumptions made (regarding
stress distribution) when determining the cylinder strength -
from the test data is examfﬁed.

Ld

6.2 Analytical Procedure

The procedure adopted in the analysis is shown in the
flow chart in Figure 6.1. The test data is used to estimate
the strength parameters and to determine the ;eiatiaﬁship -
between Young’'s modulus and average radial stress. Values
for the dilation parameter (cX) and Poisson's ratio () ) are

selected.

108 ~
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These values are used as the fnitial input parameters.
The strength parameters are adjusted until the cylinder
collapses at the same pressure ratio as occurs in thghaztua1
test. The predicted closures are compared with the aétua1
closures and the input parameters can be adjusted until the
best comparison is achieved.

The strength parameters (a, b) required to achieve
equivalent collapse of the cylinder are compared with those
determined from the test data. These parameters are used to
assess the validity of the different assumptions made

regarding the stress distribution within the cylinder.

6.3 Analysis of the Hollow Cylinder test

Two assumptions were made when determining the average
radial stress in the cylinder. The first was that the
stress varied linearly throughout the cylinder, while the
second assumption was based on plasticity theory to
determine the stress distribution. The theory was
simplified by assuming that the value of J, (see Chapter 3)
after yielding occurs is the same as the value of g, with @
no yielding. #

The two hollow cylinder tests conducted on oil sand
samples as well as one conducted on an Ottawa sand sample
are examined in the following sections.

»
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6.3.1 Sample #A-1

The stress*strain curves for both assumptions are shown
in Figure 6.2, and the measured closures are given in Figure
6.3 for both.the internal and external walls. The E-{T,)qve
relationship determined from the stress-strain curve is
shown in Figure 6.4, |

The failure criterion was based on a linear
Mohr - Cou lomb envelope (i.e b=1.0) since the secant anglefbf
- friction is determined from actual test data on this basis.

The comparison of the predicted closures with the
measured ones is shown in Figure 6.5. The predicted
closures are based on an assumed X -value of 1.0 (no plastic
vblume change occurring) and a Poisson’s ratio of 0.25.

Thsvi}rength parameter (a) determined from the analysis
corresponds to a secant angle of friction which passes
through the top of the Mohr circle. This value is then
converted to a secant friction angle which is tangent to the
Mohr-circle. This allows for compari%ons to be made with
the measured values and the theorefical value as determined
from Equation 3.14 (after Wu et al. 1963). The comparison @
of the strength parameter is given in Table 6.1 along with
the other two tests.

e

/‘l te

6.3.2 Sample #A-2
The stress-strain curves and measured closures from the
test are given in Figbres 6.6 and 6.7. The variation of E

with average radial stress is shown in Figure 6.8. The
Y
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Table 6.1 Strength parameters determined from the different
assumptions
Sample ;
from after from el.-pl. |from linear
model Wu et gl assumption | assumption
Qttg“ﬂ - L - L
45.2 453 50.1 346
sand
A-1 469 46.7 L8.4 35.4
A-2 386 384 51.9° 33.2°
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i
predicted closures are compared with the actual closures in

Figure 6.9, and the strength parameters are shown in Table
6.1. The Young's moduli used have also been altered to
include the variation of E in the very low stress range (see

Figure 6.6). These results are shown in Figure 6.10.

6.3.3 Ottawa Sand Sample

This test has been included to compare with the
closures that occur in oil sand samples. The porosity of
the sample was 33% and the bulk density 1.77 g/cc. The
grain size distribution for the sand is shown in Figure
6.11.

The stress-strain curves are shown in Figure 6.12 and
the closure curves in Figure 6.13. The E- (T, lgye
relationship is shown in Figure 6.14, and the predicted
closures are compared with the actual ones in Figure 6.15.

. The strength parameters are shown in Table 6.1.

6.4 éissussian of Results
- 6.4.1 Shg;r strength of the cylinders
The initial elastic portion of the stress-strain curves
for all three tests are not significantly influenced by the
assumption made for the stress distribution. However, once
yielding has @;cured. and especially when the plastic radius
is large, the stress-strain behaviour of the cylinder: is
strongly influenced by the assumption made.
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The E- (T lgve relationship used was determined from the -
stress-strain curve based on the linear radial stress
a§sumpticﬁ. As has been sh@ﬁﬁ. this curve is similar to the
the second one in the elastic range, and it is this portion
of the curve that is used to determine the E- (O)gye
relationship.

The use of this simplified stress-strain curve is then
valid when analysing elastic deformation behaviour. The
maximum deviator stress is underestimated and hence 1@ger
strength properties are determined.

The second assumption made may also be used in
determining elastic deformation behaviour. Hgééver. the
assumption largely overpredicts the maximum deviator stress
“and hence the strength parameters.

The strength parameters as determined by Wu et
al.(1963) are identical to those determined from the
numerical model. This gives confidence in the analytical
capabilities of the model.

These friction angles are larger than those determined
from the 37.5 mm diameter triaxial samples by up to 18 |
degrées! Plane-strain tests usyally have a friction angle
of about 4 degrees higher than conventional triaxial tests.
-This large &ingrence is due to the amount of sample
disturbance tr§t has occurred prior to testing, as!has been
discussed in a previous section. ;

These results indicate that the hollow cylinder

triaxial samples are still relatively undisturbed and have
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some interlocking of the grains that account for the higher
strength. |

The tangential stress at failure is known and, with the
friction angle determined, the radial stress at failure may
be calculated. It is thus possible to plot these results on
a p-q diagram. The results of %igure 5.4 are reproduced in
Figure 6.16 with the hollow cylinder data included. It can
be seen from this plot that the hollow cylinder oil sand
strengths lie much closer to the results for a lean ofil sand

than do the triaxial test data for Series B and C. ‘.i

Eig,z Wall Movements

The predicted wall movements result in a good
camparison with the measured movements. The predicted Naanll
internal movements are lower than the actual movements soon
after the commencement of yielding. This is due to the
assumption made r;garéing the average radial stress in the
elastic zone. Once yielding occurs and the plastic zone
begins to develop, the average radial stress in the elastic
zone increases rapidly and thus results in an increase in
Young’s modulus. This subsequently results in less elastic
straining in the plastic zone.

The predicted movements are larger than the actual
movements when the cylinder approaches the collapse state.
this is due to the problem of modelling post-failure strains .
as well as to the influence of the overprediction of the

‘. externa! wall movements. - .
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The external wall m@vegfhts are slightly underpredicted
by the model! in the elastic faﬁge and overpredicted as the
sample nears the collapse state. This is a result of the
determination of E in the elastic zone and to the rapidly
increasihg stresses at the external wall as the plastic
radius approaches the value of the external radius.

The overprediction of the external wall movements will
result in an error in the determination of the internal wal]
movements. The sample radii are mcdifieé after each stress
increment and the stress calculations are baséd_aﬁ these
modified radii. Thus, as the sample nears ccllapéei the
stress distribution will be affected by the error in the
external b@uﬁd;ry dimension. The stresses will bhe higher
than actually exist, and the ihternal wall movements will be
overpredicted.

The imﬁbrtance of the non-linearity of the
stress-strain curve is demonstrated in the results of Test
#A-2. In Figure 6.9, the predicted closures are far less '
_than the measured ones, even in the elastic range of the
material. When the elastic moduli are adjusted to account
for variation in E at the low stress level, the predicted
closures are much better (Figure 6.10). The plastic strain
increments are a function of the total elastic strains in ;
the plastic zone, and hence it is important to correctly
predict the elastic strains. -

The incongruity of the stress-strain curve for Test

#A-2 in the low stress range is diffi;uit to account for.
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The loading cap should be well seated after the
consolidation test, thus it does not seem feasible that this
incongruity is a result of seating. The measured closures

also respond in a similar manner, as can be seen from Figdre

IS

6.9.

The difference in closure curves between the oil sand
samples and Ottawa sand sample should be noted. The Ottawa
sand responds in a more ductile manner than fhe‘oil sand.
The closure curve for Ottawa sand shows a mo;g non- linear
behaviour and substantial "flow" occurs prior to collapse.
In the oil sand samples, the closure is more linear and
collapse occurs suddenly. This difference in behaviour is
due to the difference in the shape of the grains as well as
the interlocking of the oil sand grains.

The failure mode of the hollow cylinder samplies has
been discussed in the previous chapter. However, the
post-collapse mechanism of Test #A-2 has not been discussed.
Collapse of a cylinder is defined as a very large volumé
change of the bore with a small decrease in internal
pressure. In this test, the volume chandes were allowed to
continue without shutting down the pressure systems (as is
the usual practise). After a short time, the volume changes
stopped and further reduction of the internal pressure did
not result in any substantial volume changes of the bore or
the pore fluid.

The intgrnal pressure was continually decreased until

the effective radial stress at the inside surface was zero.
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Even under this canditigﬁf volume changes did not occur.
The sample thus stabilized (probably by arching) under zero
effective internal pressure and an Exteéna1 pressure of 10
MPa.

Physical examination of the sample after the test
showed a distinct failure surface typical for this type of
test. The internal diameter was uniform except in the zone
of the failure surface.

This'arching phenomenon needs to be examined
experimentally in further detail before any conclusions may
be drawn. The arching may be a function Qé the wall
thickness and is probably not to be expected in the
deformation around a shaft or tunnel in cohesionless
material. It should be noted that the shape of the bore of
the Ottawa sand sample after the test was not
distinguishable as the sample had collapsed ccm&leter,
Hence this arching phenomenon is probably greatly influenced

by the shape of the grains and the soil structure.

6.5 Conclusions .

The numerical mode! developed during this research has
the capability of predicting the deformations that occur in
a hollow cylinder test with reasonable accuracy. The
dilation parameter éeiecteﬂ for the analysis was unity, the
case of no plastic volume change. EAny other values of this
parameter will result in larger everaredictiaﬁgféf the

deformations as the cylinder nears the collapse state.
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The use of a2 simplified analysis to determine the
stresses in the sample is valid only when studying the
elastic deformation of the hollow cylinders. Two different
assumptions were used in the analyses and ;:th gave similar-
results in the elastic range.

These simplified analyses are not valid when
determining the shear strength of the hollow cylinders. The
shear strength as determined from Wu et al.(1963)
corresponds with that determined from fhe numerical model.
The mode! can thus be used as an analyt?zaI tool in the
reduction of the hollow cylinder test data.

~ The arching phenomenon observed in Test #A-2 needs to
be examined in further detail. This phenomenon was not
evident in the Ottawa sand sgmple and is probably a funct1cn
of the grain shape and soil structure The influence of

wall thickness has a large effect on the arching mechanism.
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CHAPTER 7

CONCLUS JONS
The research herein has examined the deformation behaviour
of oil sands. An experi&ental program was conducted on
intact specimens of oil sand. The problems associated with
sample preparation and disturbance have been discussed and a
detailed analysis of the interpretation of hollow cylinder
test data has been made.

The research has resulted in a better understanding of
the problems associated with the testing of oil sands, as
well as the deformational behaviour of this material. The
following sections summarize the major findings of this

research. P

L 4

7.1 Sample Preparation and Laboratory Equipment

The influence of sample preparation techniques on the
amount of sample disturbance that dccurs has been shown. It
is necessary to improve these techniques if reliable data is
to be obtained from laboratory testing.

The disturbance that can occur in the preparation of
samples is due to the heat generated by the coring and
trimming procedurés. The effects of disturbance can be
reduced by using largef size samples to dissipate the heat.
However, it is nécessary to improve these techniques so as
to minimize the heat generation.

~N .
Many of the problems encountered in conducting high

135



pressure tests have been described. The hol low cylinder

triaxial device has been used with limited success and many

be called operational. The problem of leaks developing in
the internal membrane may be minimized by using flexible
Neoprene rubber rings at all interfaces between the sample
and the eéuipment (loading cap, porous stones).

The high pressure triaxial cell for 37.5 mm diameter
samples operated without any problems. This will be an
extremely valuable piece of equipment once the sample

disturbance problem for small samples is solved.

! 7.2 Material Behaviour _ —

The laboratory results have shown that the deformation
behaviour of oil sand is path dependent. This path
dependency needs to be examined more thoroughly. The
influence of sample disturbance will be reflected in the
test results and may not be indicative of the in situ
behaviour of the material.

The oi)l sands deform in a non-linear manner. This
non-linearity is the result of irreversible strains that
occur in psrticuiate‘media and is a function of the amount
of slip that occurs between particles. In the case of the
hollow :yl%nder tests, the reduction in the confinement of
the sample will also result in a non-linear response.

The oil sands.dilate when sheared. This dilatancy is a

function of the confining pressure and can be suppressed at
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high pressures. This change ih ﬁﬁde of failure has been
shown to be path dependent.

Crushing of the sand grains occurs at these high
preésures as indicated by the increase in the amount of
fines after testing. Some crushing also occurs during the
consolidation of the samples, but these two phenomena have
not been examined separately. *'

An arching phenomenon has been observed iﬁ a hollow
cylinder sample. Insufficient test data have made it
impossible to analyse this phenomenon in detail, but it is
dEpendeﬁf on the shape of the sand grains as well as the

interlocking nature of these materials.

7.3 Hollow Cylinder Test Data

The hollow cylinder test is ideal for examining the
deformations that occur around shafts and tunnels. The
stress path followed in this test is similar to actual field
behaviour, and the influence of réduced confinement on the
deformation moduli can be readily examined. _ )

A n;;eri:al model has been used to show how this
influence of confinement may be incorporated. This approach
is simpler than the more conventional ones used in
non-linear analyses. This approach makes the hollow
cylinder test a powerful tool for obtaining design
parameters.

The interpretation of data from a hollow cylinder test

has been examined. The assumption of axi-symmetric
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deformation is valid as is evident from the ex;Einatiaﬁ of
~the cylinders after the test. End restraints have no
significant influence on the deformed shape of gke
cylinders, though the shape of the failure surface is
influenced by these restraints. The uniform deformation can
thus be reliably measured on a volume change indicator.

The raéial stress distribution within a hollow cylinder
may be approximated as varying linearly. The stress-strain
curve will give reIiabié‘défarmatiQﬁ moduli within the
elastic portion of the’curve; The shear strength of the
sample must be determined from an analytical solution such
as that given by Wu et al. (1963) or from the model
developed in Chapter 4. The assumptions made regarding the
radial stress distribution will result in an incorrect

determination of the shear strength.

7.4 Concluding Remarks

The results of this laboratory program have revealed
several traits of oil sand behaviour which should assist in
a better understanding of this material. The detrimenta)
effect of sample disturbance imus\‘. be overcome before
reliable data can be obtained.

Many other areas of research must still be addreqlgd.
The most important of these, as far as /n Situ recovery

procedures are concerned, are an examination of the

temperatures on the mechanical properties.
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The continuum mechanics
problem can be found in

are summarized below in

Equilibrium Equat i ng:
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relationships for the plane-strain
several elastigity teit books, and

terms of polar co-ordinates :
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The bi-harmonic equation is derived by considering the

+

equilibrium equations, Airy stf-ess function, compatibility
requirements and Hookes Law :
Ve =0 L. ALB
For the axiéswﬁtric solution, =%= =0. The general
solution of the bi-harmonic equation for this case gives the

. Airy stress function and hence the stress components

O =Al1+2inr) + 2B -i-—s-;

G;'!A(Zlnr*a)fzéé—& AE

Tre =0
In the hollow cylinder, the region occupied by the
cyﬁinder is not Siiﬂﬁiy connected and hence the compatibility
f,éﬁuatir;ms are not sufficient to guarantee single valued

! displacements. It is therefore necessary to consider the

strain-displacement equations as well. Integration of these

equations give radial displacements which must be

equivalent. For this condition {o be satisfied, the
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constant A in Egn.A.6 must be zero. Thus the stress

distribution in the hollow cylinder is given by :

§ ; . O, =28 + -%1
C ...A.7
Je = 28 - 7 <
T =0

The constants B and C are solved from the boundary
conditions.

The sign convention used in the derivation is that
compressive strains and stresses are positive.

The boundary conditions for the hollow cylinder test are :

Alfiﬂg Gf!p

At r=b, (j[‘: pj * ‘ )
B - . i C = i:iiA-a
- c

Pp = ZB‘*iﬁ§
Elimination of 2B from these equations solves for € :

u‘b'(s -p.) N
cs _ — iii!A!g

, b-a
| 9
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Elimination of C from egn.A.8 solves for 2B : ~ .
-pdspb
28— ,
b-a * ....A.10

Substitution of egns.A.9 and A.10 into eqn.A.7 gives the
solution for the stress distribution in the hollow cylinder

g = Bb-pd  a'b(p, -p)
r b - a r*(b*-a®)
....A. 11
i ! . - s
pb =p.a*
~J, = J—bi:;i'—!
7;0 =0 -
V'
M . /
:\ -
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The derivations which follow are based on the following
assumptions
1. Linear Mohr-Coulomb failure criterion

2. Elastic-perfectly plastic behaviour

s Distribution in the Plastic Zone

The Mohr-Coulomb failure criterion relates the maximum
and minimum principle stresses at failure as follows
Jo = NJ, + 2¢N"2 c...B.
The equilibrium equation for the axi-symmetric case is

dgqpt - %(Gﬁ.igr)

dr B.2
Substituting Eqn.B.1 into Egn.B.2 yields
“dd, \ , .\
4G LT, (N-1) + 2¢N74)
| dr r ....B.3
Integration of the above equation determines the radial
stress distribution in the hollow cylinder
1 N-1 172
T, = g [Ar™! « 2en ] ..B.4

Boundary Conditions
The bcundary conditions after the initiation of failure

are giveﬁ by :
Atrsa, T, =P

At rsb, 0, = p .B.5

xAtf!RL G}-gp



Substitution of the applicable boundary condition into

Eqn.B.4 solves for the constant A :

1/2
gN : . . ....B.6

oM

Ai

The radial stress distribution in the plastic zone is thus :

1 eminm gy o oa M2 N1 1., 02, g
Urp'gjlﬁ‘”'”*zw gl = ggl2aeN™y - B.7

The tangential stress distribution is calculated from from

#

the failure crtterion (Eqn.B.1)

U.p = NTP? + 2¢NY?
2 NY2p ¢ N , M2 ....B.8
pi Q_—L ; ) - A N PRI = I
o’ =[rn e R )] - R

The radial stress at the elastic-plastic boundary is
‘calculated from Eqn.B.7 and the boundary condition (=0

at r=R )

..B.9
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The solution is similar to that derived in Appendix A
(Eqn.A.11). 'However, the boundary conditions are modified

.

as follows
At rzR , G, =0p . _

At rsb , O, = P, -
"Thus in Egn.A.11, if "a’ is replaced by 'R '.and ’pi' by
+Op ‘, the solution is given by :

gt - RS -GR _ RHR:Gp)

r b-R" r*(8-R") :
& j
 § .
gt = % -OpR  RW(A-0p) ....B.10
i b*- R r*(p*- R%) :

The stresses in the elastic zone cannot be determined until

the radius of the plastic zone is found.

Radius of the Plastic Zone '
. It is assumed that the radial stresses are continqous

at the elastic-plastic boundary. From the elastic solution

it can be shown that

A\ | 3 2
O2+0°% =2 Ppb - Pia =20, ....B. 11
o+ U, ("‘;t:;f“) ° .
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This equation is valid for all values of the radius in the
elastic zone. Thus :

(CTT)FIR = (j-p = zcjéﬁ’(j!;
T iii!BélZ
At the plastic boundary, failure has just been reached and

hence the failure criterion can be applied :

o ‘!2 - l;i !Bi 13
L Oen - 2¢N )
a Crp - - R -

The radial stress at the boundary from the plastic solution
is :
, N . V2
RN (SR Y1 [ 13 g T
PO N JLl N- ....B.15
Equating Eqns.B.14 and B.15 solves for the radius of the

plastic zone :

.- a _3![21("-1“ m,w] o
R= Nl RN % 272
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1 Stress in the Cylinder
The total radial force in the cylinder is given by :

b R b A
F,-“fﬂ}dr ‘fUrpdr *!G‘r‘dr | ....B.17
g g ,

Average Radi

Now, g LN
e dr = [pi(ﬂ) ]C"' for a cohesionless material
a d

G}‘ dr

Peb(b-R) ~TpR(R-b)

b+ R

Substituting for Jp (Eqn.B.9) and rearranging :

N , N - ,
Foepn| B _ g, (b-R) _R] 5y (R) . .B.18
. " 'L NaNt N (beR)  gN-I 'e® (beR)

The average radial stress in the cylinder is then defined as

l
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ABSTRACT

A high-pressure, thick-walled hollow cylinder test device has
been perfected to explore the consequences of stress paths which are
typical of pressuremeter configurations, tunnelling, or sgafting in
soils materials. Several features have been incorporated to facilitate
data gathering. and the device is readily adaptable to KG or standard
compression and extension triaxial tests.

‘The device has been used on tests in artificial dense sand
specimens constructed by a freezing technique, and will be used in an
extensive study of the behavior of o1l sands. Typital results of tests

on dense Ottawa Sand (C-109) are presented?
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INTRODUCT ION

Greater design demands and the increasing capabilities of
numerical- modelling techniques in geomechanics have limited the useful-
ness of the more simplistic constitutive laws of soil behavior. There
is a need for laboratory testing techniques which can follow stress
paths similar to those which soils undergo in nature. The popularity of
tests such as the direct shear and triaxial compression tests lies in
.their simplicity and the widespread need for strength data for limit
equilibrium analysis; however, these tests do not provide data adequate
for all deformation behavior analyses. |

The hollgw cylinder triaxial device (HCTD) has been designed
and puilt to provide data from tests with careful stress path con%ra1i
The HCTD can also serve as a model of shafting in a uniform horizontal
stress field, to explore material behavior under various radial stress
gradients, and (with minor modifications) for a variegy of standard

tests.

THE UNIVERSITY OF ALBERTA HIGH PRESSURE HOLLOW CYLINDER TRIAXIAL DEVIXE

The device was designed in response to ithe needs of oil Saﬁé;

research and development. Mine-assisted in situ projects will require

shafts and tunnels to gain access to deep deposits (Dusseault, 1978),
and massive surface injection/production in situ projects require
knowledge of complex material behavior (Imperial 0il Limited, 1978) such
as fracture toughness. »
The initial step in the development of the HCTD was to build a
special top cap for a §tanard triaxial device (Figure 1). The top-hat
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internal membrane is }Qrmed’by molding and curing latex on an aluminum

mold, and the Teflon membrane seat prevents internal membrane rupture.

This low-pressure device (1.7 MPa) does not permit axial stress control

or true plane strain, therefore a true HCTD was constructed. The first

HCTD (which is very similar to the second described more fully bé1aw)

has a maximum confining pressure (pa) of 6.3 MPa, and has a top cap

design (Figure 2) whigh permits axial fluid flow but provides poot
sealing capability at pressures greater than 5.5 MPa. This first device
has proven very useful in the evaluation of the behavior of dense sands
and is still in use; however, because the-oil sand displays high
strengths and a curvilinear Mohr-Coulomb failure envelope (Dusseault and

Morgenstern, 1979), h%gher outside preésures are required to carry a

hollow-cylinder test to the state of plane strain cylinder collapse.

The second HCTD (Figures 3 and 4) is a high-pressure thick-
walled cylinder testing apparatus with the following capabilities:

(1) high pressure range (pG = 20 MPa with FS of about 1.5);

(2) sam%ie size of 101.6 mm outside diameter, 50.8 mm inside
diameter, 200 to 240 mm in length (depending on membranes
available); i

(3) 1independent pressure control and volume change measurements on
inside, outside and pore liquids; and |

(4) a2 101.6 mm ram with a low-friction seal and Teflon ram guide
to allow plane axial strain withgéassive stress measurement,
independent axial stress control (KD control), or specified

strain rate with stress measurement.
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To increase the versatility of the HCTD the following features
were included in the design: |
(1) © the apparatusdis‘built of standard available corrosionless
material and Oiringgsea15;
(2) the cell base, body, and top can be used directly for other
- sample inside and outside diameters which require only minor
redesign (cap and pedestal, ram guide, ram, or membranes);
(3) a ram guide and ram for easy conversion to conventional tri-
axial compression tests is available; and

(4) sufficient interior clearance has been provided for heating

This HCTD is equipped with 17.5 MPa working pressure no-
volume-change valves and 3.175 mm brass tubing; a 44.5 kN axial load
cell (E%); a 14 MPa fluid pressure transducer; two high-pressure (14
MPa) systems with two in-line 14 MPa volume change indicators allowing
pressure control of P Py» OF monitoring of Vs Avi; and two low-
pressure regulator-controlled pressure systems with individual volume
change indicators for the pore fluid or for lower pressures (< 1.4 MPa)
on p; or p,. For testing, the HCTD is mounted in an extremely stiff
plane strain test frame, or in a 90 kN capacity infinitely variable’
strain rate test frame. The cell has been tested to 17 MPa and has been
used in tests on dense sands to confining stresses (pD) of 12.6 MPa.
Tests with Po less than about 6 MPa use latex exterior membranes (1.5 mﬁ
thick) molded in our laboratory; higher pressures require Neoprene
exterior membranes (3 mm thick). High-pressure membranes require

£
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special molds and high-pressure and high-temperature injection of the
Neoprene. The molds have been made in the University of Alberta and
Neoprene ‘injection is performed commercially.

The fully assembled fluid-filled HCTD is heavy‘and requires a
small crane for handling. Individual components can be lifted by one
person, but assembly is simplified if a second person is available for

about 15 minutes.

SAMPLE ASSEMBLY AND MOUNTING

Specimens of significant cohesive strengtg‘can be prepared and
mounted directly in the HCTD,!but fabricated specimens of dense sand or
oil sand specimens require special Ereparatiaﬁ techniques.

Ordinary specimens are trimmed to 101.6 mm external diameter,
placed in a split retaining cylinder and cored with a 50.8 mm diamond
coring device. 0il sand specimens must be trimmed to diameter in a
Tathe by use of tungsten-carbide tipped bits (Dusseault and Morgenstern,
1978) in a cold room at tegéeratures of -25°C to prevent sample detk-

rioration. The core drilling must be carried out with the oil sand at

allowed to - build up.

Because of the top hat design of the inner and outer mem-
branes, a Spgciai jig (Figure 5) has been built to allow thick-walled
sand cylinders to be assembled under water directly on a vibratory (60
Hz) table. Shock loading, static ‘top loads, and rodding during assembly
are aids to densification. A porous stone is placed on the top of the.

specimen, and a perforated lucite top disc is placed on the stone. The
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bottom of the jig is placed in a cold bath (-18°C) in a ccld room
(-2°C) and a static load of 250 N is placed on_the Lugite top disc.
One-dimensional freezing takes place with excess flui% expelled through
the top. When frozen, the jig is disassembled (5peciah techniques are
required) and the sample is mounted in the HCTD in the cold room.
Special methods (e.g. back-pressures and pore suction) are necessary
during initial flooding of the cell and the internal membrane to prevent
collapse of the dense sand cylinder.

Many small steps have been omitted from this .description. A

comprehensive paper on sample and test techniques is being prepared,A

CAPABILITIES OF THE UNIVERSITY OF ALBERTA HCTD

A variety of test types can be pursued using the HCTD. The
major stress paths and the ones of greatest interest deserve particular

mention.

Radial Strain Tests
: For plane strain cylinder collapse (PSCC), three basic con-
figurations are possible; pi, pc or u may be monotonically changed until
failure occurs.
(1) P, increasing; P;» u constant, A sample is stabilized at the
stress conditions Po = Pj > U then Po is increased to failure;
AV;s AV, €, Eé are measured.
(2) piaéecreasing; Pos U constant. A sample is stabilized at the
stress conditions Pop = Py > u, then Py 1s decreased to

fiilure;AAYD. Av". Ezi o, are measured,
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(3) u increasing; Po» P; constant. A sample is stabilized at the
stress conditions P, > Pj > u, then Po and p;y are held
" constant while u is increased to failure; Avo, Avi, €5 E? are
measured.

These three test configurations are statically determinate
(Timoshenko aqd Goodier, 1951), and therefore stresses may be calculated
directly by specifying a failure criterion only (Wu et al., 1963).

For plane strain cylinder burst (PSCB) conditions, statically
determinate te;ts may be performed in the HCTD which are directly
analagous to the PSCC tests. Note that u can at no time be greater than
Py O Py» but that P; is greater than po dur}ng PSCB conditions.

Because failure is” catastrophic “in PSCC and PSCB tests,.constant vigi-
lance is required near failure to shut down pressure 1iﬁes. A1l tests
can be performed in an undrained mode with measurement of.pore pressure

rather than pore volume change.

Axial w{ontrolled and Stress-Controlled Tests

Test configurations where failure is approached by straining

in an axial direction are in general not statically determinate (Wu et
al., 1963). Since Pos Py» and u may be kept constant, complete volume
change data may be collected during testing. Normal stress gradients
(p0 > pi) or reverse gradients (pi > po) may be used across the radius
of the specimen. Because the ram is the same diameter as the specimen,
compression or extension tests may be performed.

The introduction of a servo-mechanism or a constant-stress

load device along the specimen axis will permit stress control or creep

’ 4
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testing-@f:thiﬁkiwalled hollow cylinders. A stréfsf:antrai feature is

necessary if the device is to be used as a shaft-modelling apparatus,.

Compressibility Tests

Because the ram is the same dfameter as the cylindrical speci-
men, a no-axial-strain compressibility test can be performed. The basic

triaxia]bce11 yields an all-round compressibility (As] = Ao, = 503)5 the

oedometer provides the c;nditien Aa: = Aﬂ] > (Ag2 Aaa) éuring loading;
and the HCTD provides the, condition (Aal = Aaz) > (Aj3 = Adz) during
1Dad1ng\with no axial yield providing that Py = pa > u for all stress
increments. For the plane axial strain HCTD compressibility test, AVU.
€, and Eé are measured after each stress step. éanpressibiIity tests
may also be performed at a constant radial stress ratio; i.e. (po - u)/
(pi - u) as a positive constant less than the failure ratio. More
complex stress paths are readily envisioned.

TYPICAL TEST DATA

Cyclic plane axial strain compressibility tests were performed
on a dense Ottawa Sand. To confirm the assumption of plane strain,
axial displacement was measured as well as axial load. A constant pore
pressure permitted accurate determination of pore fluid volume changes,
an? pﬂ was identical to Py for all stress increments., The data (Figure
6) indicate small axial strains (some compliance must eﬂ'st because

of the load cell and confinement frame); therefore, plane strain con-
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ditions are approached. The coefficients of volume compressibility are
presented in Table 1.

" Two types of cylinder collapse tests on-dense Ottawa Sand have
been performed: PSCC-Type 1 and PSCC-Type 2. Figures 7 and 8 show data
generated during typical tests. Volume changes of pore fluid are
expressed as percentages of pore volume and may be converted directly to
total volume change by mu]tipiyiﬁé by the porosity. These two tests
correspond to increasing J1 or decreasing J1, and the volume change
behavior of the specimens is therefore quite different. To ensure that
the specimens were very similar, cyclic consolidation (compressib111ty
tests) to 12.7 MPa was performed on both specimens until elastic (reccver-
able) response was approximated. Further comments and interprétation of
the test data are reserved for a future publication on the strength and

volume change behavior of 011 sand®and very dense Ottawa Sand.

CONCLUDING REMARKS

The holdow cylinder triaxial concept is not original (Kirkpatrick,
1957; Haytharﬁthwa’lte, 1960; Wu et al., 1963; Handin et al., 1967;
Jaeger and Cook, 1969); however, the University of Alberta high-pressure
HCTD incorporates a ngmbE? of new features permitting a great variety of
test configurations including a simple conversion to standard triaxial
testing. The ﬁCTD was designed primarily for plane strain (zz = 0),
high-pressure, thick-walled cy1§2§er tests of the collapse or burst *
type, and for cyclic compressibif%ty tests. Other test configuations

-

with different materials are being planned.
1

v
)
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LIST OF SYMBOLS AND" ABBREVIATIONS \\‘?——*

A | e cﬁange (im volume, pressure or stress)

Po* Pj outside and inside pressures -
u pore pressure -

E;, 01» Ops Og mean axial stress, major, intermediate, and minor
principal stresses

0) + 0, + 03

i) K —3—— - first stress invariant

Ko principal stress ratio -

Voo Vo Vi pore, outside, and inside volumes -
€, axial strain

HCTD hollow cylinder triaxial device

PSCC; PSCB plane-strain cylinder collapse; cylinder burst
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; TABLE 1

DRAINED HOLLOW CYLINDER COMPRESSIBILITY

Ea(pi)z Aﬁz | e, . évu

\

kPa kPa x107? _
x10~*

1390 +268 -0.69 -3.38
2774 +584 -0.37 ~-3.22
4143 +596 +0.61 -2.09
5650 +673 +0.95 -1.85
6926 +513 +1.01 -1.61
8316 +5613 +1.01 =-1.20
6929 -494 -0.89 +0.72
4150 -663 =2.31 +2.09
1396 ' -1240 -0.62 +4.82
4139 +939 .4+0.41 -3.86
6926 +881 42,26 -2.81
8319 +543 +1.20 =1.21
6920 =431 =0.89 +0.64
4144 -620 -2.,34 +2.09
1392 ~1228 -0.69 +4,.90
4149 +945 +0.53 -3.94
6922 +865 +2.17 -2.81_
8328 +477 +1.31 -1.13

696
© 1390
2774
4143
5650
6926
8316
6929
4150
1396
4139
6926
8319
6920
4144
1392
4149
6922

LA B L K B B B 2N 25 JE N T T S S

Note: Since all strains are known, and assuming elastic

isotropic behavior

™
o]

L

™

€,+e,+e, and

"

Zép’iépésziéqzz
E = Young's Modulus = — -
Apéﬁ - Azr(Aaz+2ép)

AV .
Ao,y - 8¢, (80, +28p)
28p% - 28¢_ (A0 _+24p)

and v = Poisson's Ratio =

_ g .
oY,
vy
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kPa 'x 10 ¢

4.87
2.33
1.53
1.23
1.26
0.86
0.52
0.73
1.75
1.41
1.01
0.87
0.52
0.75
1.78
1.43
1.01
0.81
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2
ation of the size of the dist.ribuuon error, o

o) The size of tbe distribution error can also be assessed by
cor.paring the peak strength values of tests conducted with- 0’2 = (TR
4 with equivalent results from tests with 0 = GT' for the same
value of X and the same cize of specican.

¢) The overall error in stress analysis for both sizes of cylinder
can be esticated by\’éompu'ihg plane strain peak strengths from both
O,=0, 31_}7.2 = 0, tests #ith the equivalent strength obtumd
in the coaventional plane sg‘un appantu.s.
. - Jsing an approach of this nature it is possible to obtain some
. indication of the ;izo of the errors which are likely to affegt the

results, -

Finally peak- strength results obtained from thiscean stress analysil

are compa.rod to the sane results analysed by t..e zethod suggested

by Haythormnthwaite (1966). This serves as a mr_ther check on the
- accﬁracy of the analysis, and is discussed in section 3:4:2,

3:p yesn Princiral Strain Computation

| It is hecessary to compute from measured displacecents and volume
changes the principal strain incrementg during an imposed increment

in the axial direction. Since the calculated displacements can only
be mean values, it is clear that only mean straing can be computed

, ﬂ&wl_ It 1s assumed that the principal stress and strain
directions are mutually coincident with the axss of speciman symm-

" —atry. Tt is noted that this computation, while being relatively
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and consequently the rajlmg m;lylil

) /
‘ sizple, is novertheless tedious,
nted in a fora which can be easily programmed for a diatal

is frost
radial and tangential

2

coaputas,
It is required to investigate the mean axial,
and also the volumetric sirain v

E a.nd E
specisen length L, specimen

principal strains e A’
oy considering the’ emgﬂi mn.su_fid in the
volune Vs, and tae inner bore volume Vb,

f helpful to state a notation con=

=

For the saxe of continuity it ig
th

' vention: o
Suffix ()i - indieqtés the value of a qg.'xtit;r affer the it’
increzeat, i.ey (L)1,
irdicates the value of a quantity after the ,jt‘h
»

Suffix () =

increzent, i.e. (L)i, aad j =4 «], '
o« * .

indicates the initial values of a quantity,

Suffi® ( )o -
“ i.e, (L)a-
' = indicates the increment of Principal strain oceurring

Prefix d »
during the j L—;ema\mt, i.e. dE
indicates the mt;il change which has occurred in a

Pﬁﬁ; P - :
sPecified incréaent, {.e. (DL)

quantity after a s:

7Ca:p:ass;vi, at
(3:30)

€, +dE  + de l
f J T
It is, howver, more

al strain must now bi cdefinsd,
an strain :Lneﬁmint rather than the total

j« ™

<
1]
P

The mean ;
cmv-niint to define the g
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- - B Sean wall thie.dun dﬁ:ing J incﬁmnt.
Hence if y is th: mean wall thicknesa:

46 o L= (g2 o o (3:31)
) ”.V)i*(:') o .

b=c, wiere b and ¢ are the outer and inner radii of

(™
o
|

Clearly y
the specicen ) .

= Q= ()] 2
Siailarly d€ ( ; -

A i+ (L)

(3:32) -
It now Teaaizs to calmgata ths progreasive values cl‘ L, b and ¢,
'l(ail ﬂi!jfﬁac;‘ﬂ\:a a :a'imniaqt one *zsince thasn values are &lga ﬂqu.irad
o for 154? stress calculations (section 3:2).
"If the total volune of specimen and bare is V;, where V; = Vb + Vs,
i follows that: =~ - , o

It

1]
——
=
S
=]
I
o
<

(3:33)

e

(e / !(:f;‘_] - o (3138)
o ‘= i ‘ 7 T ..

. s ¥
% N

and siailarly for (L)j;‘(b)j and (e)j.

N
-

e

Heace froa equations 3:32 and 3:33 -

(3136)




and frem equation 3:312

. . (a. = {(r.- —(e))

vhere, froa equation 3:34 | )

(b

j ‘Vs}ﬁ + (Vb)t} - (Dvg),-

_ » IR OrEIE )
“(vs)o + (bh - (ovs)

- 182

© (3:77)

(nv b i j

{; o ‘/
S (A cmn
and from aq-.;.atian *3:35

* ()i =

(;) j

also from equation .3;,33 '

d€_=dv-df, -d6.
T R

where dv = ; (Dvs)ji - (DVS)}

L 23] 6 - ovalj ~{ov)s _

L4

finally total strain calculations can be

— (ovo)j ]

(3:38).

(3:39) “/ |

(€ )3

(€03 % (a€,)

(v)J # (dvw)

T

(

ulation 2 De made on a cumulative b!.si.riir
S (e ) | (

3:40)

3:41)

(3:42)

(3:43)

. From equations 3:36 to 3143 inclasive all strain quantities required
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for analysis can be obtained, \

;s u-llgicm, and need only be bri-fl; deglt with,

A ?eneral stress state O J 11 G‘ 3 may be represented in B—dim;imﬂ.

siTess space by two vector rzémpangntg;;;ha hfg;eatatieistﬂgg component

;;.:;EE +he hydrostatdc axis (CT =0,=0, ) and the deviatoric stress

;azpane:xt, bamg situated in the octahedral plane ;erpi—xdiculu to the

byd:nst.ltic a;:h a,nd cantlining the limit of the hydrostatic stress

component (Ff#g. 3c). The locus of all such stress states which are
situated in the same octahedral plane and at vhich failure of a partic=
ular soid occurs, is a failure aﬁﬁl@pﬂ bounding all possible stress

- .
' gtates that may occur for that soil in that plane, Since the stress level

at yleld is dependent on the mean stress applied to the soil,. the size

of the envelope is Qirectly dependent cn the hydrastatic— stress component
associated with the acta.hndﬁl plane containing tb-e envelope. Gans:qx,ents

1y gara“gtLg lines, zaating at f{m sFace origin for the case as, coheg=

. planes to form a eaﬂ;eal shaped failure surface. Thess surfaces are

~ described in ignafgl by a governing m&thnmtigll eq\gticm relating

Cfl. g, O 5 and #, and it is the form of the iqu;ti&ﬂ which determines
the ﬂ;g_l.tiag ah.a,pa of the surface.

- The three failure criteria normally considered in the cass of soil
are the Mohr-Coulomb, the Extended Tresca and the Extendsd Vow Mises,
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The HCTD, has to be calibrated for volume change correction
and ram friction. }he volume changes that are measured are
subjected to three sources éf‘errﬂr

1. expansion of the ;e[? ané pressure lines

2. camﬁre;sian of the water in the cell, lines and @

-

measuc-ing systems ‘
3. air going into solution

125‘3x531 load on the sample is measured outside the
cell, hence the vertical load acting at the top of the
sample has to be ca@ for the friction developed
between the ram aﬁd'the cell.\:?

Calibﬁgtieﬁ of the Bore Volume Change Apparatus

The samplef used~for calibration purposes- is a hollow
cylindgr aluminuw similar dimensiaﬁg to that @f a
test sﬁé;im%?, sample is assembled in an identical
manner as previously described for the soil samples, with
the "same system of, membranes, D;riﬁgs and clamps.

The HCTD was assembled in the plane-strain frame and
the bore pressure applied by means of the nitrogen pressure
system.  The bore pressure was increased in increments of
appréximate?y 1.4 MPa and the volume changes recorded.
Volume changes due i@ the deformation of theAsanp13 is small
and were ignored. The results of the calibration are shown

in Figure\ciﬂlf

Calibration of the Cell Volume Change Apparatus
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The cell pressure was applied in a similar procedure as
described above. At the end of each increment, the bore
pressure was increased to approximately the |same pressure in
order to minimize the sample deformation. Volume changes
due to sample deformétigﬁ were again ignored. The results

of this calibration are shown in Figure C.2.

Calibration for Ram Friction

This calibration provided several difficulties. Two
load cells would be required to measure the ram friction,
one on top of the sample and the other on the outside of the:
cell. The load cell inside the cell would have had to be
des igned to withstand cell pressures of up to 14 MPa and
- would 2lso have to be specially designed as an annular ring
in oftder to accomqﬁate the iqternal membrane set up. It was
thus dec1ded to find an aIternate methcd of measuring the
ram friction. c b

A machined aluminum plate, 4.05 in. 151éiameter. was
attached to the loading cap and initially supported on an
aluminum block sitting.on therbasg of the cell. Upon
appliqgtiohvof cell pressure, the loading cap and ram would
be activated and an external axial load could be measured on
the load cell. This method is equivalent to actual test |
loading conditions but does not allow the invektigation of
ram friction dependency on cell pressure.

The alumiﬁum plate is attached to the loading cap by
clamping a small rubber membrane to the plate and cap and
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jo -
sealing the membrane at the ram by means of 0-rings and

clamps. The cell pressure is then ap@?ied;and measured on a
tra%sdu;erfj The Iééd cell is read at each pressure

increment . Resu1tsiaf the test are shcwé in Figure C.3.
Thiﬁjsgiibraticﬁ curve shawsithat ram frig{iggsis almost
independent of cell pressure. ‘ .

The effect of me

ane/thickness on the strength of the
samplee has been ignored. Bishop and Hénkel (1976) - have
shown this effect to be small for 1.5 in. diameter sanples.
They also show that for undraiﬁeq tests no hoop teésipﬂ is

" induced in the membraﬁéiané that the correction is applied

to the axigi stresses and not the lateral préssurgi For 4
in. diameter samples, the correction ig strain dependent and
hence zero for plane-strain conditions in“the vertical :

directi#on (as is the case in this testing program).

-

e
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The high pressures used in the 1a$ratcry program reqﬁkireﬂ

ccms*nderat‘im to be given tc all sources of error resultirf
" from leaks in the apparatus, membranes and lines. Poulos

(1961) discusses various sources of leaks andefhese are

summar ized below.

B

Flow of Fluid through Membranes
™ Flow through membranes can be caused by hydraulic

pressure gradieﬁts‘i vapour pressure and mole fraction
gradients. The rate of flow of water is directly/
proportional ;?jthe hydraulic prg§§ure diFFerencz(. Soaking
of mﬂbranes \n §i licone oil pF“ic:F" to the test resulted in

equal”or higher permeabilities than those soaked in water.

This problem of flow through merrﬁf-anes is of more J
N ,
‘concerf in fong term tests than shcrt term tests. The .

duration of tests in this program is less than 5 hours and
this source gf leaks is of 17ttle significance.
« i A C::Q\
Leakage past Bindings // .
This §purce of error is again of more importance for
laﬁg tgrm tests. Smooth pedestals with a single O- ring on

each side of the porous disc resulted ‘in leakage of

approximately 0.1 ml/day, which is negligible for short term
tests. :

The membrane clamping system was modified in this
program ﬁz reduce the rfumber of bindings and D*r;‘iﬁ'gs

¢+ required.™ The author was concerned more with large leaks
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"developing (due to puncturing of membranes or poor seals)

than these small leaks observed by Poulos.

Leakage from Valves iig Fittings
; Poulos showed that Klinger valves are QEﬁer§J1y
unsuitable for any type of labdratory work. The Klinger
valves that ﬁgre in use with the pressure systems used by
this author were observed to 1&dk netn:eabi,y at r‘e]ahve‘ly
Tow pgessures and were thus replaced by circle seal valves.
These valves shaweé no visible sigﬁs of ieakagg. The
majority of valves used in the c»‘lmi:-ing systems are Swagelok
ho gélume change valves and these have also per formed
’ satirf‘-ac:tary / 2
/ Leaks through galves and fittings will be critical in
/ long term tests as small (leaks will not be noticeable due to
rapid evaporation of the fluid. However, careful
calibration of the volume change appératusiﬁaﬁ accomodate
all these types of leaks. The apparatus in use in this
program shgweé no measureable volume changes occuring over a

24 hour period.

- Rupturing of Membranes

. This was the biggest problem faced by the author during
his laboratory program. At pressures exceeding 5.6 MPa, the
intgcﬁai membrane tends to pinch between the top of the
sample and the load cap or porous stone. A thin Teflon ring

placed over such joints proved partially successful, but it



192

was found that the membrane developed small-holes in the
vicinity of this ring. The teflon ring was replaced by a
Neoprene rubber ring which has performed satisfactory thus
far. o

The internal membrane has been the dam{ﬁatiﬁg factor in
the many tests that have had to be'abaﬁdaned due to
development of large leaks. Thk thickness of the membrane
has been increased but this has not solved the problem
completely. Any imerfectic:ns in the'meuﬁ:mane will result -
pressure. A redesign of this membrane (and pch;biy of the
load cap) will be required if é testing program is to be
conducted successfully Dﬂ a regular basis.

The external ﬁenbraﬁg has per formed sat15fagtary Only
one hole developed and this was probably dué to a weakness
along the seam. i

¢

Pfessure Systems used in the Labor
The hydrogen'pressure system used for the internal

pressure operated well and maintained pressure to within a

few KPa. The biggest drawback of this system is the size of

its accumulator and reservoir {1100 m1). The total volume
changes occurring during the eptire, test are large, and most
of this volume is lost from the reservoir if a leak occurs

in the membrane as the pressure system has to be shut down.

The reservoir has no indicator for the Qil/water iﬁteéfase! '

and it is thus possible to pump oil through the system.
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v
It is suggested that a larger accumulétor/reserveir
system be provided for future testing and that some means of .
monitoring the oil/water ¢nterface be installed. .

- The other pressure system initially used ( Wykeham)
proved unsatisfactory as it did not maintain pressure very
weil. Replacement parts were not available as it is now
outdated. This system was finally replaced by a constant
pressure pump whlch has an accumgiator built into the
system. This pressure system ha;\AIso operated exceedingly
well and has a reserxpir which can be filled manually duringi

the test. \3 h
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