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ABSTRACT: Oil sands are natural deposits of bituminous saatkrials that are mined

and processed for crude oil. They are routinelyduseoil sand fields for building temporary
and sometimes permanent roads serving mining améhpgaactivities. Although the principal
application of these materials for road buildings Haeen in the unbound layers of the
pavement structure, the full benefits of oil sangarticularly, their sustainability and
environmental friendliness are yet to be realizelh their natural state, oil sands have
similarities to cold mix asphalt mixtures which aféen comprised of uniformly graded fine
to medium sands and used for pavement repair aruthipg applications. Yet, they may
exhibit complex stress dependent characteristidsvastoelastic and plastic behavior under
dynamic loading of mining and off-road constructegquipment. This paper presents findings
from a comprehensive laboratory research prograndwaed on three types of oil sand
materials with the main goal to characterize tlegigineering behavior. The research efforts
focused on establishing a suite of tests to dete¥nsirength, modulus and deformation
characteristics under realistic traffic loading atichatic conditions. The developed suite of
tests established essential trends in oil sandviomhiar developing laboratory guidelines and
test protocols and typical material characterizatinodels for their sustainable use in
geotechnical and road building applications.
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Introduction

Oil sands, also referred to as tar sands, is arigename given to natural deposits of
bituminous sand materials that are rich in bituncentent to the extent that oil can be
extracted from these deposits. These materialsanely found in Canada, United States and
Venezuela. The largest deposits are located idliberta province in Canada. In 2004, about
170 million tons of oil sands were mined in Canablae typical high content of bitumen in
the oil sand composition makes these naturally wecw sands low load-bearing materials
for haul trucks, shovels and other construction amiding equipment. In situ, the oil sand
deposits are predominantly quartz sand surrounged thin film of water and fines, with
bitumen filling the pore spaces between the saathgr The quartz sand, silt, and clay, i.e.,
the inorganic materials of the oil sand compositinarmally constitutes about 80 % by

weight with bitumen and water constituting aboud%nd 5 %, respectively [1].

Low grade oil sands, i.e., bitumen content less thlout 9 % by weight, are used as
unbound construction materials for temporary andnpeent roads in oil sand fields for
operating haul trucks and shovels. High grade amidsmaterials contain in excess of 16 %
bitumen. The use of oil sand materials has beeitelthto access roads in the mining pits
with little or no environmental concerns. Oil savdsuld be environmentally friendlier and
consume substantially less energy than hot mix astructural layers built routinely as
flexible pavement surface courses. To date, noystad directly focused on the potential use
of oil sands in road building. Further, despitengsexcessive quantities of the tailings for
landfills, the oil sand materials can be reclairaed converted for geotechnical construction
and applications. This would help mitigate potdnti@pletion of high quality mineral

aggregate sources and provide means to deal wiithugaoil sand environmental issues i.e.,



green gas emissions and disposal of sand residadéindgs) during mining and

processing/extraction of the bitumen from the sand.

Oil sand materials often experience varying magi@suof static and dynamic loads
applied in vertical and horizontal directions dgrimining operations of heavy off-road haul
trucks and shovels in the mining pit [2]. These enats often exhibit complex stress
dependent characteristics and viscoelastic andi@laghavior under this large capacity
construction and mining equipment. Field studieveh@hown that the modulus and
deformation behavior of oil sands are primarily elegent upon the applied load magnitude,
temperature, amount of bitumen, and the rate adit@por frequency [2]. However, early
experimental research studies on oil sands hawveapty focused on using static loading
conditions to obtain stress-strain data to charaetéheir shear strength and only the elastic
properties of these materials [3-8]. Based on thi@a @ollected in these studies, confining
pressure, peak stress or strain, friction anglecamgsion were among the material properties
used for modeling the strength and elastic modahd deformation behavior. To properly
characterize behavior of these bituminous sand makge laboratory tests should closely
simulate field densities and loading conditions adléquately address the actual time and
temperature dependent plastic deformation accumonlatnder static, dynamic, repeatedly

applied wheel loading conditions.

The objective of this paper is to present findifgsm a comprehensive laboratory
research study that focused on establishing a sditests to characterize both static and
dynamic properties of oil sand materials underdgpiield loading conditions of construction
and mining off-road haul trucks and shovels. Initold, performance characterization

models to account for rutting and other pavemestreses experienced by off-road haul



trucks and shovels during oil sand field activitegs presented. Details of the study and the

database established through the oil sand teséguoes are presented elsewhere [9-14].

Oil Sand Materials Tested
Physical Properties

The three types of oil sand materials studied wétained from Suncor Energy, Inc. and
Syncrude Canada Ltd. oil sand mines in Canada. s€letion of these samples was mainly
based on their field loading behavior under comsiton and mining equipment, and the on-
going research on these materials. Suncor Enengy,provided two oil sand materials (SE
samples) whereas Syncrude Canada Ltd. providedibeand material (AU sample). The oll
sand samples were shipped in separate barrels @atarpillar, Inc. Technical Services
Division in Peoria, lllinois to the University oflihois Advanced Transportation Research

and Engineering Laboratory (ATREL) for these stadie

The oil sand samples were initially tested for & and water contents using American
Association for State Highway and Transportatiorfidgils (AASHTO) test procedures
AASHTO T 308 and T 265, respectively [15, 16]. Baling the AASHTO T 308 [15] test
procedure, about 1500 g of each oil sand samplepleagd in the ignition oven, which was
preheated at the temperature of 4820 determine the bitumen contents. The ignitiest t
was conducted on three repeated specimens of éasand sample. The bitumen contents
were obtained after ignition, i.e., when constamtight of the sample was achieved. An
average maximum temperature achieved for ignitias about 52, 552C, and 568C for
SE-09, SE-14 and AU-14, respectively. The waterters were all obtained at the
temperature of 1€ using the AASHTO T 265 [16] test procedure. Thtarben contents

were found to be 8.5 %, 13.3 % and 14.5 % for théd®s grade, SE high grade and AU high



grade, respectively; and the water contents weté4d,.3.2 % and 2.2 %, respectively. The
SE samples were designated as SE-09 and SE-14hen8lU was designated as AU-14

according to their respective bitumen contents.

After separating bitumen from the oil sands throbginning in the oven, washed sieve
analysis tests were conducted on the sand ingrsdierdetermine particle size distributions
of the three oil sands using AASHTO T 27 [17]. Alle three oil sand samples were
uniformly graded fine to medium sands with the desalto largest size particles ranging
from 0.6 mm to 2.36 mm and the fines contents, passing No. 200 sieve or 0.075 mm,
ranging from 7 % to 15 %. The gradation resultthefthree oil sand samples were similar to
grain size distributions for typical oil sand maés reported by Cameron and Lord [18].
Table 1 shows the detailed results of the phygcaperty tests conducted on the three oil
sand samples.

TABLE 1—Physical properties of the three oil sand samples.

Oil SandID w [%] Wp [%] D]_o Dgo D5o D60 Cu Cc
SE-09 14 8.5 0.07 0.12 0.17 0.19 2.9 1.17
SE-14 3.2 13.3 0.08 0.14 0.18 0.21 2.8 1.24
AU-14 2.2 14.5 0.09 0.17 0.22 0.27 3.0 1.19

w = water content;

Wy, = bitumen content;

Di = grain size (mm) correspondingitpercentpassing by mass;
C, = coefficient of uniformity;

C. = coefficient of curvature.

Sample Preparation

The oil sand samples were prepared for the labgrégsting program using an Industrial
Process Controls (IPC), Australia, servopac gyyatoompactor. The samples were
compacted at different density levels dependinghenapplied number of gyrations at the

approximate density states in the field using theatry compactor. Typical compaction



specimens of 150 mm diameter by 150 mm high wendywed for each oil sand sample at
room temperature of approximately°@l The typical bulk densities achieved in gyratory
compaction for SE-09 and SE-14 were 2,000 Rgin100 gyrations and 2,050 kg/mt 40

gyrations, respectively. The density achievedAbtr14 was 2,050 kg/fat 25 gyrations.

These achieved densities obtained for the cyliatirspecimens were very close to field
density values reported by Joseph [2]. Followinmpaction, specimens were conditioned at
the desired temperatures for a minimum of six hawoira temperature chamber for testing.
Figure 1 shows loose and compacted AU-14 and SE&8ples and the IPC gyratory

compactor used to prepare specimens for all tleetbl sand samples for testing.

FIG. 1—Oil sand loose samples, samples prepared, and cotiopaequipment.



Recent research studies have investigated andisB&ba close agreement between the
modulus results obtained from samples at diametéretght ratios of 1:1 and 1:2 [19, 20].
Especially, when determining resilient modulus fréime vertical specimen response, i.e.,
standard definition, changing the specimen heigthtndt make a difference in the modulus
values computed [19, 20]. Moreover, a negligiahel ériction could still be attained in a
triaxial set up with a 1.1 sample size ratio bycpig a smooth plastic coated paper between
the polished platen and specimen [21], which prowediinimize specimen end effects in

modulus testing.

Suite of Laboratory Test Procedures

One of the main objectives of this study was toeli@y new laboratory test procedures to
properly characterize field loading behavior of sdnd materials. The test procedures were
intended to provide strength, modulus, and defdomaproperties needed for developing
material behavior models for oil sand materialsarrfeeld loading conditions of typical haul
trucks and other construction, and mining equipment the various viscous, elastic and
plastic material models to be developed, five dédfe test procedures were developed for
determining material properties for oil sand maieri The developed test procedures mainly
are based on field loading conditions of constarcand mining haul trucks and shovels. The
test procedures include; hydrostatic loading, momictloading shear strength, repeated load

triaxial, pure shear loading, and dynamic modudssst

Experimental Design Parameters
The loading characteristics of off-road large cayammnstruction and mining equipment
dictate field loading stress states, and therefdmectly influence the deformation and

stiffness behavior of oil sands in the field. Festance, Joseph [2] noted from field studies



that a Caterpillar 797B off-road haul truck couleguce vertical stresses of about 800 kPa
with confining stresses ranging between 250 and K38 He also observed that the P&H
4100 type BOSS shovels generated a static grousding of up to 220 kPa, and could
induce a ground confinement of about 70 kPa [2E §bnfinement under trucks could be up
to approximately 300 kPa. Joseph [8] reports tilatands experience extreme temperatures
of +4C°C in summer and -4Q in winter to make them more problematic to camgton and
mining equipment during summer or warmer montha thawinter. Oil sand materials soften
and become problematic at temperatures abo¥@ 28the field during warmer months to the
extent that triaxial test could not be performedodnsand materials with bitumen contents
higher than 14 % [2]. Under colder seasonal coniitithere is little concern about oil sand
materials since they become stiff enough to sudpd equipment operations [8].

The experimental program carried out on the thrdesand samples focused on
conducting strength, deformation and modulus testier simulated close-to-field densities
and applied stress states at different load pulsations (or loading frequencies) and
temperatures. A comprehensive laboratory test progwas developed in order to obtain
large amount of test data for the oil sand modelifige laboratory testing program was
conducted at two temperatures,’Q0and 36C to account for spring and hotter summer
periods in the oil sand fields in Canada, respebtiv Further, loading frequencies that range
between 2 and 10 Hz and load pulse durations e&0dl0.5-seconds were also included in
the laboratory testing program to consider thect$fef different trafficking speeds of haul

trucks and shovels of other mining equipment infidle.

Testing Equipment
The test procedures needed to utilize testing egeiip and devices capable of simulating

in the laboratory, wide range of stress conditids, low to high stresses, static and dynamic



stresses experienced by the oil sand materialsarfield. An IPC servo-pneumatic testing
device, Universal Testing Machine (UTM) was deensentable for the developed test
procedures. The IPC UTM is a closed-loop servorobmbading system. The main part of
the system consists of loading frame, triaxial ,cetntrol and data acquisition system,
integrated software package and personal comptiternature of the frame limits deflection
and vibrations which could influence the accuratymeasurements especially when both

axial and radial dynamic repeated loadings arei@gppin the sample at the same time.

Two main UTM triaxial testing devices at ATREL, théiversity of lllinois FastCell
(Ul-FastCell), and IPC rapid triaxial testing céRaTT cell) were conveniently used for the
oil sand materials testing. The two test setupsevextensively used to characterize the
modulus behavior of bituminous and granular maler[20, 21]. The selection of the
advanced triaxial testing equipment was based e tinique capabilities. In addition to
pulsing stresses in the vertical direction, thessting devices offer the extra capability to
apply dynamic stresses in the radial/horizontatéation to better simulate field stress states
under traffic/moving wheel loads and measure aropat material stiffness properties if
needed. Both the Ul-FastCell and RaTT cell useeato one (1:1) height to diameter ratio

for their test specimen with no need for specimenniing and gluing to end plates.

The IPC UTM setup and the RaTT cell are commescaailable. However, it is worth
mentioning that the test procedures developedigdtudy were not limited to a particular
type of testing device. The precise choice of #sting equipment and conditions depend on
the capabilities of the device and flexibility dfet software associated with the testing
system. Figures 2 and 3 show the Ul-FastCell antiR=ll test setups used for asphalt and

granular materials testing at ATREL, respectivelyhile the RaTT cell is a pneumatic



device for the vertical and radial specimen loadithg Ul-FastCell uses an air over fluid
interface and is capable of uniquely applying statid dynamic load combinations in excess

of 500 kPa through the pressurized fluid in theZzumtal chamber.

FIG. 3—RaTT Cell advanced triaxial test setup at ATREL.
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Oil Sand Test Procedures
Hydrostatic loading test procedure

The hydrostatic compression loading test procedereloped was intended to generate
test data to determine bulk modulus and volumetriin properties of the oil sand materials.
Bulk modulus relates directly to the volume chawofehe material, and it can be used to
model the volumetric deformation due to hydrostéiadings. The hydrostatic compression
test was conducted on the 150 mm diameter by 150high gyratory compacted oil sand
samples. During testing, gyratory compacted oitsgpecimens were subjected to a sequence
of different applied hydrostatic (isotropic) comgsen stresses of 41.4, 69, 138, and 276
kPa. Specimens were loaded from zero stress condii an individual hydrostatic stress,
unloaded to zero, and then, reloaded to the ness$ssistate until the maximum hydrostatic
stress of 276 kPa was reached (i.e-» @1.4 kPa— 0 — 69 kPa— 0 —138 kPa— 0— 276
kPa — 0). A pulsed wave shape with 60-second loading ahde@ond unloading was

applied on the test specimens.

The axial static loading was controlled by the igaittload cell, and the radial loading was
measured by a pressure transducer. Both axialaahal deformations were measured by two
symmetrical linear variable displacement transdai¢eDTs) for each load cycle and the
corresponding axial and radial straing &nde3) were computed for the test specimens.
Replicate tests were performed for each type ofaild material, i.e., SE-09, SE-14, and
AU-14, to establish the full laboratory test matr@verall, 12 tests were conducted on the

three oil sand samples at two temperature; 2td 36C.
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The bulk moduliK of the oil sand samples were calculated from thigo rof the
incremental hydrostatic streas to the incremental volumetric straia,. Eq. 1 was used to

define the bulk modulus of the oil sand samples:

Ao, + 4o, + 4o, _ Ao
g e

\ \

K= D)

where the volumetric straisy is computed from the axial strasn and the radial straigs as

ey = &1+ 23, and for triaxial compression tests, hydrostatiess is given by = o1 =02 = 03.

Shear Strength Test Procedure

A monotonic loading shear strength test was deweslopp provide shear strength
properties of the oil sand materials. Shear strepgbperties of geomaterials are important
inputs to finite element models that incorporatehk@oulomb failure criteria. The results
from such tests would provide failure criteria ® dmployed in analyzing the stability of the

tested materials.

Triaxial compression monotonic test was initiallpposed for the oil sand materials. The
triaxial tests were performed on cylindrical speen®, 71 mm in diameter and 142 mm high,
by applying five confining stress levels, i.e., 2041.4, 69, 138 and 276 kPa. Specimens
were conditioned and tested at temperatures ¥ 20d 36C to obtain the friction angle
and cohesiom properties. The test specimens were monotonitadiged at a strain rate of
1 % strain/minute using an IPC UTM-5P pneumatidingssystem, and pressurized in a
triaxial chamber using air. The triaxial test fesundicated that the oil sand samples were
found to give essentially similar shear strengtbpprties regardless of the applied confining
pressure. Apparently, the oil sand materials diddemsify as confining pressure increased,

hence the shear strength did not increase, iee tiwvas no or negligible interlock between
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the sand grains of the materials and the oil sareds primarily cohesive in nature. The zero
friction angles obviously were not characteristictitte dense nature of the tested oil sand
materials. Dusseault and Morgenstern [3] and Agal.§22] report that oil sands derive its
strength from the dense interlocking grain struetitr exhibits. Thus, there would be

significant contact between the grains of the ailds tested to produce friction angle.

In a related case, Dusseault and Morgenstern g@jained triaxial tests in favor of direct
shear testing for Athabasca oil sands. One of¢hsans was that sample uniformity and the
required number of similar specimens to describéhiM@oulomb envelopes could not be
obtained from triaxial testing. Similarly, in thésudy, direct shear tests were selected for the
oil sand materials instead of triaxial shear tefke results from the direct shear tests were
comparable to properties of oil sands reportedezdrom previous laboratory studies [3, 22-

24].

Prismatic specimens were used to conduct the dgieear tests on the three oil sand
samples. The shear specimens were produced frogytawory compacted 150 mm diameter
by 150 mm high cylindrical specimens. Using a magoaw, the gyratory compacted
specimens were cut into square prismatic specini€@smm size and approximately 30 mm
high, for direct shear testing. The direct sheatstevere performed by applying six normal
stress levels, i.e., 20.7, 41.4, 69, 138, 276 &RlkPa at test temperatures ofQ@and 36C
to obtain the friction angleg and cohesiorc properties. The direct shear tests were
performed using a Humboldt pneumatic direct shesr $etup at ATREL. The shear stress
was measured through the load cell and the homataamd vertical deformations were

measured using horizontal and vertical LVDTSs.
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The shear strength properties were obtained fr@onéinuous record of shear strain and
shear stress attained at or until sample failutee Tinear Mohr-Coulomb envelopes were

used to model the shear strength properties dbitteand samples (see Eg. 2).

Tmax=C 1o, targ Q
where, Tmax = shear strengthg, = normal stress at failure;= cohesion intercept,

tan g= slope of the failure envelopeis friction angle).

Repeated Load Triaxial Test Procedure

Repeated load triaxial tests are commonly used déterchine the modulus and
deformation properties of pavement materials [29]he test results are mainly used to
characterize the stress dependent resilient modwdhsvior of the materials tested. The
deformation trends of the oil sand materials unaféroad haul trucks, shovels and other
construction and mining equipment loading can beveaiently characterized by plastic
(permanent) and elastic (resilient) strains. Theten's permanent deformation
characteristics are important for developing chragation models to predict sinkage or
field rutting potential, and the resilient propegtimay be used to characterize the stiffness

behavior of the constructed oil sand layers.

The repeated load test procedure developed fooitheands was used to collect both
resilient modulus and permanent deformation charmtics. Although a much higher
number of load applications would preferably be ligop to accumulate permanent
deformations in the specimen, conducting theses tesparately would be very time-
consuming and costly. Note that permanent defoomaest is basically destructive, and
only one (deviator stress to confining pressunesstratio can be applied to one specimen at

a time. As a result, this study employed the sawa€d lpulse durations to evaluate both the
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modulus and permanent deformation properties. Aesiing a new specimen for each stress

ratio eliminated any stress history effects ongéemanent deformation results.

The repeated load triaxial test was conducted enl&0 mm diameter by 150 mm high
gyratory compacted oil sand samples. During testiygatory compacted oil sand specimens
were subjected to three different constant confirpressure levels (i.esz = 41.4, 138 and
276 kPa) and three deviator stress levels @ge=,41.4, 138 and 276 kPa) to constitute a total
of nine different applied stress states. Each dewiatressoy (= 01 — 03) and constant
confining stressss pair was applied on one specimen with the deviatoss repeatedly
pulsed in the vertical direction for a total of QQ0load cycles except for the replicate tests,
which were performed a = 138 kPa and; = 138 kPa only for a total of 10,000 load cycles
and later used to check permanent deformation mpeldbrmances. The resilient modulus

(MR) test data were collected at the end of 100 lgates.

A total of 36 tests were designed for each typéitnfiminous sand material, i.e., SE-09,
SE-14, and AU-14, to establish a full factorialttesmtrix. That is, nine applied stress states
with the o1 to o3 stresses were repeated at two temperaturés; aad 36C, and two
haversine load pulse durations of 0.1- and 0.5+s#x@vith 0.9- and 0.5-seconds rest periods,
respectively. The specimen’s vertical displacenvesd determined by averaging readings of

the two axial LVDTs.

Permanent deformationg}f were recorded for each load cycle and the cooredipg
plastic strains4,) and elastic/resilient straing) were computed at these different number of
load applications. The stress states applied vee@ded, and the resulting recoverable axial

strain responses of the specimen are measuredvEnage recoverable axial strajrand the
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applied deviator stresgy of the last five cycles were used to compute gsdient modulus

Mg of the oil sand materials (see Eqg. 3).

MRzi 3)

Pure Shear Loading Test Procedure

The pure shear test was performed for obtainingstiear modulus of the oil sand
materials as a function of the applied stress staurrently, the conventional ASTM cyclic
triaxial test is the commonly used procedure foasueing shear modulus properties of soils
in the laboratory [26]. In this test, the confinisgess is typically held constant while the
deviator stress is applied cyclically on the samplee shear modulus is evaluated from
modulus of elasticity by assuming a represent@ivsson’s ratio for the material tested. The
most realistic shear loading, however, occurs wdyatic confining and dynamic stresses are
applied simultaneously on the sample. Obtainindhsaidoading condition in the laboratory
would enable close simulation of the roll and bauaod rocking motions of haul trucks and
shovels on oil sand materials in the mining pits.l&boratory test procedure or set of data is
currently available to determine shear modulus @nigs of oil sand materials.

The developed pure shear test procedure for theamitl materials provides static and
dynamic data in both axial and radial directionset@mluate shear modulus of oil sand
materials. The shear modulus values obtained flardeveloped test procedure can be used
to characterize the shear stress induced in therialst by the mining haul trucks and
shovels. The test was performed on the 150 mm deanm®y 150 mm high gyratory
compacted oil sand samples. For the applicatiothefpure shear stresses, two alternating
pulses of the same magnitude were applied at thee 9ame in the vertical and radial

directions on the oil sand samples.
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Figures 4 and 4 show the 90 degree out of phase cyclic streds@®, (or gy/2 = o),
by which the vertical stress is increased (or deszd). The radial stress is also increased (or
decreased) at the same time dg/2. The applied stress path is in the vertical aios
similar to that of pure shear loading that wouldimuced in the field by large capacity off-
road construction and mining equipment on the amdsmaterials. The pure shear loading is
indicated in Fig. @ by the vertically oriented stress patftg,c, On a shear stregg= 01 - )

- effective mean pressupd= (01+203)/3] plot.

Overall, the pure shear tests were conducted onill8and specimens at three radial
(confining) stress levels of 41.4, 69, 138 kPa, ahdar stress levels of 20.7, 41.4, 69 and
138 kPa. For each confining stress, a minimum ohyo/ayclic shear stress of 20.7 kPa was
applied on the test specimens, and increasedthatghear stress reached a value equal to the
maximum confining stress (i.e., 138 kPa). A fultttarial test matrix comprising 54 tests

included two test temperatures, 20°C and 30°C |@ading frequencies of 2 and 10 Hz.

03+/-04/2 o
+A0/2 5 ’ J @ +Ac/2 ’ (b)

o, a3+/-0y/2

AN /NN
NV NV

-00/2 -Ac/2 v

FIG. 4—Pure shear loading applied on the oil sand specimen
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At different stress levels strains were recordeddriical and radial directions. The shear

modulus @) is calculated using the measured shear strairttendpplied shear stress (Eq. 4).
T= 0,703 Vzgx(gl_gs); G:% 4

where, 7 = applied shear stresg;, g3 = axial and radial (confining) stresses, respetyiv

y= shear straing; andg; are axial and radial strains, respectively.

Dynamic Modulus Test Procedure

Dynamic modulus test provides data to calculateadyn modulus and phase angle of
bituminous materials. The values of dynamic moduam phase angle are used as
performance criteria for bituminous materials owerrange of loading frequencies and
temperatures. The dynamic modulus test procedereldped for oil sand materials applied
stress states to adequately determine dynamic m®dotoperties and characterize the

stiffness behavior of the oil sand materials.

The dynamic modulus test was conducted on the 180dameter by 150 mm high
gyratory compacted oil sand samples. During testigcgatory compacted oil sand specimens
were subjected to a cyclic stress of 41.4 kPa andtant confining stress levels of 41.4, 69,
138 and 207 kPa. A sinusoidal load waveform withrest period was applied at loading
frequencies of 2, 5 and 10 Hz, and two test tentpeya of 20°C and 30°C. At different
constant confining pressures, cyclic/dynamic stveas applied on the specimen, and stresses
and strains in vertical direction were recordeddmpute dynamic modulus properties of the
materials tested. The specimen’s vertical defaonavas determined by averaging readings

of the two axial LVDTs. Axial stresses and theresponding axial strains were recorded for
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five load cycles for each test to compute the dynamodulus properties of the oil sand

materials. In this study, a total of 24 tests wdasigned for each oil sand material to
establish a full factorial test matrix. That isethyclic stress was applied on each oil sand
sample at the four different confining stress lsyélo test temperatures of°@0and 36C

and three loading frequencies of 2, 5, and 10 Hz.

For viscoelastic materials such as these oil sath@sstress-strain relationship under a
continuous sinusoidal loading is defined by a camplumber called the complex modulus
E* [27, 28]. The complex modulus has real and imagr parts that define the elastic and
viscous behavior of linear viscoelastic materidlse absolute value of the complex modulus
is defined as the material’s dynamic modulus. Rer ane-dimensional case of a sinusoidal
loading, the applied stress and the correspondnagnscan be expressed in a complex form

given by Egs. & and B, respectively.
o =0,e“ (5)

£ =g,/ (%)
wherecois the applied stressyp is the stress amplitudejs the strain responsg, is the strain
amplitude;w is angular velocity, which is related to frequetgyw = 2rf; f = 1/T; t is time,
andT is period;o is the phase angle related to the time the skags behind the stress. Phase
angle is an indicator of the viscous (or elasti®perties of the viscoelastic material. For a
pure elastic materialj = 0°, and for a pure viscous materiak: 90°. Mathematically, the
dynamic modulus is defined as the maximum (peakjadyc stress divided by the

recoverable maximum (peak) axial strain. From Eggs.and %, the complex modulus,

E*(iw), is defined as the complex quantity in EqQ. 6.
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E'(iw)=2-=206% = ' +iE" (6)
& €
The real part of the complex modulus is the storageulus E) and the imaginary part is

the loss modulusE’). The dynamic modulust| is the absolute value of the complex

modulus, which is defined mathematically in Eqg. 7.

x| = %0
B = %, ()

At different stress levels strains in vertical amadlial directions wre recorded to compute

dynamic modulus of the material. Dynamic modukrd and phase angléwere computed

from the test data.

Models Developed for Oil Sands
Characterization Models

A large amount of database established from therdabry testing program for the entire
five test procedures were used to develop varicatemal characterization models for the oil
sand samples tested. Details of the test data esults of individual test procedures are
presented for each oil sand material tested,S-09, SE-14 and AU-14 samples, elsewhere
[9-14]. For example, the complete test data fax ttynamic modulus test procedure
generated about 6,000 data points for one oil samdple from 12 stress states at two test
temperatures. Thus, a single data set for oneandl sample at one temperature comprises of
250 stress-strain data points. The high numbertd doints obtained through the laboratory
test factorial for each test procedure statistycgtirovided high confidence in the

characterizations models developed.

Since the overall objective was to develop a bdiesic understanding as well as to

establish practical predictive equations to estnsaistainable engineering field performances
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of oil sands, the stress-strain data sets obtafreed the laboratory testing program were
combined to create individual databases of theetbresand materials. A close examination
of the physical properties of the three oil sargsticle size distribution, density, and water
content suggested that the individual databasesl @d&p be combined for analysis. Previous
research also indicated that oil sand materialemgdy, have similar physical properties [2,
3, 18]. Therefore, it was reasonable to combimetéist data to develop a generalized set of
characterization models applicable to oil sandse Tombined database allowed bitumen
content to be included as a variable in the analysgh the assumption that bitumen

rheological properties were similar among all tteé oil sands.

The correlation coefficient (R-square) selectionthod in the SAS software was first
used to determine which variables were potentiadickates for the models. The variables
used in the SAS stepwise selection method inclbdeapplied stress states (principal stress
ratio o1/o3, deviator stresgy, hydrostatic stress, confining pressuress, bulk stressf),
number of load applicatiors, temperaturd, loading frequency, bitumen conteniv,, water
contentw, gradation propertie(, C. andD;) as independent variables, and moduli (bulk
modulus, shear modulus, resilient modulus, and mlymanodulus), and permanent strain as
dependent variables. The statistical analyses teeshbwed that the oil sands moduli and
permanent strain were to a large extent independérthe gradation properties, water
content. There was virtually no correlation betwedinthe three gradation properties and
moduli, as well as permanent strairf @0.2). It was found that the modulus of the aihd
materials and permanent strain strongly dependetherapplied stress states, temperature,
bitumen content, and the number of load applicatiddil sands are bituminous materials,
whose characteristics would be greatly influencgtelmperature, and loading frequency. For

viscoelastic materials, the influence of increadwading frequency is generally similar to
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the effect of decreasing temperature on stiffnegsgeformation. It is well documented that
temperature directly affects modulus and deformnmapooperties of bituminous materials.
This suggests that having a temperature in the hodg provide a better indication than
including loading frequency in the model. Therefdemperature was used as independent

variable instead of the loading frequency in thaleis.

The correlation coefficient (R-square) selectionthod in the SAS software was first
used to determine which independent variables petential candidates for the models. The
variables used in the selection include principess ratio oi/0;, deviator stressgy,
hydrostatic stresgr, confining pressures;, bulk stressd, number of load applications,
bitumen contentv,, water contentv, temperaturd, and the gradation properties,(C. and
D). It was found that the modulus of the oil sandeanals and permanent strain strongly
depended on the applied stress states, temperhtineen content, and the number of load

applications.

Various mathematical forms such as linear, nonfinlegarithmic, and hyperbolic were
investigated using multiple regression analysesisi@iering the typical exponential growth
of modulus and permanent strains in the triaxististethe power function was found to be the
most suitable for the models. Based on this resaiteral models were selected to study the
behavior trends of the oil sand materials. The Skffistical software was used to perform

multiple regression analyses on the data setsttrothe model parameters [29].

Generalized Models for Oil Sands
Table 2 lists the generalized modulus models dgeslaising the combined test data and

gives the model parameters obtained from stepwiskipte regression analyses. Table 3
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presents permanent deformation models developeth&pil sand materials. Detailed test
data and individual models developed for eachambdsmaterial tested, i.e., SE-09, SE-14 and
AU-14 samples, are presented elsewhere [9-14]hdulsl be mentioned that some of the

models presented in this paper provide enhancemgatshe previous models [9-14].

A more practical model for oil sand materials skoatcount for the additional effects of
temperature and bitumen content in the oil sandaRéhat oil sand materials depend largely
on the applied stress states, bitumen contenteangerature [2]. Therefore, model 3 of bulk
modulus and dynamic modulus models listed in T@bdan be proposed as a more advanced
model for field validation to estimate the bulk mibgs and dynamic modulus behavior of
these oil sands. Similarly, model 4 of the sheadwhss models can be proposed for shear

modulus characterization of oil sand materials.

The resilient modulus and permanent deformation elsodvere rather selected after
additional laboratory tests were conducted on ngwipared specimens of all the three oil
sand materials to verify performances of variousdet® suggested in Tables 2 and 3.
Generally, close agreements between results framotiginal and the verification tests
demonstrated good repeatability of the test dath l&ewise good performances of the
individually developed models. For resilient bebawharacterization, resilient modulus
predictions were quite better than models 2 andtrefore, it would be reasonable to
propose model 1 for further calibration as theliessi modulus model for oil sands. Also, it
was found that model 4 of the permanent strain nsosteuld predict the oil sand permanent
deformation accumulation in the field better thaodels 3. These observations support the
fact that bitumen content and temperature have medjects on the stiffness behavior of oil

sand materials in the field [2].
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TABLE 2— Oil sand modulus characterization models.

Bulk ModuluskK Models

Model 1: K = Axgh
Model 2: K = AxghTke
Model 3: K = AxghwfeT’s
Model Parameters A Ky ks ks R RMSE
Model 1: 0.6 0.441 - - 0.69 0.096
Model 2: 2.6 0.441 -0.585 - 0.82 0.075
Model 3: 17.8 0.441 -0.585 -0.607 0.93 0.049
Shear Modulu$s Models
Model 1: G = Axgh
Model 2: G = Axghcle,
Model 3: G= Axghrlowe
Model 4: G = AxglclewfoTk
Model Parameters A ky k, Ks Ky R RMSE
Model 1: 0.32 0.866 - - - 0.19 0.356
Model 2: 0.10 2.019 -1.592 - - 0.72 0.211
Model 3: 1.29 2.021 -1.596 -1.059 - 0.80 0.181
Model 4: 57.8 2.029 -1.614 -1.059 -1.183 0.87 0.147
Dynamic Modulusg*| Models
Model 1: ‘E*‘z Axpk
Model 2: E'|= Ax0"wy
Model 3: ‘E*‘= AxglwfeT's
Model Parameters A ky ks ks R RMSE
Model 1: 0.004 1.698 - - 0.63 0.304
Model 2: 0.431 1.710 -1.882 - 0.78 0.235
Model 3: 204.2 1.712 -1.882 -1.930 0.90 0.160
Resilient ModulusMz Models
Model 1: Mg = AxglawfeT’s
ki Ky
Model 2 M= AX(EJ (_] Wtk
Pa Pa
K Ky
Model 3: Mg = AX (iJ (@ +1] wieT ke
Pa a
Model Parameters A ky ks ks Ky 24 RMSE
Model 1 33.1 0.690 -0.464 -0.533 - 0.88 0.074
Model 2 619.7 0.770 -0.162 -0.467 -0.528 0.93 0.057
Model 3 865.8 0.771 -0.478 -0.466 -0.530 0.93 0.059
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TABLE 3— Oil sand permanent strain models.

k.
Model 1: &, = AxN "1("/ )
03

ks
Model 2: £p = AXN kl((%J o8
k(o Kk
Model 3: ep = AXN 1(%3) oW’
ka
Model 4: ep = AxNkl[”/ j olowfeTs
03
Model Parameters A ky K, ks Ky ke R RMSE
Model 1 0.013524 0.186 2.244 - - - 0.85 0.196
Model 2 0.002903 0.186 1.875 0.385 - - 0.90 0.188
Model 3 0.011442 0.186 1.874 0.387 0.645 - 092 0.185
Model 4 0.001389 0.186 1.875 0.386 0.650 0.66193 0.185

The generalized models selected and proposed ®inughis study to characterize oil
sand materials are presented in Eg4.38 Note that the shear strength models (Egs.ah8l

13b) were obtained directly from the Mohr-Coulomb telaship presented in Eqg. 2.

Bulk modulus K model:
K =17.8x gy o8eT -0 R?=093 RMSE=0.049 8)

Shear modulus G model:
G - 578X 920291-_1614W;1059T_1183 R2 =087 RMSE= 0147 (9)

Dynamic modulus |E*| model:

E'| =2042x 0 7w, 0% R?=090 RMSE= 0161 (10)

Resilient modulus M model:
M, =331x G *" ] *T %% R2=088 RMSE= 0074 (11)

Permanent straiee model:
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1875
6, :1.389><103N°186(% j GOPWSRT T R2=093  RMSE=0.185 (12)
3

Shear strength models at°20

SE-09:7, = 0820, +62 SE-14:7., = 0720, +152 AU -14:7., = 0630, + 229 (13a)

max

Shear strength models at°80
SE-09: I;ppy = 0650, +176  SE -14:7,,, = 0590, + 295 AU -14:7,,,, = 0550, + 313 (130)

max

The significantly high correlation coefficient§®j and low root mean square error
(RMSE values obtained from the SAS stepwise multiplgression analyses for all the
models (Eqgs. 8 — 12) implied that the individualdals could be proposed for routine use in
the estimation of oil sand field modulus and defation characteristics. Further, the p-values
for all selected models were less than 5% (i.ezalpe < 0.05), implying that there is high
confidence in the correlation of the modulus anfbiheation (i.e., dependent variables) with
the independent variables used to develop the mod&bwever, further validation and
verification of the models can be accomplished gisiesults of additional laboratory and
field tests.

As shown in Tables 2 and 3, the effect of streatess significant on all the selected
models for the oil sand materials. SpecificallysE§ — 12 show that bulk stress affects the
modulus of the oil sands significantly. The modydinerally increase at bulk stress levels,
indicating that oil sands become stress-dependatdrials during loading. Previous research
indicated similar trends for hot-mix asphalt matkriat high temperatures [30, 3Mhote that
the coefficients of Eqs.-81 are proportional to the moduli of the oil sandtenials. This
implies that these coefficients should always bsitp@ since the modulus property cannot
be negative. Also, increasing the bulk stress @s¢hmodels should produce a stiffening of

the oil sand materials to result in a higher modwlalues. That is, the exponents of the bulk
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stress should also be positive in these equat@nghe other hand, the exponents of bitumen
content and temperature in the models should bativegsince increasing these parameters

would generally result in a softening of bituminonaterials.

This suggests that at higher temperatures, the lmedu stiffness of the oil sand material
would be mainly influenced by the sand skeletord arcrease as the mining trucks get
heavier in the field. Thus, the moduli of oil saméterials would exhibit stress hardening
behavior similar to the case of unbound granulatemas. On the other hand, permanent
deformation accumulation increases with increastrgss values, as well as increasing
bitumen content and temperature. Similar trendsevedrserved in the field [2]. Thus, the
exponents of all the parameters in the permaneainstnodel should be positive. High
stresses and temperatures as well as high bitumeterds would induce large permanent

deformations in the oil sand materials especidliya initial load application.

Conclusions

This paper presented findings from a compreheraberatory research study conducted
at the University of Illinois at Urbana-Champaignthe US on three oil sand materials with
bitumen contents of 8.5 %, 13.3 % and 14.5 % byghteiOverall, five new and improved
laboratory test procedures were presented for mi@terg shear strength, bulk modulus,
resilient modulus and permanent deformation charestics, shear modulus, and dynamic
modulus of the oil sand materials. The laboratestihg program conducted with these tests

provided a large amount of data for the oil santkennas.

Two important conclusions can be drawn from thestn the oil sand materials:
* A suite of laboratory test procedures has beenldpgd for oil sand materials.

The test procedures provide a platform and oppiytdhat can be harnessed to
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establish standard ASTM laboratory test protocolstlie sustainable use of oil
sand deposits as temporary and permanent roadsatsabe mine fields.

» Material characterization and performance modelsehheen developed to
properly characterize field behavior of oil sandtenals under both static and
dynamic loading conditions. Although field caliboat will be necessary to
ascertain the overall performance of the modeé&sdéveloped models were found

to be reasonable for practical use based on tigirdorrelation coefficients.
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