© 2007 Joseph K. Anochie-Boateng



ADVANCED TESTING AND CHARACTERIZATION OF TRANSPORTA TION
SOILS AND BITUMINOUS SANDS

BY
JOSEPH K. ANOCHIE-BOATENG

B.S., University of Science & Technology, 1994
M.S., North Carolina A & T State University, 2002

DISSERTATION

Submitted in partial fulfillment of the requirement
for the degree of Doctor of Philosophy in Civil Emgering
in the Graduate College of the
University of lllinois at Urbana-Champaign, 2007

Urbana, lllinois

Doctoral Committee:

Associate Professor Erol Tutumluer, Chair
Professor Imad L. Al-Qadi

Professor Emeritus Samuel H. Carpenter
Professor Emeritus Marshall R. Thompson
Dr. Liqun Chi, Caterpillar Inc., Peoria, IL



ABSTRACT

New and improved laboratory test procedures haea beveloped as a suite of
tests to characterize the behavior of one finerg@icohesive soil and three naturally
occurring bituminous or oil sand materials. Therallebjective was to determine
behavior of these geomaterials under field loadimgditions of off-road construction
and mining equipment. The test procedures were teseanduct a comprehensive
laboratory testing program to determine both statid dynamic properties, and
deformation characteristics of the cohesive sdail #xe oil sand materials, with bitumen
contents of 8.5%, 13.3% and 14.5% by weight. Thiesample was tested at moisture
states chosen at the optimum moisture content, @&wband 3% above the optimum.
The complete test data provided an extensive ds¢atfamaterial properties including
friction angle and cohesion strength propertiek modulus, shear modulus, resilient
modulus, dynamic modulus, damping ratio, and peentdeformation characteristics.

Moisture content was the main parameter that afteotaterial properties of the
soil sample. The strength and modulus values o$dflegenerally increased for the 3%
below the optimum moisture condition and decredsethe 3% above the optimum.
Also, bitumen content commonly affected modulus pednanent deformation
properties of the oil sand materials. The oil ssawhple with 8.5% bitumen content had
the highest modulus values whereas the samplel#i?o had the lowest. Moreover,
permanent deformation accumulation was higheremihsand sample with 14.5%
bitumen content than the sample with 8.5%. The Wehaf the oil sand samples with
bitumen contents of 13.3% and 14.5% were simiaenerally, all the three oil sand
materials appeared to have stress softening motdehsvior similar to fine-grained
soils, and their stiffness trends under differemiperatures and loading frequencies were
typical of asphalt materials.

Based on the individual databases, material prgpertrelations and
characterization models were developed for theasall oil sand samples using the
applied stress states, loading frequency, testeestyre and bitumen content as
variables. The correlations and models may be asqutactical predictive equations to
estimate strength and stiffness behavior of firergd soils and oil sand materials, and

predict the amount of rutting and sinkage in tleddfi
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CHAPTER 1 INTRODUCTION

1.1 Background

The routine operations of large capacity off-roadstruction and mining
equipment on fine-grained cohesive soils and nyusacurring bituminous sand
materials (oil /tar sands) have become a concettmetconstruction, mining and
equipment manufacturing sectors. A major problemadility (trafficability) of large
capacity haul trucks and shovels on oil sand mateduring the hottest months in spring
and summer, and stability of fine-grained cohesiés. Researchers have extensively
investigated the behavior of fine-grained subgramteesive soils (Thompson and Robnett
1979, Bejarano and Thompson 1999). Others havestlsieed the behavior of oil sand
materials in the laboratory and field (Dusseautt Btorgenstern 1978a-b, Hsu et al.
1985, Samieh and Wong 1997 and1998, Joseph 200208&(. All of these studies
indicate that behavior of fine-grained soils andsands are primarily influenced by type
of loading, nature of applied stresses, and méatergerties including density, moisture,
and grain size distribution.

Fine-grained cohesive soils are commonly dealt witinansportation engineering
for preparing the subgrade foundation for trangimm facilities. Subgrade soils and
aggregates constituting the foundation of highway airport pavements as well as
railroad track often exhibit different and unig@sponses to loading from construction
equipment. The soil composition, grain size angsptal properties as well as the type of
applied static and dynamic loads and the naturesafiting stresses acting upon them
primarily dictate the behavior. Both fine-grainethesive and cohesionless granular soils
referred to here as geomaterials exhibit stressrimt, nonlinear, and elastoplastic
(combined elastic and plastic) behavior under thutime operation of construction and
mining equipment.

Oil sands, or tar sands are natural deposits oiiitous sand materials that are
mined for crude oil production. The world’s larges sand deposits are found in the
Alberta Province in Canada. The typical 8% to I»¢tveight of bitumen or asphalt
content in the oil sand composition makes theseraly occurring sands low

load-bearing materials for haul trucks, shovels atheér mining equipment.



Joseph et al. (2003) observed trucks and shovelsatipg on these soft materials
in summer to face with sinkage, rutting and traffidity problems. This is due to the fact
that equipment mobility and/or rolling resistanseadversely affected by equipment tire
sinkage, which is measured when the wheel is |ggifie soil as opposed to the
permanent deformation or rutting accumulating adlservation point in the soil when
the wheel is making a number of passes (Saaralo2). Thus, sinkage could be linked
to the permanent strain accumulation in the mdtdugng the first few load
applications, whereas rutting is the permanenirsrecumulated after several thousands
of load applications. On the other hand, the rglliesistance of a wheel (or a track) is the
force opposing the motion of the wheel as it rollsa surface of soil. Therefore, rolling
resistance is a function of the strength and dedtion properties of the soil, and tire size
and dimensions.

The relationship between sinkage and rolling rasist is demonstrated in Figure
1.1. Rolling resistance is associated with tracéiod sinkage. Traction is a measure of
the shear stress applied and the contact surfaeed@eper a wheel sinks into the surface,
the higher is the rolling resistance. The maindexaffecting sinkage and rolling
resistance are vehicle wheel characteristics, tgpssils and strength properties of the

soil.

Tire Load

Rolling Resistanct=———@

~ >~

NN

Traction

FIGURE 1.1 A Schematic Representation of Sinkage and Rollingd®istance of a Wheel



A detailed review of the research findings by Jbs@®05) also reveals that the
modulus and deformation behavior of oil sands airearily dependent upon the applied
load magnitude (wheel load in the field), rateag#ding or frequency, and number of
load applications. The confinement under the tnubkels are rather large up to 500 kPa
in the loose 6 to 8 meters of soil near groundcivlaire generally unsaturated and not
significantly affected by pore pressure developmgran loading. The oil sands exhibit
stress-softening behavior, which is typically obserinstead in fine-grained type silty
and clayey soils. The composition governed by lind £ontent (bitumen + water), grain
size and physical properties as well as the typppfied loading, i.e., static and/or
dynamic, and the nature of resulting stresses@aton them primarily dictate the
behavior.

To better understand the behavior of fine-grairel$ eind oil sand materials
under operations of construction and mining equiptyieis important to properly
address the actual time and temperature dependseups, elastic and plastic
deformation characteristics under both static mamoglly increasing and dynamic
repeatedly applied or cyclic loading conditionsrtkar, to characterize behavior of these
geomaterials, there is a need to conduct laboragsty that closely simulate field
densities and loading conditions. A comprehensabeiatory testing program should
consider experimental designs with full factori@algoverning or controlling test
parameters and material properties and permit@gmn of a wide variety of stress
states on the specimen. Such an experimental stadlgl provide measurements,
control, and improvement of in situ propertieste geomaterials during construction
and mining activities.

Current laboratory test procedures for charactagifine-grained cohesive soils
and oil sands have certain limitations. They dq mogeneral: (a) apply combinations of
various static and dynamic loading conditions angpecimen; (b) pulse the confining
pressures on the specimen; (c) control the hora@mdvertical stresses independently
on the sample for applying extension staées] (d) apply different loading frequencies
during testing. In addition, the majority of theognaterial models to date do not
adequately predict the behavior of soils and aibdsaaterials under construction and

mining equipment.



This is because most of the available models fonggerials are based on laboratory
stress-strain test data obtained from limited Ingaionditions. Therefore, improved or
new laboratory testing procedures are needed terlsttidy the behavior of these
geomaterials.

This research study was intended to develop labigrégst procedures for
advance testing and characterization of fine-gdat@hesive soils and oil sand materials.
The test procedures are based on typical fieldmhgacbnditions and the loading
characteristics of large capacity construction mmging equipment. The study also
aimed to provide a better understanding of the \iehaf the materials tested, and
support efforts to properly model soil and oil sé&mthavior under both static and
dynamic loads. The laboratory test results were iaiended to provide both a
comprehensive database of geomaterial propertcdm be used to improve designs of
construction and mining equipment and a set ofejuids for the future development of
laboratory testing protocols and material chargaaéon models for predicting the

behavior of fine-grained cohesive soils and oildsaraterials.

1.2 Problem Statement

There is a growing concern about the routine opmraitof large capacity off-road
compaction, construction and mining trucks and skown fine-grained cohesive soils
and oil sand materials due to problems with mahistnkage and unwanted vibration.
The existing laboratory testing and material chi@r@gzation models do not adequately
address the behavior of these problematic georaltemder field loading conditions of

construction and mining equipment.

1.3 Objectives and Scope

The overall research objective in this study ibétter understand the behavior of
fine-grained cohesive soils and oil sand matetater field loading conditions of off-
road construction and mining equipment, and devp&yformance-based elastic and
plastic deformation models for predicting strengtiffness and deformation

characteristics such as initial sinkage and rutpioggntial of these geomaterials.



Specific objectives pursued are as follows:

(1) Develop laboratory testing procedures to adegly characterize behavior of
fine-grained cohesive soils and oil sand matetalser dynamic loading conditions of
field loading of off-road construction and miningugoment.

(2) Conduct laboratory tests following the deyed test procedures on one fine-
grained cohesive soil and three types of oil samdpes to determine strength, modulus
and damping properties and permanent deformatiomnaglation under laboratory
applied stresses that are representative of fieldihg conditions.

(3) Establish databases of material propert@® the laboratory testing program, and
develop material characterization models for tiséetd soil and oil sand strength,
modulus, and damping properties.

(4) Develop permanent deformation models fodiateng field sinkage and rutting
potentials in oil sand materials.

The scope of this laboratory research effort wastdid to testing one fine-grained
cohesive subgrade soil and three different oil saaterials. The soil sample was A-6
clay soil, and obtained from Caterpillar Inc. Derstation Training Center in Edwards,
lllinois. The oil sand samples used for the stugyeawone low grade and two high grade
material obtained from Suncor Energy Inc. and SyierCanada Ltd. oil sand mines in
Canada. Laboratory tests performed on these geoiadatare (1) hydrostatic loading
tests, (2) monotonic loading shear strength t83t,gpeated load triaxial modulus and

permanent deformation test, (4) pure shear loagisis, and (5) damping property tests.

1.4 OQuitline of Dissertation

This dissertation is divided into nine chapt€kapter 1 consists of a detailed
discussion of the research background and the atativand anticipated contribution of
the entire study to the research community.

Chapter 2 presents a review of the existing lalboyaest procedures and
characterization models for fine-grained cohesoiks nd oil sand materials. A brief
description of the existing test procedures andudisions of state-of-the-art advanced

testing equipment selected for this study is preskn



In addition, Chapter 2 discusses the existing rmateharacterization models including
wheel and solil interaction models for fine-graimetiesive soils and oil sand materials.
The limitations of the existing test procedures Hr@lcharacterization models are also
summarized in this chapter.

In Chapter 3, new and/or improved laboratory pestedures are developed for
fine-grained soils and oil sand materials. Somine$e new innovative and
comprehensive test procedures provide improvethtgptotocols for determining
strength, modulus and deformation characterisfic®its and oil sand materials. Results
of the preliminary laboratory tests conducted oa bine-grained soil and three oil sand
samples are presented, and various laboratorpgestjuipment suitable for standard and
advanced testing are described. The methods ofleargparation and detailed
elaborations of the significance and use of theetiged test procedures are also given in
this chapter.

Chapter 4 focuses on characterizing bulk modulhefsoil and oil sand samples
using the hydrostatic compression testing procedtre test results are used to develop
material property correlations and bulk modulusrabierization models for the soil and
oil sand samples.

In Chapter 5, shear strength properties are deteanising triaxial and direct
shear tests. The triaxial shear strength testdad tsdetermine the properties of the soil
sample, while both the triaxial and direct sheats@are used for determining the
properties of the oil sand samples. The Mohr-Coblaniterion is used to characterize
the strength of the soil and oil sand samples.élifexts of various test parameters and
loading conditions on the shear strength propeatiesalso discussed in this chapter.

Chapter 6 focuses mainly on permanent deformatb@abior of the three oil sand
materials. This chapter describes comprehensiasdry tests conducted in this study.
A newly developed repeated load test procedursas to determine permanent
deformation characteristics and the resilient betraf the three oil sand materials. The
test data are then analyzed to develop permanérnagtion models. The resilient
behavior of the oil sand materials is also charad using existing stress-dependent
modulus models.



Chapter 7 presents shear modulus characterizatide soil and oil sand samples
using a newly developed pure shear loading testepiare. In this chapter, the standard
cyclic triaxial test procedure for determining sheebdulus of soils is also employed to
conduct tests on the oil sand samples at seleateting conditions. In addition to the
shear modulus property, the phase angles of thedtesaterials are reported.
Comparisons of the obtained shear moduli are matieden the standard cyclic and the
newly developed pure shear tests. Test resultsn@otdrom the two procedures are used
to develop shear modulus characterization models.

A new laboratory test procedure developed for deteng the damping
properties of fine-grained soils and oil sand malelare presented in Chapter 8. Based
on the test results, various characterization nsoded developed for the dynamic
modulus and damping ratio properties. The sigmaitzdel used for characterizing
asphalt materials is also employed to model dynanadulus of the oil sand samples.
The effects of various loading conditions on dymambdulus and damping ratio
properties are also discussed in this chapter.

Chapter 9 summarizes the research findings anadmeemdations for future
work. The general findings are outlined, and sdpdiadings are grouped according to
individual tests. Recommendations are made on bafféctively evaluate the responses
and behavior of fine-grained cohesive soils andaild materials under large capacity

construction and mining equipment.



CHAPTER 2 REVIEW OF GEOMATERIALS TEST PROCEDURES AND
CHARACTERIZATION MODELS

2.1 Introduction

Over the years, considerable progress has beentmaésgelop laboratory test
procedures and material characterization modetsbance the understanding of the
behavior of soils and oil sands under cyclic anshatonic loading conditions. The major
limitation is how these laboratory test procedwas effectively reproduce field stress
conditions, and simulate the combined effects o lstatic and cyclic/dynamic loading,
which typically occur in an element of a foundatgeomaterial during construction and
mining activities of mobile equipment. Another difflty is to accurately predict the
damaging field loading effects of large mobile guuoeént including haul trucks and
shovels. When the limitations of existing testimggedures and characterization models
are properly addressed for fine-grained soils ahsibmd materials, reliable test results

and accurate models could be developed to chaizetbeir engineering behavior.

2.2 Current Laboratory Testing for Material Chara cterization

Current laboratory test methods used to deternong/geomaterial properties
mostly include (a) direct shear, (b) simple sheat, t(c) cyclic triaxial test, (d) repeated
load triaxial test, (e) true triaxial test, andi{bllow cylinder tests. These test procedures,
under various conditions have been extensively tsad/estigate both static and
dynamic loading behavior of soils/geomaterials.dX¢ly, triaxial compression tests have
been extended for performance-based testing ahbious materials (AASHTO
TP7-94). A brief description of each test procedaneresented under this section,

including a discussion of the limitations and adages of the various testing devices.

2.2.1 Direct Shear Testing

Direct shear test is commonly used to determinestigar strength properties of
soils in the laboratory. The current standard pdace for direct shear test is ASTM
D3080. In the direct shear test, a normal loadts$ &pplied to the specimen in a shear
box, and shear load is applied to fail the specirii&e data collected are used to
determine friction angle and cohesion propertiethefsample. The principle behind

direct shear test is quite simple, and the tesasy to perform.



The direct shear test equipment is commerciallylavia, and it is not expensive. The
specimen failure is forced to occur on or near rizbatal plane at the middle of the
specimen. Also the shear stresses and specimemdgions are not uniformly
distributed within the specimen.

2.2.2 Simple Shear Testing

In the simple shear test device for soils, a cyutidzontal shear stress is applied
at the top or bottom of a laterally constrainedcgpen after consolidating it under an
initial vertical stress. The loading condition bifg test results in zero to +/- 90 degree
principal stress axis rotation and accompanyingnsai of shear stress. The simple shear
tests can determine permanent deformation accuioiliazit the specimen during testing
due to its capabilities to simulate shear stregsreal in the field. Problems in
performing this test include the difficulties irethpplication of uniform shear stress at
the top of the specimen and the development obumishear deformations throughout
the specimen. Further, it is often difficult to ypeat slippage along the top and bottom
loading plates and to simulate a continuous ratadifcthe principal stresses, which

occurs in a soil element during dynamic loading.

2.2.3 Cyclic Triaxial Testing

Owing to the availability of test equipment, thelec triaxial test has been
commonly used to determine modulus and dampingepties of soils. During the test,
cylindrical specimens are subjected to a cyclicatem in the axial stress, which is
intended to simulate the cyclic shear stressesrexyped by an element of
soil/geomaterial in the field during dynamic tygdaading. As illustrated in Figure 2.1,
the cyclic deviator stregso is applied such that the specimen is subjectadtéonating
cycles of vertical compression and extension ahaoudll-around effective consolidation
stress ofs_. A corresponding cyclic shear stress is producethe 45 degree plane. One
of the major shortcomings of the cyclic triaxiakgl test is that unlike in the field where

stresses vary in both radial and vertical dire®j@n equal all-around pressure is

assumed for confinement.



The stress path of the applied cyclic load is megrded vertically (see Figure 2.1) but it
is rather in the direction of axial compression doés not provide a good representation
of the shear stresses induced in the ground asult of dynamic loading. Due to the
isotropic confinement, the variation in the sheéegss on any plane is not symmetric

throughout the cyclic loading.
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FIGURE 2.1 Stress Components in Cyclic Triaxial €sts: An Isotropically Consolidated
Specimen.

2.2.4 Repeated Load Triaxial Testing

The principles of cyclic triaxial test have beemegxied to the field of pavement
engineering to perform the repeated load triaxaal to simulate highway or airport type
of loading. The major difference is that in thegated load triaxial test, transient loads
which are well below failure stresses are appliedh® specimen. The AASHTO T307 is
the current test procedure to perform standardatepdoad triaxial test to determine the
resilient properties for unbound materials and satdg soils. The initial conditioning
stage of this test is used for permanent deformati@racterization of geomaterials in a
limited capacity. The test has been mainly usesinwlate highway loading conditions in

the laboratory.
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During testing, cylindrical specimens are subjedtedifferent repeated/pulsed
stress states under different constant all-aroondiing pressures to simulate lateral
stress caused by the overburden pressure and dyadhnaipplied wheel loadings. The
test device is commercially available, and the sizihe specimen required is reasonable
for field representation and laboratory preparattéowever, the current repeated load
triaxial test procedure is unable to simulate rantal dynamic stresses applied on a
pavement element under a wheel load in a constenfining pressure triaxial test. In
addition, the highest confining pressure and astrass applied during laboratory testing
is limited, and cannot simulate field situationsandconfining pressure exceeds the
applied axial stress, i.e., extension loading. M@imum stress ratio is also limited to
2.0 in the standard AASHTO T307 test procedurecivis not enough to simulate higher
field stress ratios.

2.2.5 True Triaxial Testing

The true triaxial test is used to include the dfexf applied intermediate
principal stress, which is often different than thajor and minor principal stresses, to
investigate anisotropy or directional dependenayaterial properties. The test allows
the application of three principal stresses indédpatly on six faces of a cubical
specimen compared to the only two normal stregsglsea in the standard triaxial and
simple shear tests. The setup for true triaxialagess often complex, and preparation of
the cubical specimen is extremely difficult. Thisacacteristic makes the true triaxial test

setup somewhat unsuitable for routine laboratasting.

2.2.6 Hollow Cylinder Testing

The hollow cylinder test allows for both isotropind anisotropic initial stress
conditions to be applied on the specimen. CharBand/n (1984), and Alavi (1992)
reported hollow cylinder test to closely simulaliettze field complex stress conditions
including principal stress axis rotation to whiaognaterial element is subjected during
testing. The hollow cylinder test is flexible topdying different stress path loading for
characterizing granular material and soil behavibtie test procedure is particularly
suitable to investigate permanent deformation actation under various stress states

applied by moving wheel loads.
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However, torsional shear equipment used for tlgsigenot widely available, and
specimen preparation procedure can be very diffohue to the placement of two
membranes both internally and externally on theispen. Another limitation is that
interpretation of test results is rather complidaaad may not permit correlation with
other tests (Ishibashi and Sherif 1974). Furtheemihe shape of the specimen makes

the device impractical for use in conventional pcac

2.3 Advanced Testing Equipment and Capabilities

In this study, state-of-the art laboratory specirmpsparation and testing
equipment for soils/geomaterials and asphalt natehiaracterizations are selected to
address the limitations of current laboratory pgstedures and testing equipment. All
the specimen preparation and testing equipmeng tlisgtussed are currently used for
characterizing transportation materials includirtgrminous materials, unbound granular
materials and soils at the Advanced Transportdtiesearch and Engineering Laboratory
(ATREL) located at University of lllinois. Detailedescriptions and capabilities of five

selected devices are presented next.

2.3.1 Advanced Triaxial Testing Equipment (Ul-FatCell and RaTT cell)

Two advanced cyclic/repeated load triaxial testirgices at ATREL, University
of lllinois FastCell (Ul-FastCell), and the InduatrProcess Controls (IPC), Ltd rapid
triaxial testing cell (RaTT cell) can be convenlgnised for soils and bituminous
materials testing. In addition to pulsing stresedbe vertical direction, these testing
devices offer the extra capability to apply dynastiesses in the radial/horizontal
direction to better simulate field stress statedeuntraffic/moving wheel loads and
measure anisotropic material stiffness propertiaseded. Both the Ul-FastCell and
RaTT cell use a one to one (1:1) specimen heigtiiaimeter ratio in their setups with no
need for specimen trimming and gluing to end pla@snpared to RaTT cell, the
Ul-FastCell system also allows the more rapid aapilon of higher static radial stresses
through the use of hydraulic oil-filled confiningamber. The test setup for Ul-FastCell
also enables measuring shear stress reversals dyadamic loading that involves a

change in total shear stress direction (TutumladrEhompson, 1997a-b).
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2.3.1.1 Description of Ul-FastCell

The Ul-FastCell device was custom-designed and faatwred by the Industrial
Process Controls (IPC), Ltd. Company in Australiae device was designed based on
concepts which resulted from successful reseanctings by Tutumluer (1995),
Tutumluer and Thompson (1997a-b). Ul-FastCell astgid/air interface to minimize
compressibility effects when conducting tests inchlthe horizontal stress on a
specimen must be cycled. Figure 2.2a shows thieadt€ellwith the confinement cell
lowered down on the specimen for the testing pmsitAn air actuator is used to apply
the axial pressure to the specimen, and the cowgfipiessures are cycled through a
hydraulic fluid withina rubber membrane. The driving cylinders on the& lodi¢he
confiningcell (not shown here) include an air-fluid interfacdieh providedast
application and switching of the dynamic loadingyufe 2.2b is an illustration of the
cylindrical specimen, 150-mm in diameter by 150-(approximately 6-in diameter by
6-in) high under independently applied vertical aadial stresses and the
instrumentation consisting of linear variable désy@ment transducers (LVDTS)

measuring axial and radial specimen deformations.

Oy
Vertical Vertical
LVDT 1 LVDT 2

Pore Pressure
Transducer

(a) Photo of Ul-FastCell (b) Instrumentation and Cylindrical Specimen

FIGURE 2.2 University of Illinois’s Advanced Triaxial Testing Device (Ul-FastCell).
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The Ul-FastCell specifically offers the followingghly beneficial capabilities in
laboratory geomaterial characterization, (a) messent of on sample vertical and radial
displacements, and axial force and displacemesetexitto cell; (b) a bladder type
horizontal confinement chamber with a built-in mearte which is inflated to apply
variable confining pressures during vertical cy@tiading; (c) independently cycling
either vertical or radial stress in phase or oyiladse, or cycling both vertical and radial
stresses simultaneously at different stress leirelsgmpression or extension type
loading; and (d) applying shear stress reversalshlpging principal load/stress
direction on the same specimen with applied rgulidde stresses exceeding the vertical
one. Since its inception, the Ul-FastCell has hesad to perform several geomaterial
characterization tests (Tutumluer and Seyhan 198ghan 2002, Kim 2005, Kim and
Tutumluer 2006).

2.3.1.2 Description of RaTT Cell

The RaTT cell device uses IPC’s universal testiagmne series, UTM-5P
system, with an environmental chamber, which isgemrature controlled, to apply
loading to test specimens. The instrumentationspedimen configuration is the same as
Ul-FastCell (Figure 2.2b), except that RaTT ceb hdditional transducer for
temperature measurement of the specimen. The systendes automated control of cell
movement to simplify specimen handling, and compeatatrol of both confining and
axial stress. Figure 2.3 is a photograph of RaTllse¢up used in permanent deformation
testing of bituminous specimens in ATREL.

In this study, the test procedures designed foR&ET cell testing allowed
varying sine load pulses in the axial and radiegations to apply on the specimen at
multiple frequencies, multiple stress states, affdrént temperatures. These capabilities
enable the test setup to determine both time-degrerachd stress-dependent specimen
responses, two features that are important fonbitaus materials characterization. The
ATREL RaTT cell is installed in a 5 kN load-fram#dd with a pneumatic actuator, and

mounted in a -15 to + 8Q temperature environmental chamber.
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FIGURE 2.3 RaTT Cell Setup in the Temperature Cotrolled Environmental Chamber.

Curtis et al. (1999) and Gould et al. (2003) folal T cell to be appropriate for
characterizing the behavior of asphalt concreteesiivr mechanistic modeling
applications. The RaTT cell setup in ATREL has bexensively used to characterize
bituminous and granular materials. Adu-Osei (208%8d the RaTT cell to characterize
resilient behavior of unbound granular materialsfiexible pavement use. Carpenter and
Vavrik (2001) used the RaTT cell for HMA performanevaluation tests.

2.3.2 IPC Servopac Gyratory Compactor

The IPC Servopac gyratory type compactor is recona®e for compaction of
bituminous materials in Superpave volumetric migtdesign. This compaction method
allows fabricating specimens at field density |eveehd compaction properties. The IPC
Servopac compactor at ATREL is a servo-controlleeumatic loading system used to
produce 150 mm in diameter by 150 mm high specinf@anigting into Ul-FastCell and
the RaTT cell for testing. The compactor operateafplying constant vertical pressure
of 600 kPa, standard gyration angle of 1.25 degmaebrotational speeds up to 30 rpm to
the specimen during compaction process. Compaitiachieved by the simultaneous
action of static compression and shearing resuftimg the motion of the center line of

the specimen. Figure 2.4 shows the gyratory congrasetup used for this study.
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YSERVOPAC

g Gyratory Compactor

FIGURE 2.4 IPC Servopac Gyratory Compactor at theUniversity of Illinois ATREL.

The ability of gyratory compactor to simultaneouapply a vertical pressure in
addition to a self regulated kneading action ersllezasonable simulation of field
traffic loading of flexible pavement system. Adugdg000) found that gyratory
compaction better replicate field compaction prtiperthan other compaction methods

including impact hammer (Proctor) and vibratory pation.

2.3.3 Universal Testing Machine (UTM-5P)
The IPC’s UTM-5P setup at ATREL for conventiongxial testing offers a

simple and convenient way to perform modulus ardial shear strength tests for soils
and sand size granular materials. The current detsphe capability of testing

cylindrical specimens of diameters ranging fromt@86-mm (1.5 to 3-in.). A vertical
actuator applies an axial monotonic load to thesispen, and the all-around confining
pressures are applied inside the triaxial chamiiex.1700-kPa capacity plexiglass
allows the application of constant confining pressurom a dry compressible air source
to consolidate the sample before testing. Specm@gponses from load cell and axial
displacement transducers are recorded and stot@dary files of a personal computer.
Figure 2.5 shows a picture of the triaxial celllmét 50.8-mm (2-in) diameter soll

specimen seen inside the confinement chamber.
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FIGURE 2.5 Photograph Showing Small Triaxial TestSetup at ATREL.

Several researchers (Garg and Thompson 1997, Bejarad Thompson 1999,
Anochie-Boateng and Tutumluer 2003) used the UTMs&tlap at ATREL to
characterize resilient modulus and triaxial sh&@ngth properties, and permanent

deformation characteristics of soil samples.

2.3.4 Pneumatic Direct Shear Testing Device

The most recent addition to the soil/geomateret®tatory at ATREL is
Humboldt's automated pneumatic direct shear testewgce. This is an advanced device
which utilizes pneumatic loading to apply vertitzdds to the specimen. Apart from
improving the accuracy of test results, the pneicaading system of this device
eliminates the need for numerous weights usedarm#ad weight-type direct shear
loading system and can apply both light and heasgd on the specimen.

The horizontal loads are measured with a 10 kNcigp S-type load cell, and the
vertical loads are measured with 1400 kPa capatcibyilt pressure transducer. Two
linear strain transducers are used to measurecttieal and shear displacements during
testing. The device is integrated with a steppinge motor and a controller which

permits and maintains the desired rate of stratherrange of 0.0001 to 10.0 mm/min
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(0.0001 to 0.40 in/min). Figure 2.6 shows a pictfrehe pneumatic shear device with
shear box assembly held between the motor (left)@ad cell (right).

FIGURE 2.6 Assembly of Humboldt Pneumatic DirecShear Testing Device.

A complete laboratory test setup of direct shestirtg comprises of the direct
shear device, an integrated computer system faratauisition and air supply facilities.
The Humboldt pneumatic direct shear testing dewgzs for this study is quite new and

automated.

2.4 Current Characterization Models for Soils andOil Sands

Material characterization models and constitutelatronships are often
developed to properly describe the behavior of ma$eas they are subjected to field
stresses in the laboratory. Soils are elastoplasiterials and thus undergo both elastic
(recoverable) and plastic (permanent) deformatimmg loading. Oil sand materials,
however, exhibit viscous behavior in addition ta@ergoing elastic and plastic
deformations under field loading (Joseph 2005). dunreent characterization models for
soils and oil sand materials are mainly based @sststrain relationships. Typical
stress-strain curves presented by Bejarano and psamm(1999), as well as typical
material properties obtained from stress-straiati@hships are shown in Figure 2.7.

Two significant modulus properties related to Feglr7 are the initial tangent
and secant moduli. The initial tangent modulusherrhaximum elastic modulus is the

slope of the tangent to the curve passing throbgtotigin, and the secant modulus is the
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slope of a line connecting the origin of the cutva specific stress level on the

stress-strain curve. The material modulus decreaglsncreasing strain.
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FIGURE 2.7 Typical Stress-Strain Relationships oSoils (Bejarano and Thompson 1999).

2.4.1 Fine-Grained Soil Characterization Models

2.4.1.1 Mohr-Coulomb Failure Criterion
The Mohr-Coulomb failure criterion is a widely knowtrength definition which
has been successfully used for soils/geomatetatbdlity analysis in geotechnical

engineering. The model is expressed as follows:

T =C+0, tan @ (2.1)

where,Tmax = Shear strengthg, = normal stress at failure; ¢ = cohesion intercept
tan @ = slope of the failure envelope@is friction angle).

This model has been extended to pavement engigetericharacterize subgrade
soils and unbound materials in pavement layers.Mtier-Coulomb criterion states that
the shear stress in a plane at failure is a funafdhe normal stress in the plane. The
two properties that define failure line are thetfan angle and the cohesion. This model
assumes that the soil material behaves lineartieland perfectly plastic until failure
occurs. However, soils are often stress-dependeastic and nonlinear in behavior,
over a wide range of stresses. The use of Mohrdolols model or envelope clearly

falls short in describing the entire behavior @lod, particularly during dynamic loading.
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2.4.1.2 Hyperbolic Stress-Strain Models

Kondner (1963) has shown that the nonlinear sts&ass behavior of soils can be
approximated reasonably by hyperbolic stress-straidels. These models have been
widely used for modeling behavior of many soilsdese it is versatile and simple.
Kondner (1963) proposed that a hyperbolic relatigngiven by Equation 2.2 could be
used to describe the soil stress-strain responaduaction of the initial tangent

modulus, axial strain and the ultimate deviatoestrexpressed as follows:

€ 1 €
6,703 E (01_03)u
where, E= initial tangent modulusgg — 03) , = maximum or ultimate stress difference,
0, andos are major and minor principal stresses, respdygtarede = axial strain. The
ultimate stress difference is related to the cosgive strength, or stress difference at

failure, (01 — 03)s , by the failure ratio, Rwhich is defined as follows:

(6,-0,). (2.3)

The variation of §1 — 03); with confining pressurey; can beexpressed by means of the

Mohr Coulomb criterion as follows:

(G1 _63)f _ chos¢+ 2sing -

~ 1-sing 1-sing ° (2.4)

Duncan and Chang (1970), and Duncan (1980) laperted that for most soils, the value
of Ry ranges between 0.5 and 1.Q.iskindependent of the confining pressure.
Janbu (1963) proposed a stress-dependent hyperbotel for soils in which

Ei varied withos. The model was based on primary loading data fraaxial tests.
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It is expressed as follows:

a

e [os)
E, —kPa(P j (2.5)

where, R = atmospheric pressure expressed in the sameasi®ndos, k = Young’s
modulus number, and n = Young’s modulus exponehichvdetermines the rate of
variation of Ewith 0;. The parameters k and n may be determined fromethéts of
standard laboratory triaxial tests by plottingaBainsios on a log-log scale.

Duncan and Chang (1970) combined Kondner and Jaualokels to develop a
hyperbolic model, which is mainly confining pressalependent. The Duncan and Chang
hyperbolic model is obtained by substituting equadi2.3 and 2.4 into the derivative of
Equation 2.2 with respect to strain. The modekjgressed in terms of the tangent

modulus E of the soil material as follows:

E, = [1_ R; (1_Sin¢)(01_03)}2kpa(&jn (2.6)

2ccosp +20, sing P

a

The tangent modulus in this expression can be insedremental stress analyses of
soils. All the parameters in this model may be eteed from laboratory test results. In
addition, Duncan and Chang (1970) proposed anbyperbolic stress-strain model to
show the variation of modulus with confining pregswsing unloading or reloading
triaxial tests data of sand material. In this motted modulus of the material was related

to confining pressure as follows:

Eur = kur Pa (%J (27)

a

where, E; = unloading/reloading Young’s modulusg; & unloading/reloading Young’s
modulus number. Duncan (1980) reported that féfrsstils the value of k could be

20% greater than the value of k in Equation 2.5.
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For soft soils, he reported ko be three times as large as k. According to Banthe
value of n was assumed to be the same in the hgfierblations for both primary
loading and unloading/reloading conditions.

Duncan (1980) also suggested that for a conventidaaial test, in which the
deviator stressa — 03) increased from zero at constant confining presghere was a
nonlinear relationship between the bulk modulus,dtviator stress and the volumetric

strain. This relationship is represented as foltows

_[ 01703
K—(—38V J (2.8)

where, K = bulk modulus argj = volumetric strain of soil material.
For modeling volumetric responses of soils, Dund@80) proposed a hyperbolic
model for the variation of bulk modulus as a fuoetof confining pressure. The model is

expressed as follows:

_ o)
K=k, P{P j (2.9)

a

where, Ik = bulk modulus number and m = bulk modulus exparféor most soils,
Duncan reported the value of m to be between (Qland

The hyperbolic stress-strain models presented bentain limitations when
describing the behavior of soils. The majorityted models do not include volume
changes due to shear stress. This could limit theehs to accurately predict
deformations that take place in dilatant soils sallense sands. The hyperbolic are also
limited to static loading conditions. Besides, pfa@ameters in the hyperbolic models are
empirically based. These limitations would not alline hyperbolic stress-strain models
to properly characterize soils during constructetivities. The field loading conditions
of soils due to vehicular loading during constrotare both static and dynamic.
Therefore, models must be based on static and dgraadings to properly account for

the behavior.
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2.4.1.3 Shear Modulus and Damping Ratio Models

The cyclic triaxial and resonant column tests Beerhost commonly used
laboratory tests for determining shear modulusdardping ratio properties of soils. The
test procedures and calculations of modulus angaeproperties are described in
ASTM D 3999 for cyclic triaxial test, and ASTM D 9 for resonant column test. The
major difference between the two tests is thattlodic triaxial test measures material
properties at high strain levels whereas the regar@umn test measures the material
properties at low strain levels.

In the cyclic triaxial test, the shear modulus @Gdirectly computed from the
elastic modulus E of the material using an asswaége of Poisson’s ratio. The material
damping ratio is computed from hysteresis loopedfiator stress graphed with axial
strain. The slope of the secant line connectingeitteeme points on the hysteresis loop is
used to define the material’s elastic modulus. Miagerial damping ratio D is computed
as the ratio of the energy dissipated in one dyctbe maximum strain energy stored by
the sample. Equations 2.10 to 2.13 are used to cenghear modulus and damping ratio

properties from the cyclic triaxial tests.

E=—¢

. (2.10)
v=(1+v)e (2.11)
G=_ E

2(1+v) (2.12)

A

D=—"L_x100

A (2.13)

where,04 = deviator stresy,= shear strairg; = axial strain ang = Poisson’s ratio,
A, = area of hysteresis loop, which is equivalertbtal energy dissipated in one cycle,
A+ = total area representing the maximum strain gnerg

In the resonant column test, the soil sample ig&xX¢o longitudinal or torsional

vibration by means of an excitation device.
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Once the resonant frequency is established duestgy, the velocity of wave
propagation and the degree of material dampingleniged. The shear modulus is then
obtained from the derived velocity and the densftthe sample. The damping ratio is

computed from Equation 2.13 while the shear modislabtained from Equation 2.14.

G =p (2nL)2(f,/F,)? (2.14)

where, { = system resonant frequency for torsional motion,length of specimen,
p = density of sample,/= dimensionless frequency factor. The value-pisFobtained
from charts provided in ASTM D 4015.

The maximum shear modulusyzis a key property in small strain dynamic
analyses, such as those used for predicting sbédwer and soil structure interaction
during earthquakes, explosions or machine anddnaffrations. According to elastic

theory, Ghax Can be computed from the known shear wave velasitipllows:

G =VZp (2.15)

where, Vs = shear wave velocity, gmé known soil density.
A normalized shear modulus concept has been usétalgin and Black (1968)
to develop an empirical equation to compute theimam shear modulus of soils. The

equation is expressed as follows:

Geq _ 1
Grax 1+ (A7y44/0.0012)

(2.16)

where, Gq = equivalent shear modulus, defined as the rdtsingle amplitude shear
stress to shear strain afdgsa = single amplitude shear strain.
Hardin and Drnevich (1972) related the Gi@atio to the damping ratio D of

soil materials. The relationship is expressed Hgvis:

D = D s [1~ (G/Grra)] (2.17)
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Based on shear modulus data obtained from reseplmhn tests, Seed and Idriss (1970)
suggested various empirical equations for the mamirshear modulus, which is mainly
dependent on the relative density of the soil.

It can be seen that shear modulus and damping piegbave not been modeled
using the applied stress states or field loadinglitins in the laboratory. Generally, the
applied stresses are the most important factotsaftfect behavior of soils under dynamic
loading conditions. Shear modulus and damping @atiperties should be modeled as
stress dependent.
2.4.1.4 Resilient Modulus Models

Resilient modulus properties of fine-grained cohesioils are determined in the
laboratory from repeated load triaxial tests, irnclircylindrical specimens are subjected
to a number of repeated deviator stresses underett constant confining stress
conditions. The resilient behavior of soils is afésl by several factors including
magnitude of stress level, stress history, numbé&raa applications and conditioning
sequence. Other soil properties such as liquid,liphasticity index, specific gravity,
water content, density and organic carbon contegnts also been linked to the resilient
modulus of soils (Bejarano and Thompson 1998 applied stresses and the specimen
moisture content significantly influence the resili behavior of fine-grained soils.

Studies conducted by Hicks and Monismith ( 197 byd& (1980), Thompson
and Elliot (1985), Uzan (1985), Lade and Nelsor8{)9O’Reilly and Brown (1991),
Uzan et al. (1992) have all shown that the rediliesponse of soils/geomaterials can be
characterized by using stress dependent modeldweljoress the modulus as nonlinear
power functions of stress states. Fine-grained sivlesoils are stress-softening whereas
granular soils harden with increasing stress states

The popular K-theta model (Equation 2.18) propdse#iicks and Monismith
(1971) has been widely used to characterize rasitdulus of granular materials
although it neglects the effects of shear stregh@mesilient modulus. For a more
accurate representation of the soil/geomateridiavier, Uzan (1985) modified the
K-theta model to include shear stress effects ideting. Witczak and Uzan (1992)

modified the Uzan model, and presented the univVeredel.
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The universal model considers in three-dimensibagiilation effect that take place
when an element of the material is subjected togel principal stress ratio, such as
would occur under large mobile construction andingrequipment in soils. Recently,
the National Cooperative Highway Research Progld@HRP) has modified the
Witczak and Uzan models for determining resiliedolus of geomaterials. The
K-theta, Uzan, the universal and the NCHRP (1-3084) Mechanistic Empirical

Pavement Design Guide (MEPDG) models are expresséallows:

K-theta: M, = k,0% (2.18)
Uzan (1985)M, = k,0% ¢, (2.19)
0 Kz ks
: . _ Toct
Universal Model:M; = k, P, (Ej ( P, j (2.20)
0 Kz ks
MEPDG Model:M, = k, P, (FJ (L +1j (2.21)

where,0 = bulk stress (sum of principal stresseg); deviator stresg,: = octahedral
shear stress; kkp, and l are model parameters obtained from multiple resgpes
analyses of triaxial data.

For fine-grained cohesive soils, Fredlund et @.7({) also proposed a semi-log
model that relates resilient modulus with the aggplileviator stress. The model is

expressed by the following equation:

LogM; = k-noy, (2.22)

where, k, and n are model parameters.

Brown (1979) proposed a resilient response madet fepeated load triaxial
testing of fine-grained cohesive subgrade soilss ftodel accounts for the effects of
mean normal stress caused by overburden and thetalestress caused only by the
wheel loading.
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The model is expressed as follows:

M, =A [&j (2.23)
Or

where, p', = effective mean normal stress caused by oveenr, = deviatoric stress

caused by wheel loading, A and b are material emtst

Thompson and Robnett (1979) proposed the arithmmadidel for resilient
response modeling of fine-grained soils. The argiicrmodel relates resilient modulus
with repeated deviator stress. This is a bilinggaraximation of resilient modulus with
breakpoint modulus represented as the intersepbort of the two lines. Since its
inception, the model has been the most commonlg isthe US to describe the stress
softening behavior of fine-grained soils. The am#tic or bilinear model is usually

expressed as follows:

Mg = ki + k3 (kz- O'd) whenog < ko (2243.)

Mg = ki - k4 (Og - k) whenag> ko (2.24b)

where k = breakpoint modulus k= breakpoint deviator stress, akglk,are material
constants obtained from laboratory repeated lostd.te
Moossazadeh and Witczak (1981) used resilient respdata for fine-grained

cohesive soils to propose the power model, whigdxpessed as follows:

M. =K oy (2.25)
where, k and n are model parameters.

Boateng-Poku and Drum (1989) proposed a hyperbubdel to account for the
stress softening behavior of fine-grained cohesoibs.
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The model is written as follows:

a'+b'
M, = —°% (2.26)

Gyq

where,a' and b' are hyperbolic parameters.
2.4.1.5 Permanent Deformation Models

Laboratory data obtained from repeated load tridgsts are used to model the
permanent deformation behavior of fine-grained soleesoils. Previous studies by
Lashine et al. (1971), Barksdale (1972), Monisraitll. (1985), and Lekarp (2000)
documented that load characteristics and moistuméeat are the most important factors
affecting the permanent deformation (plastic) bébranf fine-grained soils.
Consequently the majority of permanent deformatmmuels found in the literature are
based on loading characteristics such as numbeadfrepetitions, stresses and strains.
Using laboratory test data, curve-fitting procedunave been successfully used to model
permanent deformation characteristics of soilstk&#ale (1972) used the hyperbolic
model given Duncan and Chang (1970) and derivegdhation of permanent axial

strain with applied stresses in repeated load testellows:

g = (Gd)/klcgz
"L (R o,)/(2ccosp+ 20 ,sing) (2.27)
(1-sing)

where,g, = permanent axial straiog = repeated deviator stress; = constant confining
pressuregp = friction angle, ¢ = cohesion, ; R the failure ratio, k¥ k, are material
constants.

Several subgrade soil models have been used tesexgrpermanent strain
accumulation with number of load applications.
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Monismith et al. (1985) proposed the phenomeno@dgiower model as follows:

g, = AN® (2.28)

where, N = number of load applications, A and bexgerimentally determined model
parameters obtained from simple regression anadysise test data.

A permanent strain accumulation model was develap&hio State University
to describe permanent deformation in pavement $ayetuding asphalt, granular base
and subbase courses and the subgrade soil (Kh88j.Ithe model is expressed as

follows:

g, /N=AN" (2.29)

where, A = experimental constant which dependserapplied stresses, and m is an
experimental constant which depends on materigdestes.

Thompson and Nauman (1993) proposed rutting ratéemenhich is comparable
to the Ohio State University model. The ruttingeratodel was used to predict rutting in
AASHO Road Test pavement s (Thompson and NaumaB)1%Be model is expressed

as follows:

RR=RD/N = A N° (2.30)

where, RR = rutting rate, RD = rut depth (in.) #)d are model parameters developed
from field calibration testing data.

The new Mechanistic-Empirical Pavement Design GUMEPDG,
NCHRP 1-37A 2004) recommends the form of the peanadeformation model
developed by Tseng and Lytton (1989) to estimaggodrmanent deformation of granular

and subgrade materials.
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The MEPDG permanent deformation model is expreased
_(gjﬁ
o, = (—JE& N &, [h (2.31)

where, &, = permanent deformation for the layer/sublayer
N = number of load applications
€0, B andp are material properties
& = resilient strain imposed in laboratory test lain material properties, 3 andp
€, = average vertical strain in the layer/sublayeolatsined from the primary response
model
h = thickness of layer/sublayer

The limitations of resilient modulus and permarggformation characterization
models may be attributed to the deficiencies inciimeent laboratory test procedures. For
instance, the current repeated load test procddusmils (AASHTO T 307) can only
apply maximum confining stress of 41.4 kPa (6 @iy cyclic/deviator stresses of
69 kPa (10 psi). Such small stresses are obvianatiequate to account for the high
loading conditions experienced by fine grainedssoilder heavy construction equipment.
As a result, modulus and permanent deformation mepddich are mainly based on

these test procedures cannot properly accounidioribading conditions.

2.4.2 Oil Sand Characterization Models

The current laboratory characterization modelfbsands are predominantly
based on stress-strain data obtained from expetaingdies. Many researchers
(Dusseault and Morgenstern 1978a-b, Scot and K&, Scot and Hsu 1986,

Kosar et al. 1987, Samieh and Wong 1997 and 1998g/¥993 and 1999, and Joseph
2002a) have used such data to model behavior shatls. In the laboratory, triaxial
compression tests were mainly used to charactetizand behavior. In the field, limited
data of simple plate load tests have been uselda@cterize oil sands. Unconfined
uniaxial compressive strength test data obtaineDusseault and Morgenstern (1978b)

yielded no correlation between peak stress anthstadues.
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Using the same data, Joseph (2004) obtained a ezesMation between the modulus of
elasticity and axial strain. Although significanthrge amount of triaxial strength data
have been reported for oil sands, the majorityhese data is based on static loading
conditions. Material models developed from theda dee limited to static confining
stresses and shear strength parameters. The fofaubsections describe the existing
oil sand characterization models.
2.4.2.1 Laboratory Characterization Models of QiSands

Joseph (2005) described oil sand as elastoplastierials, and reported that oil
sand behavior was similar to clay with little frartal characteristics and high cohesion. It
should be noted that fine-grained soils and oitlsaaterials have different compositions.
Oil sand is a bituminous material. Therefore, takdvior may be different from soils
under similar loading conditions. Dusseault (19D0sseault and Morgenstern (1978b)
developed several Mohr-Coulomb relations for ofldsausing both triaxial strength and
direct shear test data. Based on several tesbbtaaed from Athabasca oil sand studies,
they demonstrated that the Mohr-Coulomb failureedopes of oil sands could be

expressed as generalized power-law relationshiygndiy:

.. =Ac’ (2.32)

where,1; = shear strength of oil sanal, = applied normal stress during test, and A, b are
model constants. Equation 2.32 indicates thatamitianaterials have little or no cohesion
between grains. Optical and scanning electron recape studies conducted by Wong
(1999) supported findings by Dusseault and Morgens{1978b). The power-law model
has been used to describe the strength behavik £dnds at varying temperatures and
oil contents.

The laboratory data of oil sands have also beecritbes by hyperbolic models
used for soil materials. Agar et al. (1987) usedhiiperbolic model developed by
Duncan et al. (1980) to fit triaxial compressiosttéata to model the behavior of
Athabasca oil sands. For up to approximately 80%eak deviatoric stress, the

hyperbolic model could reasonably model the stetissn behavior of the oil sands.
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Samieh and Wong (1997) used the model proposedriiyu)1963) to evaluate the initial
Young’s modulus of Athabasca oil sand, and coreelléite friction angle and confining

pressuras; of Athabasca oil sands by the following equation:

0= Fay [P—aj (2.33)

where, @, = reference friction angleg{ = 3@), and F and n are constants. The friction
angle is an important shear strength property, wlsi@efined for cohesionless soils by
the following equation:
@=sin" (%} (2.34)
where,0; andos are major and minor principal stresses, respdgtive

The hyperbolic model for a soil’'s bulk modulus pospd by Duncan (1980) is
currently used to describe oil sand volumetric oesg properties. This clearly indicates
that continued research for oil sand charactednati essential. As stated earlier, the
presence of bitumen in oil sands make the mateelaave differently from soils. Hence,
models such as the hyperbolic model used to dessdal behavior may not adequately
describe oil sand behavior.

Based on the analysis performed on laboratoryiiagst data, Joseph (2005)

proposed a constitutive model to define the elgsdtistic behavior of oil sands. The

constitutive model for the oil sand was represebtethe following equation:

E, =1.370,¢* MPa (2.35)
where, Es= Oil sand modulus of elasticitgz = confining pressure, argd = axial strain.

Joseph’s elastoplastic model for oil sands is b&s®ed on static loading, and only

accounts for applied confining pressure and atialrsmeasured.
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Joseph (2005) also suggests that triaxial stretegtidata could be conveniently
evaluated by empirically relating the principakss ratio with axial strain such that the
principal stress ratio is an inverse function & #xial strain. He supported this assertion
by observing a convergence®f os; using data from historical triaxial data. Other
empirical characterization models were proposediland Chalaturnyk (2005) to
characterize oil sand behavior (Equations 2.3638)2 Equations 2.36 and 2.37
represent the modulus of elasticity behavior osaihds, in which the modulus is
expressed as a function of the applied confinimggure. Equations 2.38 and 2.39 show
the relationships proposed by Li and ChalaturnyOg) for maximum friction and

dilation angles, respectively.

E=950P, [%j% (2.36)
E =3436,”°"° (2.37)
@ =55-14.93log (%] (2.38)
y, = 25.8-12.05log (%J (2.39)

where, E = elastic modulus,  atmospheric pressure; = confining pressureg, = peak
friction angle, andp, = peak dilation angle.

Although these laboratory characterization modedsgnted for oil sands have
been reported to perform adequately, several liraita certainly need to be addressed.
For example, majority of oil sand models are basettiaxial compression tests with
constant confining pressures used as major modbles. It is noteworthy to mention
that the dynamic properties including shear, dywcaand resilient moduli, damping ratio
and phase angle, and permanent deformation chaséickeof oil sand materials have not
been modeled to date. Such models would be useaddount for oil sand dynamic

properties especially under field loading condii@f large capacity mining equipment.
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In addition, most oil sand models do not accounvésying stress levels, temperature,
loading duration, and bitumen content.
2.4.2.2 Field Characterization Models for Oil Sads

Joseph (2002a) used data obtained from the OilssBgdipment Interactions
Program (OsEIP) study to predict the stiffness @efdrmation behavior of oil sands
under loading of mining equipment. One of the nabrervations from the OsEIP studies
was the effect of equipment duty cycles on grousidmnation. An empirical
stiffness-deformation model obtained from the stisdyresented in Equation 2.40. This
equation computes the ground stiffness of oil sarsitsg large haul truck and electrical
shovel. Joseph (2005) used the experimental déénel from the study to show that oil
sand ground stiffness is a function of deformatdmeneral relationship obtained from

the study is expressed as follows:

(kgfj(l_ij: C(D%J_b (2.40)

where, k = ground stiffness of the oil sands, temal load exerted by the equipment at

certain depth of influence, {Pv = Poisson ratio for oil sands (0.29%< 0.33), and
d = ground deformation due to equipment loadingnt C are empirical constants which
depend on oil sand behavior. The depth of influeacelated to the loading footprint of

equipment, A, as follows:

D, = 3W/A (2.41)

The loading footprint A of equipment is the voluofematerial that is directly subjected
to the ground softening process.

Joseph (2002a) reported that seismic Rayleigh wgeesrated as a result of
moving truck or shovel on oil sands could causeageadictated deformation in the oil

sand material.
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Joseph related the generated Rayleigh wave veasdiithe stiffness behavior of oil

sands to obtain the following empirical equation:

2p (1+v) Vé
D, 0.9%

(2.42)

where,p = density of oil sand material, ang ¥ Rayleigh wave velocity.
Using both equations 2.40 and 2.42, the groundraeftion of oil sand material due to
equipment loading can be estimated.

Joseph (2005) indicated that the oil sand grousdftened with increasing
number of duty cycles of mining equipment. Suclobservation suggests that oil sand
models must include the vehicular number of passesder to accurately evaluate
rutting potential (sinkage) of oil sand materialsmnining pit. However, laboratory test
procedures that closely simulate this loading ciowlido not exist for oil sands.
Consequently, there are no rutting models thatugelehicular number of passes or
number of load applications in the oil sand matefihe presence of such a test
procedure would provide test data to model permaefiormation characteristics of oil
sand materials in the field.

2.5 Review of Wheel-Soil Interaction Models

Mobility (trafficability) of off-road trucks and sivels on weak fine-grained
cohesive soils and high grade oil sand material;guwonstruction or mining activities
largely depend on the behavior of these materradstlae climatic effects of the
environment. Early research work by Bekker (1958) Reece (1964) focused on
developing models to describe interaction betwéertruck wheels or shovel tracks of
off-road vehicles and soil. Harnisch et al. (20850 Tao et al. (2006) recently noted the
deformations that occurred under wheel interactiitis soils in both vertical and
horizontal directions. The vertical deformationsaesed to describe pressure-sinkage
characteristics of the soil whereas the horizosdbrmation described the shear
stress-displacement characteristics. A review ofesof the existing wheel-soil

interaction models is presented in the followingsactions.
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2.5.1 Vertical Stress-Displacement (Pressure-Siage) Models

The concept of rut depth (rutting) measurementwvements is similar to sinkage
in the study of off-road vehicle and soil interaas. Saarilahti (2002) suggested that for
practical purposes, there is no difference betvatagage and rutting. Sinkage is
measured when the wheel is loading the soil, atithgis measured when the wheel is
making a number of passes at an observation potheisoil. Rolling resistance of a
wheel has also been associated with sinkage inltyatiudies (McRae 1967 and
Kraft et al. 1969). The rolling resistance is a swa of the force that opposes the motion
of a wheel (or a track) as it rolls on the surfatée soil. The deeper a wheel sinks into
the surface, the higher is the rolling resistaf@etors such as applied load, friction and
tire deflection affect rolling resistance. Over ffears, several empirical and analytical
models have been developed for estimating sinkadedaling resistance of off-road
vehicles as they interact with soils (Bekker 19880 and 1969, Richmond, et. al. 1965,
McRae 1967, Kraft, et al. 1969, Wong 1989 and 2@0:adi and Rivera-Ortiz 1991).
The majority of these models have been based oel\tire) characteristics, types of
soils, and their strength properties.

The classical empirical plate sinkage model isBeenstein (1913) formula,
which relates the pressure underneath a platestdejpth of sinkage. It is expressed as

follows:

p=kz" (2.43)

where, p = contact pressure, z = sinkage, k =dgfdrmation modulus and n = sinkage
exponent.

Bekker (1956) modified Bernstein’s formula and praed a semi-empirical
pressure-sinkage model by introducing soil propeotystants to account for friction
angle and cohesion of the soil. Bekker's modekihpps the most commonly used
formula in off-road vehicle trafficability to defenvertical stress-displacement

relationships.
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The model assumes that a rolling wheel on the serd&é homogeneous soil is equivalent
to a plate which is continuously pushed verticaitp the soil to a depth equal to the rut
depth produced by the wheel load. Bekker’s pressimicage model is expressed as

follows:

p=(k—b°+k¢Jz” (2.44)

where, p = contact pressure between soil andztirevertical soil deformation (sinkage),
n = sinkage exponent, b = width of the wheel (eglgb the width of the contact surface
area), and k ko= cohesive and frictional moduli of deformationspectively. To obtain
the model constants (ns ky) a set of sinkage tests are normally performedgusin
different size loading plates. From Equation 2144,p is plotted against log z to obtain a
series of straight lines of slope n and interckgb(+ ky) on the log p axis. The intercept
values are then plotted against 1/b to obtaiarkl k. Bekker (1960) used an analytical
approach to modify the pressure-sinkage model (BekR56) to include the applied

wheel load and the tire diameter. The resultaticgiship is expressed as follows:

(2/(2n+1)

3P

i b(3-n)(k./b+k,)yD, (2.43)

where, P = tire (wheel) load,,>= tire diameter. The remaining symbols are defimed
Equation 2.44.
Using curve fitting technique of laboratory teatal Reece (1964) modified

Bekker’'s (1960) model. Reece’s model is given by:

p=(ck. +v.bk,) (ﬁj (2.46)

where, n, k and lg are pressure-sinkage parameters, ¢ = soil cohasidy = unit

weight of the soil.
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Based on experimental test data, Al-Qadi and Ri@ata (1991) developed
analytical pressure-sinkage model to predict ruryawva sinkage in granular materials
used as arrester bed. The model was found toazttsily predict sinkage in the
materials. Moreover, this model had a better fitdgnamic data compared with Bekker's
(1956) equation. Al-Qadi and Rivera-Ortiz (1991dal is expressed as follows:

p=A+Bz+CZ (2.47)

where, p = contact pressure between granular rabhgerd truck tire, z = sinkage, A, B, C
are polynomial regression constants.

Using test data obtained from aircraft studiesheyWS Army corps of Engineers
Waterways Experiment Station (WES), Richmond e{1#65) developed empirical
models to predict sinkage. First, Richmond et séd.ithe cone index and wheel
characteristics to calculate a dimensionless clalility number (MN). Based on the
mobility number, an empirical relationship was bBthed to estimate sinkage. This

relationship is expressed as:

Di =0.003+(CMN)2¢ for 3< CMN <10 (2.48)

m

1/2
whereCMN = % i
P h,

b = tire width,d; = tire deflection, h= tire section height, Cl = average cone index@al
over the first six inches.
Based on the analysis of aircraft wheel data, keté#tl. (1969) developed

empirical equations to predict sinkage for cohesing cohesionless soils.
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The equations for cohesive soils are:

Z o o

2 --0.03+0.19%  for 0.20< % <0.60

i ci o (2.49a)
Z£--011+0.33%  for 0.60<-> <0.90 (2.49b)
L cl Cl

L = tire footprint, Cl and P are defined in Equat®.48,a = P/A (A = contact area), and
term @/Cl) represents stress due to tire loading andtitemgth of the soil.

Wong (2001) used Bekker’s pressure-sinkage relstipnto develop sinkage
model for track vehicles. Wong indicated that tbenmal reaction exerted on a track by
the soil is similar to the reaction beneath a gjekplate in the plate-sinkage test. For a

track with a uniform contact pressure p, the siekags given by:

1/n 1/n
N | __P/bL (2.50)
k/b+k, ko/b+k,

where, p = normal (contact) pressure, P = norna lan the track (wheel load),
b = width of the track in contact with the soildan = length of track.

Other authors, including Turnage (1972c) and Maaia(1990, 1997) have
presented different types of sinkage (rutting) needich used WES-parameters as
input variables. These empirical models permit gsed of sinkage or rutting by using
single and multiple pass wheels at an observatamt ;n the soil. Wong et al. (1984) and
Wong (1989) also proposed other sinkage modelkdcacterize the response to
repetitive loading for wheeled and tracked vehidreticularly, Wong’'s models were
used to calculate sinkage during soil loading amdading.

Sinkage and rolling resistance of wheels have beearlated by some authors.
McRae (1967) proposed empirical models to corredatikage and rolling resistance.
McRae’s model was based on a database establighacdmprehensive field tests
performed on heavy clay and sand.
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The model is given by:

R 7 0.77
== 0.85(—j (2.51)
P L

where, R = rolling resistance, L = the horizontaljgction of the length of the effective
tire contact area. Kraft et al. (1969) also devetbpmpirical models for rolling
resistance-sinkage relations. These models arel lnessingle wheel loads and are
applicable to all soil types including cohesivelsol he wheel loads used to develop
these models were considered to be similar to tbbesarth-moving equipment. A wide
range of tire diameters were also considered feeldping the models. It should be
noted that Kraft et al. (1969) used data from aifitcstudies conducted by Ladd et al.

(1967) to develop rolling resistance models. Thel@®are expressed as follows:

All soils: % =0.018+ 3.23(DLJ (2.52a)

m

Cohesivesaoils: % = 3'85(Dij (2.52b)

m

0.01<z/D_ <0.12

Macmillan (2002) reported that when a wheel rollsrca soft surface, it causes
rutting or creates a compacted track. He indicttatithe rolling resistance R, for such a

surface is given by:

b n+l)/n
R= . . p™
(n+1)(b°+k¢j

where, p = vertical pressure on the surfagank kare soil sinkage moduli for cohesive

(2.53)

and frictional materials, respectively, b = widfitlee wheel (related to the width of the
contact surface area), and n = soil sinkage exgonen
It was observed that the various pressure-sinkaggels are mainly based on

static loading conditions and do not account faradyic loading conditions of the soils.
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In addition, based on their application these model not account for the number of
vehicle passes, which are important to properly ehadatting in geomaterials under

vehicular loading.

2.5.2 Horizontal Shear Stress-Displacement Relatis

The soil shear stress-displacement relationshgsised to model the tractive
force developed by tracks over a contact surfacnd\(2001) indicated that the
maximum tractive force under a track may be deteechiby soil shear strength
propertiespand c, and the contact area. Experimental data different shear strength
tests including shear box, shear ring, rectanghiiaar plate and rigid track are usually
used to express the shear stress of a surfaciasten of shear strength parameters.
This implies that the shear stress mobilized atoigt along the wheel-soil contact
surface can be conveniently described by the Cauiornale (see Equation 2.1).

Based on considerable field data, Wong (2001) sstgdehree types of shear
stress-displacement relationships for differentisséior loose sand and saturated clay,
Wong suggested that the stress-displacement nesiijo proposed by Janosi and
Hanamoto (1961) could be used to describe the ctaaistics of the soil materials. The

relationship is expressed as follows:

=1, (1-€"); t=c+ptanp(1-e’™) (2.54)

where,T = the shear stress, p =normal pressure, j = shgalacement, ¢c = cohesion,
¢ = friction angle of the soil and& shear deformation modulus. The value gfiés
found to be in the range of 1cm for firm sandydarito 2.5 cm for loose sand.

For organic terrain with saturated peat beneatatng (2001) noted that the

shear stress-displacement relationship can beidedas follows:

T=1T e (/K ) €XP(1-J/IK ) (2.55)

where, K, = shear displacement at the maximum shear stggseccurs. The values of

Kwandtyax may be obtained directly from a plotoégainst j.
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Based on field data collected for various typesrganic terrain tested in some parts of
Canada, the value of,Kwas found to vary from 14.4 cm to 16.4 cm (Won@20
Wong (2001) reported that for compact sand, siltlaam soils, the shearing

behavior can be characterized by the followingtrefeship:

_ 1 B . _ -
T_TmaxKr{“[—Kr(l-l/e) 1jexp(1 J/KW)}.[l expEj/iK )l (2.56)

where, K = ratio of the residual shear stregg.f) to the maximum shear stress. A plot of
shear stress against displacement can be usethio ol The filed data collected on
various types of soils show tha, Karies from 2.7 cm to 7.1 cm, and\Karies from
0.38cmto 0.72 cm.

Wong's (2001) proposed shear stress-displacemedelsiare based on
generalized field static data of specific soil typand developed mainly to account for
shear strength properties of the soil. Therefdnmay not be adequate to characterize soil

and oil sand materials under dynamic loading caoorust

2.6 Summary

A general review of the existing laboratory tesiqgadures and material
characterization models including rutting or sin&agodels for soils and oil sand
materials was presented. The state-of-the-arhtpstievices which address some of the
limitations of the existing soils/geomaterials ledttory testing equipment were described.
These advanced testing devices have the capabfiitieapplying on the specimen, field
stress conditions at various loading frequenciestamperatures in the laboratory.

The review indicate that dynamic loading conditiofsoils and oil sand
materials under mobile construction and mining popgnt have not been studied
thoroughly in the laboratory. Therefore, limitedalare available to characterize the
dynamic behavior of soils and oil sand materialswhr improved laboratory test
procedures are needed to address some of thengxgsibrtcomings of current test

procedures and characterization models.
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The review also showed that field tests for saild ail sand materials under off-road
vehicle loading conditions were not commonly coridd@ossibly due to high cost of
effectively conducting some of those tests.

The detailed review of existing soil and oil sandtenial models showed that
static loading conditions have mostly been usezhtvacterize the behavior of these
materials. It was found that confining pressuretead of dynamic stress states was the
main stress variable for modeling behavior of saild oil sands. As a result, material
dynamic properties including shear, dynamic andiees moduli, damping ratio and
permanent deformation characteristics have not besteled properly. It was also
observed that majority of the existing models idahg soil-vehicle interaction models
were empirical based, and could be only used usyksific test conditions. Therefore,
they were only effective under the prevailing cdiotis under which they were
developed. Studies that address some of thesdadlsoof laboratory testing and
characterization of soils and oil sand materialdeurtarge equipment loading conditions
are needed.
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CHAPTER 3 DEVELOPMENT OF ADVANCED TEST PROCEDURES AND
GEOMATERIALS TESTED

3.1 Introduction

The purpose of laboratory test procedures is tgestia representative material
sample to conditions that closely simulate fielddmg conditions. Field loadings on an
element of soil or oil sand could be static andAgramic. Static loading is mainly
provided by the overburden weight and stopped Veltiad, whereas the dynamic
loading could be originated from sources such abgaakes, activities of mining and
construction equipment, and traffic wheel loadsi€ally, soil or oil sand element under
haul truck or shovel experiences a combinatiortatfcsand dynamic stresses. For
example, the roll and bounce motion of the trueksl the rocking motion of the shovels
during construction and mining activities resulbimth static and dynamic loading in
soils and oil sand materials. At any time the whé®lpose varying magnitudes of
vertical, radial, and shear stresses on the mégefiae dynamic vertical stresses always
become higher underneath the wheels where sheasstr do not exist. However, at
some radial distance away from the wheel, therst skiear stresses which may be higher
than the applied vertical stresses. Not only matsbilatory testing procedures be able to
reproduce these complex field conditions, but tleyuld also be simple and repeatable
for user agencies to perform. Moreover, test eqaigtnselected for laboratory test
procedures must have capabilities of applying ¥peeted field loading conditions on
specimens and should have loading systems thaapeble of measuring the magnitude
of the applied loads as well as recording accuegponses of the materials tested. The
testing devices must also be simple enough folarekers and agencies to use routinely
and quickly to acquire the necessary material patars.

This chapter presents advanced triaxial test piwres developed to properly
characterize fine-grained cohesive soils and oitlgaaterials under typical field loading
conditions of construction and mining equipmenioiPto developing the test procedures,
preliminary laboratory tests were conducted on fpeomaterials, one type of fine-
grained soil and three oil sands to determine glygiroperties. Based on the
preliminary test results and some data from prey/giudies on the fine-grained soil and

oil sands, five different test procedures are dgyved for these geomaterials.
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3.2 Factors Considered for Developing Laboratoryrest Procedures

Factors that affect engineering behavior of georredsesuch as compaction
characteristics were taken into account for theetiged laboratory test procedures.
Other factors considered include loading and sttesditions, i.e., load pulse
characteristics, loading frequency, temperaturd,ramber of load applications. For the
purpose of this study, it was important to alsosider the field loading characteristics of
large capacity off-road haul trucks and shovel® 3hbsequent subsections discuss all
the factors considered in developing the laboratesy procedures for the fine-grained

soil and three oil sand materials selected foirtgsh this study.

3.2.1 Compaction Characteristics

The main compaction characteristics for geomateae the maximum dry
density and optimum moisture content. Compactionesiprimarily dictate a target
moisture range in designing experimental programeitensive soil testing study
conducted by Thompson and Robnett (1979) showeddhenost silty and clayey soils,
a change in gravimetric water content of up to 8%oabove the optimum water content
is often enough to saturate the solil. It is wettwimented that density affects the strength
and deformation characteristics of geomaterials.

An increase in the soil density improves its stteraqnd stiffness properties. The
compaction characteristics of oil sand materialsehaso been extensively studied in the
field and laboratory by Lord and Cameron (1985,8)98heir investigation suggested
that an optimal amount of bitumen content of oflcsanaterials is required to achieve
maximum field density and optimum water contentdonstruction purposes. This study
uses compaction characteristics of the materiatedeto support the development of the

developed laboratory test procedures.

3.2.2 Loading and Stress Conditions
3.2.2.1 Pulse Load Characteristics

Barksdale (1971) investigated the vertical stredsgs from traffic loading in
flexible pavements. He reported that vehicle spaetldepth beneath wheel load affect

the duration and magnitude of the vertical stregsep
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For low to moderate vehicle speeds, 24 to 72 kthéstress pulse is between 0.05 and
0.4 sec, corresponding to frequency between 2Q@dtdiz, i.e, MEPDG conversion of
time (t in sec) to transform load pulse duraticio imequency (f in Hz) using the
relation t = 1/f . Barksdale (1975) and Huang @9@dicated that sinusoidal or
haversine pulse shapes could be used to simulatal stress states in pavement
structure. Recently, Loulizi et al (2002) foundtthaversine or normalized bell-shaped
equations may be used to represent the measuretlwed compressive stress load
pulse for a moving truck. Seed (1979) reported ty@ital duration of strong ground
motion of earthquakes ranges from 5 to 40 secondeglwhich there are about 5 to 30
significant shear stress cycles. The current repdagad triaxial test procedure
(AASHTO T 307) recommends a haversine load pulske lead duration of 0.1-second
and cycle duration of 1-second for a typical higinaading. However, for construction
and mining activities, longer load durations wolbkdrequired considering that loads are
applied by slow moving wheels of the vehicles. Rége Bejarano and Thompson
(1999), Kim (2005), Kim and Tutumluer (2006) foutmét longer load duration produces
larger permanent deformations in geomaterials kinaer durations. Based on the above
studies a practical pulse load characteristicselected for the new laboratory test
procedures developed in this study.
3.2.2.2 Loading Frequency and Temperature

Studies by Boyce (1976), Sousa and Monismith (1987 Sweere (1990)
concluded that frequency has little to no effecttmmodulus properties of granular
materials. Also, no correlation was found betwegmaghic modulus and frequency when
loading frequency was varied from 0.5 to 10Hz nepeated loading hollow cylinder test
performed on uniform sand samples (Sousa and Mathis®87). However, the effect of
frequency on different moisture conditions of figiained cohesive soils, and bitumen
content in oil sand materials needs to be investya

The main reason for including temperature effe¢chentest procedure is to
investigate seasonal variation of temperature erb#havior of oil sand materials. As

mentioned earlier, typical oil sands compose ohlagount of bitumen content.
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Similar to asphalt materials, the high percentddatamen content would make oil
sands sensitive to both temperature and loadinuiénecy. Therefore, it was essential to

include temperature effects in the laboratory pestedures for oil sands.

3.2.2.3 Number of Load Applications

The number of load applications (repetitions) ie ohthe most important
variables in repeated load test procedures. Bakk¢iid72) concluded from laboratory
tests that permanent deformation in granular saitsimulates linearly with the logarithm
of number of load applications. Brown and Hyde @)937oted that an equilibrium state
of permanent deformation can be established af@€®0lload applications. Boyce (1976)
reported a maximum of 10% decrease in the resifigain between 200 and 1,000 load
repetitions in granular soils. However, some awghbtorgan (1966), Barksdale (1972)
and Sweere (1990) applied significant number odl lapplications to describe permanent
deformation in granular materials. In this studymier load applications were one of the
major factors considered in all the developed latmyy test procedures.
3.2.2.4 Stress Magnitudes

The applied stress magnitude is a significant famtoong all the variables that
affect the stress-strain behavior of soils and unldamaterials. Morgan (1966) indicated
from repeated load triaxial tests of granular matethat deviator stress and confining
pressure relate to accumulation of axial straitheéspecimen. Other researchers such as
Hicks (1970), Smith and Nair (1973), Uzan (198%5) &weere (1990) have all shown
that resilient modulus of cohesionless soils ineee@onsiderably with an increase in both
the confining and bulk stresses. Studies by KinD8@&lso indicated that higher stress
ratios give higher permanent deformation accumaiath unbound granular materials. In
this study, higher stress ratios correspondingetd foading of heavy construction and
mining equipment were considered in the developstprocedures for realistic

determination of soils and oil sand materials béran the laboratory.
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3.2.3 Field Loading Characteristics of Large Capeity Off-Road Vehicles

The loading characteristics and vehicle travel dped construction and mining
equipment are often provided in manuals or handbobkhe equipment manufacturing
companies, e.g. Caterpillar Inc., Komatsu, etc. Wbdd’s largest haul truck for
construction and mining activities is Caterpillardk 797B. This equipment has a
maximum nominal payload capacity of approximate@ Bnetric tonnes (400 tons) with
maximum operating speed of 67 kph (42 mph). CATB/B&s tire dimension of 3.8 m
(12.5 ft) in diameter, nominal width of 1.5 m, wiile pressure in the range of about 621
to 690 kPa (90-100 psi). The gross vehicle weigl@AT 797B is 623,690 kg with an
average of 104 000 kg loads on each of the sig. & the other hand, Pawling and
Harnischfeger shovel, P&H 4100 BOSS has nominaloaalyof about 91 metric tonnes
(100 tons) with a bucket capacity that ranges betvabout 30 to 61 cubic meters. This
series of shovels weighs about 1.4 million kilogsam3 million pounds) with track
length of about 3.51 m (11.5 ft). Joseph (2005gadhat a Caterpillar 797B truck would
produce vertical stress of about 800 kPa with cond pressure between 250 and 300
kPa. Further, Joseph observed that the P & H 8ID8S shovels generate static ground
loading of up to 220 kPa, and induce a ground cenfient of about 70 kPa. Therefore,
developed laboratory test procedures will neecetanainly based on the loading
characteristics of this equipment for proper chisrgation of fine-grained cohesive soils

and oil sand materials.

3.3 Materials and Preliminary Tests

Approximately, 455 kg (1000 Ibs) of a fine-gradnehesive soil from
Caterpillar Inc. (CAT) Demonstration Training Cenite Edwards, Illinois was shipped
to the University of Illinois Advanced TransportatiResearch and Engineering
Laboratory (ATREL) for testing. In addition, thrgges of oil sand materials used in this
study were obtained from Suncor Energy Inc. ancc&ye Canada Ltd. oil sand mines
in Canada. Suncor Energy Inc. provided two ty@&sjow and high grades with respect
to the bitumen contents, whereas Syncrude Canatlgtdvided one sample of the
Aurora (AU) high grade oil sand. All the three sélnd materials were also shipped by
CAT in Peoria, lllinois, to ATREL in separate bdsréor the laboratory tests.
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3.4 Preliminary Laboratory Testing

The main purpose of the preliminary laboratorygdesas to obtain information on
applicable laboratory loading conditions for theeleped test procedures. Gradation and
index properties tests were conducted to clask#yfine-grained soil. The standard
Proctor compaction tests were also conducted oadiheample to identify the maximum
dry density and optimum moisture content. The ofiteliminary test conducted on the
soil sample was the specific gravity test. Sinlylacompaction and gradation tests were
performed on the three oil sand samples. Othempiredry tests performed on the oil
sand materials include bitumen content determinagsts and strength and stiffness
tests. Detailed test procedures and results gbrseminary tests are presented in the
following subsections.

3.4.1 Preliminary Tests for Fine-Grained Soil

Index properties tests were first performed onsiiesample in accordance with
AASHTO T89 and T90 specification to obtain Atterperlimits, i.e., liquid limit (LL),
plasticity limit (PL) and plasticity index (P1). hls was followed by the specific gravity
test, which was performed in accordance with AASHIT@O0 specifications. The
specific gravity tests were conducted for deterngrthe degree of saturation. Particle
size analysis test was also performed on the anipte according to AASHTO T88 to
establish the grain size distribution of the maleiiable 3.1 shows the test results for the
physical properties of the soil. Figure 3.1 indésathe grain size distribution curve for
the soil. Based on the Atterberg limits and gramatesults, the soil sample was
classified as CL according to Unified Soil Classifion or as A-6 according to
AASHTO classification. The soil sample is hereciemned to as CAT A-6 sample.

TABLE 3.1 Physical Properties of CAT A-6 Soil

Specific Atterberg limits, % Gradation, %
Gravity LL PL PI Sand St  Clay
2.72 27.8 16.3 11.5 27.5 43.7 27.4
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FIGURE 3.1 Particle Size Distribution of CAT A-6Soil Sample.

In addition, moisture-density tests were perforrmaedCAT A-6 soil in accordance
with AASHTO T 99 (standard Proctor) to establisé thaximum dry density and the
optimum moisture content of the sample. Compagtigne obtained from five standard
Proctor tests was used to define a target moisturge in which the soil specimens were
prepared for testing. Figure 3.2 shows the maxirdiyrdensity, optimum water content
and the lines of equal degree of saturation a@80and 100%. The maximum dry
density (MDD) obtained was 18.4 kNrt117.1 pcf) at optimum water content (OWC)
of 14.3 %. The degree of saturation at maximumdenysity and optimum water content
was found to be approximately 87%, and the degfsataration at 3% above optimum

water content is about 90%.
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FIGURE 3.2 Standard Proctor Moisture-Density Chamcteristics of Fine-Grained Soil

3.4.3 Preliminary Tests for Oil Sand Samples

The oil sand samples were initially tested for wated bitumen content by drying
in the oven and burning the bitumen content inighé&ion oven. The water contents
were determined in accordance with AASHTO T 265(ratory Determination of
Moisture Content of Soils) and the bitumen contevese determined using
AASHTO T 308 test procedures (Determining the AdspRender Content of Hot Mix
Asphalt by Ignition Method). Table 3.2 shows thedevabitumen and fluid contents of
the three oil sand samples. Based on the bitumetests, the Suncor Energy low and
high grades were designated as SE-09 and SE-pé&ctesly, and the Aurora high grade
oil sand material was designated as AU-14. Themaatetents were obtained at the
temperature of 1PC. To obtain the bitumen contents, an average 004 ®f each
sample was placed in the ignition oven, which waheated at the temperature of 482
(90C°F). The bitumen contents were obtained after ignjti.e. when constant weight of
the sample is achieved. An average maximum temyperathieved for ignition was
about 526C, 552C, and 568C for SE-09, SE-14 and AU-14, respectively.
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TABLE 3.2 Water and Bitumen Contents of OilSand Samples

Oil Sand Water Content Bitumen Content Fluid Content*
ID (%) (%) (%)
SE-09 1.4 8.5 9.9
SE-14 3.2 13.3 16.5
AU-14 2.2 145 16.7

*: Fluid Content = Water Content +Witen Content

After separating bitumen from the oil sands throbgming in the oven, washed
sieve analysis tests were conducted on the sanediegts to determine particle size
distributions of the three oil sands using AASHTQtest procedure. Table 3.3 shows
gradation properties, and Figure 3.3 shows thengriae distributions for the three oil
sand materials. All the three oil sand samplesiai®rmly graded fine to medium sands
with the smallest to largest size particles randiog 0.6 mm to 2.36 mm and the fines
contents, i.e., passing No. 200 sieve or 0.075 ranging from 7% to 15%. Similar

grain size distributions for oil sand materials vezported by Cameron and Lord (1988).

TABLE 3.3 Gradation Properties for Oil SandSamples

Oil Sand ID Do Do Dso Dso Cu Cc
SE-09 0.065 0.12 0.17 0.19 2.9 1.17
SE-14 0.075 0.14 0.18 0.21 2.8 1.24
AU-14 0.090 0.17 0.22 0.27 3.0 1.19

D = grain size (in mm) correspondingitpercentpassing by mass;
Cu = coefficient of uniformity;

Cc = coefficient of curvature.
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FIGURE 3.3 Particle Size Distributions of Oil Sad Samples.

Field density levels and compaction propertieefdil sands were next studied
in the laboratory using a gyratory compaction devighree replicate specimens for each
oil sand sample were produced at room temperatdéeested directly in the Superpave
gyratory compactor. The number of gyrations to nehe specific 150-mm specimen
height and the actual bulk (wet) density to achigng height were recorded for the
preparation of test specimens. During compactibanges in bulk density of the
specimen were recorded. Figure 3.4 shows thedrnkity levels varying with the
number of gyrations for the three oil sand matsrigh considerably higher number of
gyrations was needed to compact the lower bitunoateat SE-09 oil sand (see Figure
3.4) when compared to the higher grade ones. yiheal bulk densities achieved for
SE-09 and SE-14 were 2,000 kd/at 100 gyrations and 2,050 kg/at 40 gyrations,
respectively. The density achieved for AU-14 w#5@ kg/ni at 25 gyrations. These
achieved densities were very close to field vahepsrted by Joseph (2005) and

computed from the following equations:

Dry density (kg/m) = 2,150 — 37%(% bitumen content) (3.1a)

Bulk density (kg/m) = 804 + 0.7*(dry density in kg/H (3.1b)
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FIGURE 3.4 Gyratory Compaction Properties of OilSand Samples.

One preliminary strength test was conducted orgyinatory compacted
specimens of the three oil sands. This test was afivestigative nature to determine the
uniformity and strength profile with depth in thgrgtory compacted specimens. Two
replicate specimens of each sample were useddde#it. A dynamic cone penetrometer
(DCP) was used to penetrate the specimen in thélenad the top circular face with the
8-kg (17.6-Ib) standard hammer dropped from 575{@226- in). The strength profile
expressed in terms of penetrations per blow is shawigure 3.5 for the oil sand
samples. All three oil sand samples indicated sinpenetration profiles with an initial
high penetration on top of the specimen followedrch stiffer sample response at

depths greater than 40 mm. A penetration of 9 mmresponds to approximately a
California Bearing Ratio (CBR) of 25.
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The second test conducted on the gyratory compagiedmens was the standard
resilient modulus test (AASHTO T307) to determihe variation of the modulus
properties of the oil sands with deviator stress different confining stresses, 20.7, 34.5,
69.0, 103.5, and 138.0 kPa (1 psi = 6.9 kPa). rei@6 presents the test results for the
SE 09 oil sand. More of a stress-softening behasaarbe observed from Figure 3.6
especially at higher confining pressures. Thisdre&as very significant for the 14%
bitumen content SE-14 and AU-14 specimens althowglall the stress states could be
applied. Joseph (2005) reported considerably nighefining pressures under the
loaded truck tires, as high as 500 kPa, for whirehdil sands exhibited stress-softening

behavior similar to those of the fine-grained tgggy or clayey soils.
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FIGURE 3.6 Resilient Modulus Test Results obtairgefor SE-09 Oil Sand Sample.

3.5 Suite of Laboratory Test Procedures Conducted

One of the main objectives of this study was toedi®y new laboratory test
procedures to properly characterize field loadiagdvior of fine-grained cohesive soils
and oil sand materials. For the various viscowsstael and plastic material models to be
developed, five different test procedures are dgesd for determining corresponding
material properties for fine-grained soils andsaihd materials. The developed test
procedures mainly are based on field loading canmdtof the construction and mining
haul trucks and shovels, existing laboratory testd, the preliminary tests performed on
the soil and oil sand samples used for this stiiig. test procedures conducted in this
study include: (1) hydrostatic loading tests, (2nmtonic loading shear strength tests,
(3) repeated load triaxial modulus and permanefuro®tion tests (4) pure shear loading

tests, and (5) damping ratio tests.

3.5.1 Experimental Design Parameters

The selection of experimental design parameterthideveloped test procedures

was based on field and laboratory conditions.
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The preliminary laboratory test results and fieldding characteristics of the
construction and mining equipment described in ipres/sections in this chapter were
properly considered in the test procedures. Paemgtcluded in the soil test program
were applied stresses and loading frequency. Thesture states from the standard
Proctor tests, i.e., one moisture state chosdmeatimum moisture content, the second
at 3% below the optimum for a dry soil conditionddinally, the third at 3% above the
optimum for a wet/saturated condition, were keyigteparameters for the soil test
program.

The main experimental design parameters for theamtl materials were applied
stress levels, load duration (or loading frequeragyg test temperature. The selection of
these parameters was based on field condition8 s&id mining pits. Joseph (2005)
reports that oil sand materials could experienteeme temperatures of +4D and -46C
during summer and winter, respectively. This wastbto be typical for oil sand
materials within the top 1 to 3 meters from theugw surface. He indicated that oil sand
is more problematic to construction and mining pqent during summer months than
winter. Joseph (2005) also observed that oil saanals become very soft at ambient
temperature of 2& (82.4F). Based on these findings, laboratory tests ificsamd
materials can reasonably be performed at two temyes, 20 degrees Celsius 68
and 30 degrees Celsius {B§ to account for spring and hotter summer periods

respectively.

3.5.2 Significance and Use of Developed Test Pedcires

The developed test procedures are intended togedkie user with strength,
modulus, damping and deformation properties neéatedieveloping material behavior
models for fine-grained cohesive soils and oil samader field loading conditions of
typical haul trucks and other construction, andingrequipment.

The hydrostatic loading test procedure providea ttatletermine bulk modulus
and volumetric strain properties of the materilaterial’s bulk modulus relates directly
to the volume change of the material, and it mayde to model the volumetric

deformation due to hydrostatic loadings.
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The monotonic loading shear strength tests prosidar strength properties of
the soil and oil sand materials. Geomaterials sseangth properties are important
inputs to finite element models that incorporatenkd@oulomb failure criteria. The shear
strength properties obtained from the developeadoesedure may be used by
equipment designers to model friction angle ancesain of the ground surface affecting
the design of tires/ tracks of construction andingrequipment.

The repeated load triaxial test provides laborattata to define permanent
deformation characteristics and resilient behaofanaterials tested. The deformation
response of the soil and oil sand material underaafd haul trucks, shovels and other
construction and mining equipment loading can beveaniently characterized by plastic
(permanent) and elastic (resilient) strains. Theene’'s permanent deformation
characteristics are important for developing chiarézation models to predict sinkage
(rutting) potential, and the resilient charactésimay be used to characterize the
stiffness behavior of the soil and oil sand.

The newly developed pure shear test provides staticdynamic data in both
axial and radial directions to evaluate shear maslof soils and oil sand materials. The
shear modulus values obtained from the develomtgtecedure can be used to
characterize the shear stress induced in the ralstéry the wheel/track loading of
construction and mining haul trucks and shovels.

The damping properties test provides data to calewdamping ratio, dynamic
modulus and phase angle of soil and oil sand nadgefihe material damping properties
provide knowledge about its ability to reduce vilma. Damping ratio values may be
used for tire mobility and vibration analysis ohstruction and mining equipment. The
values of dynamic modulus and phase angle maydxasperformance criteria of soils
and oil sand materials over a range of loadingueagies and temperatures. Generally,
dynamic modulus is used to characterize viscousetasdic properties of bituminous

materials.

3.5.3 Testing Equipment

The Industrial Process Controls Limited (IPC) sv®epneumatic testing device,

Universal Testing Machine (UTM) is suitable for ttheveloped test procedures.
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The IPC UTM is a closed-loop servo control loadsiygtem. The main part of the system
consists of loading frame, triaxial cell, ContraldaData Acquisition System (CDAS) and
integrated software package and personal compR@&Yy. The IPC UTM has large

loading frames that allow the use of a triaxial tekest 150-mm diameter by 150-mm
high specimens. The nature of the frame limitsesgitbn and vibrations which could
influence the accuracy of measurements especidlgnvboth axial and radial dynamic
repeated loadings are applied on the sample attie time. The Ul-FastCell and the
RaTT cell are two main cells selected for the dewetl triaxial test procedures. The
selection of these advanced triaxial testing eqeimnwas based on their unique
capabilities described in Chapter 2.

The CDAS directly controls the servo valve to appky requested loading rate or
waveform for testing. The CDAS is linked to the #@ugh a standard serial
communications link. While the specimen is beingjected to loading forces, the CDAS
captures data from the transducers and transfese tata, using the serial link, to the PC
for processing, display and storage. The load pedisien deformation are measured by
load cells and linear variable displacement transtgi(LVDTS), respectively. The
current Ul-FastCell setup uses 20 kN capacity celbwhereas the RaTT cell setup is
limited to 5 kN capacity load cell. Other testirguément selected for the test
procedures are the UTM-5P small triaxial cell amel Humboldt pneumatic loading

direct shear device for shear strength tests.

3.5.4 Test Specimens and Sample Preparation

With the exception of the triaxial shear strengt$t$, all the triaxial tests were
performed on 150 mm in diameter by 150 mm highdpstimens. The fine grained soll
specimens for the triaxial tests were prepared fpht mold assembly whereas oil sand
specimens were obtained from gyratory compactioching (Figure 2.4). The triaxial
shear strength test was performed on 50.8 or 7ldrameter (approximately 2 or 2.8-in
diameter) cylindrical specimens. The diameter tgliteratio is 1:2. The direct shear tests
were performed on square prismatic specimens efl¥l® mm. The thickness of the

prismatic sample is between 25 and 40 mm.
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All the oil sand test specimens were conditioneal etinimum of six hours in an
environmental temperature chamber at the desiragdamtures. The following

subsection presents sample preparation for finguasoils and oil sands.

3.5.4.1 Fine-Grained Soil Specimen Preparation

The soil samples were oven dried and sieved thrég 4.75 mm sieve
(No.4 sieve) to break up larger aggregations titfae the distribution of water through
the soil during mixing. The prepared samples werethwith the required amount of
water to bring the moisture content to the targéte. Cylindrical specimens were
prepared to fit in the confinement chamber of thd-bistCell or RaTT cell. The soll
sample was prepared at the required water contehinaximum dry density using a split
aluminum compaction mold specifically manufactuf@duse with the Ul-FastCell. A
latex membrane, 0.6-mm (0.025-in.) thick, was &gtalcto the bottom platen with an
o-ring and the platen was placed in an assembdysplit mold for compaction. The soil
material mixed with the required amount of wates\péaced in the mold in three lifts,
and each lift was rodded 25 times using a stanaatdor concrete testing. A pneumatic
vibratory compactor was used for compaction. Spegidgensity was controlled by
measuring the weight of material and compactedkti@ss of each lift, referenced to the
top of the mold. The surface of each lift was deatiup to a depth of approximately
12-mm, and the next lift was placed, and compadédr compaction, the final height
and density of specimen were noted, and a loadatgrpwas placed at the top of the
specimen. The split mold was then removed and ensemembrane (latex membrane)
was placed on the specimen and secured to thentbpaitom platens with o-rings. The
specimen was placed centered in the UTM test frame the Ul-FastCell or RaTT cell
was lowered for testing to start.

For triaxial shear testing, soil specimens werelmaecally compacted in a mold
by a standard Proctor compaction hammer in liftdofe to the target density. Similarly,
the surface of each lift was scarified to effeanpaction at required number of lifts
(usually 3 or 5 lifts). After compaction, specimggnsity was calculated and the

specimen was placed in a small triaxial cell cosfrent chamber for testing.
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3.5.4.2 Oil Sand Specimen Preparation

All specimens except for shear strength test spatsmvere prepared using IPC
Servopac gyratory compactor. Cylindrical specim&ase compacted at different density
levels depending on the applied number of gyratairiee approximate density states in
the field using the gyratory compactor. A 150-mrandeter filter paper was placed at the
bottom of a gyratory compaction mold. The requiaetbunt of oil sand material to
achieve the expected density is placed in the n#&aidther filter paper was placed on top
of the sample for compaction. Compaction was itatleby an integrated personal
computer, and achieved by simultaneous actionaticstompression and shearing action
resulting from the motion of specimen. During coetjEm, a vertical compression force
was applied using servo controlled pneumatic aotuatinitiate the gyratory motion.
When the compaction process was completed, thenspeavas ejected from the mold
by a pneumatic system setup. The achieved spedergsity was recorded in the
computer program, and final compaction data werexed and stored in the form of
readable ASCII test files on the PC. After compattspecimens were placed in 0.6 mm
thick latex membrane for testing. Following thigesimens are conditioned in the
temperature chamber before testing at the desragdrature.

The triaxial shear strength test specimens werénarecally prepared using the
procedure described for soils triaxial shear stietesting in subsection 3.5.4.1. The
direct shear test specimens were prepared frontagyreompacted specimens (see
3.5.4.2). Using a masonry saw, the gyratory congaaspecimens were cut to the
required size for testing.

3.5.5 Developed Test Procedures

The suites of tests were performed to determirgth, modulus, and damping
and deformation properties using hydrostatic, sheead repeated/cyclic loading
techniques. These test procedures were applicalsigils and oil sand materials, and
other geomaterials subjected to construction amingiequipment loading conditions.
The Ul-FastCell and RaTT cell setups describedhagier 2 were used to conduct the

hydrostatic loading, repeated loading, pure shaatihg and damping ratio tests.
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The shear strength tests were performed with aerdional triaxial cell in UTM-5P
loading system, and direct shear testing deviceritesl in Chapter 2. Specimen
preparations for various test procedures are destin section 3.5.2. Overall, five
different test procedures were followed in thigdgtuEach test procedure is described in
the following subsections.

3.5.5.1 Procedure A - Hydrostatic Loading Test
The hydrostatic loading test procedure providea ttatletermine the bulk
modulus and volumetric deformation properties afssand oil sand materials under
isotropic (hydrostatic) loading. A pulsed wave shapth 60 seconds loading and 60
seconds unloading is applied on the specimen. ®hwlete applied stress states/path
and the required measurements are as follows:
» Applied stresses: & 20.7 kPa 6> 41.4 kPa> 0 > 69 kPa> 0> 138 kPa
- 0> 276 kPa (static all-around stressesF 03 in triaxial states;
1 psi = 6.9 kPa). Specimen undergoes load-unldaddeuntil the last load
cycle is applied,;
* Properties measured: Continuous record of axiaradidl strainsg; andes,
in the vertical and radial directions, respectively
The sample’s bulk modulus (K) and volumetric stsa@y) may be computed

using the following equation:

Ao, +Ac,+Ac, _ Ap

K= =
Ag, Ag, (3.2

where,

Ap = incremental hydrostatic pressure (stre8s)= incremental volumetric

strain.
€y =& + & + &3 =¢; + 253 for cylindrical specimen in triaxial tests and

p = (01+ 02+ 03)/3 = (01 + 203)/3

62



3.5.5.2 Procedure B - Shear Strength Test

Shear strength tests are performed to determicigofmianglep and cohesion ¢
properties. Both triaxial and direct shear testscanducted in this study. The triaxial test
is conducted under different constant confiningspuees while vertical deviator stress is
monotonically increased until the sample fails. #f@r direct shear test, at constant
normal stresses, a horizontal stress (shear stseggplied to the sample until it is
sheared. The following are the loading conditiond mmeasurements taken from this test
procedure:

. Confining pressureslevels: 0, 20.7, 41.4, 69.0, 138.0, and 276.0 kPa
(1 psi = 6.9 kPa). For direct the shear tests,driglormal stress of 552.0 kPa
may be used to simulate high tire pressures o&laapacity construction and
mining trucks;

. Displacement controlled test corresponding to dilggastrain rate of
approximately 1 % strain/minute (typical loadingpst rate for soils strength
testing);

. Properties measured: Continuous record of steain,the vertical/horizontal
direction, maximum deviator stregg (or shear stress) attained at or until
specimen failure;

Initial modulus may be obtained from the stresaistcurve, and the shear strength
propertiesgp and c are generally computed from the Mohr-Coulanierion given by
Equation 2.1. For the triaxial shear test the gftteproperties may conveniently be
computed from the least squares regression equatitwe form ofo;, = a + lws (see
Figure 3.7), where, a and b are regression cotsstiermined from curve fit in the

experimental data. The values@nd c are computed from Equations 3.3.
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FIGURE 3.7 Relationship between Axial Stress an@onfining Pressure.

0= sin'l(b—ﬂj ;0:2#:/6 (3.3)

3.5.5.3 Procedure C - Repeated Load Triaxial Test

The repeated load triaxial test procedure for the-firained cohesive soil and oll
sand testing is similar to the current AASHTO T363t procedure used for determining
resilient modulus of soils and aggregate matedalyeomaterials. However, from the
initial conditioning stage of the AASHTO T307 tegtocedure, permanent deformation
properties of granular materials are often obtaeteshly one stress state using equal
confining and deviator stresses of 103.5 kPa (15 @sa total vertical stresg) to
horizontal confining strese{) ratio of 2. A haversine load pulse with 0.1-s&to
loading and 0.9-second rest period is applied ersgecimen for 1,000 load cycles.
Thus, the AASHTO T307 test procedure is limitedenms of applied stress states. In
this study, newly developed repeated load tricbeisi procedure for soils and oil sand
materials considers higher stress states (strags)td-urther, two different haversine
load pulse durations of 0.1 and 0.5 seconds aoairattuded in the laboratory testing
program to consider the effects of different tic€ing speeds of haul trucks and other
construction and mining equipment on the soil alhdand sinkage and rut development
in the field. A major consideration in the develdgest procedure is the ability to
measure both resilient modulus and permanent detoymin the same test. In addition,

each test specimen is subjecteddy one stress state or loading condition.
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The use of a new specimen for each stress statmates the effect of stress history on
permanent deformation. The stress levels and @thding conditions applied on the
specimen are as follows:

» Confining pressureslevels: 0, 20.7, 41.4, 138 and 276 kPa (1 psi kB#&);

» Vertical deviator stressqlevels: 20.7, 41.4, 69, 138 and 276 kPa,;

» Load pulse duration: 0.1 and 0.5 sec;

« Atdifferent number of load applications, permanggfiormationsgg) are

recorded for each cycle and the correspondingiplastins €,) and elastic

strains §;) are computed,;

The resilient modulus Mof the sample is computed as follows:

Q

Mg =—¢ (3.4)

e,
3.5.5.4 Procedure D - Pure Shear Loading Test

The pure shear tests are performed for obtainiegtiear modulus of the
materials as a function of the applied stress staitne applied stresses due to
construction and mining equipment loads actingroelament of soil or oil sand beneath
a level ground surface can best be representedibyg Wohr circles and stress paths as
illustrated in Figure 3.8. An element of soil of ®and under at-rest stress conditions

(vertical and horizontal stresses,and ¢, ) and the subsequent cyclic ground shaking

due to shear stressare shown in Figure 3.7a. The corresponding Maites and

stress paths are also plotted in Figures 3.8b &wl Bespectively. Upon application of
the pure shear loading, the radius of the Mohieirepresenting at-rest conditions
increases to result in a larger circle (shown lshed line). The center point of the new
circle, however, does not move since the vertindl laorizontal stresses remain constant.
The stress path, therefore, moves vertically upwaimbint D. When the shear loading
reverses direction in the next cycle, the strefis pmves this time vertically downward

to point B and that the principal stress axes eotat
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FIGURE 3.8 Stress Conditions Imposed on Element &oil below Level Ground Surface
by Vertically Propagating Shear Waves, and the Comsponding Mohr Circles and Stress
Paths ( Kramer 1996).

This type of continuous rotation of principal sges corresponding to field stress
conditions on a soil or oil sand element can clpbel simulated in the laboratory. For the
application of the pure shear stresses, two alieghpulses of the same magnitude are
applied at the same time in the vertical and ratligctions. Figure 3.9 shows the
90-degree out of phase cyclic stres&es?2, applied on the specimen by decreasing
(or increasing) the lateral pressure by the sanmuatho/2, by which the vertical stress
is increased (or decreased). The corresponding Muadte is then made to expand and
contract about a constant center point and thdtmegstress oscillates by the magnitude
of Aa/2 (=T1cyc) for the compression and extension loadings. afjpied stress path is
then in the vertical direction similar to that betpure shear loading induced by a
vertically propagating shear wave. The pure sheatihg is indicated in Figure 3.8 by
the vertically oriented stress pa#tg,, on a shear stress go=0s) - effective mean
pressure p [=d;+203)/3] plot. Figure 3.9 shows the specimen first ledavith a total
normal stress for hydrostatic statueogf The stresses on the specimen are applied such

that axial stress is equaldg + Y204 and the radial stressds - ¥20.
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Next, the specimen is loaded so that the axia$stis®s; - Y204and the radial stress
becomes; + Y04. It can be observed that at any time, a cyclienarstress of %64 are
applied on the specimen simultaneously in the ea&raind horizontal directions to

achieve pure shear loading condition.
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FIGURE 3.9 Pure Shear Loading Applied on the Sgcimen.
The loading conditions and measurements to obtaia ghear characteristics due
to the applied static and dynamic field loadingditons are as follows:

» Confining pressure levels: 20.7, 41.4, 69 and 1B8 (& psi = 6.9 kPa);

» Shear stress levels: 20.7, 41.4, 69 and 138 kRex@mum value of
appliedoy);

* Loading frequencies: 2 and 10Hz;

» At different stress levels strains in vertical aadial directions are recorded.
The Shear modulus, G is calculated using the medslrear strain and the

applied shear stress as follows:

T=61'63

(3.59)
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Y =§(81 ~&3) (3.5b)

T
y
where,T = applied shear stress,, 0z = axial and radial (confining) stresses, respetyiv
y = shear strairg; ande; are axial and radial strains, respectively.
3.5.5.5 Procedure E — Damping Property Test

The main objective of this test procedure is tovmle data to measure damping
ratio of fine-grained cohesive soils and oil saratenials. Damping ratio is defined as the
ratio of total energy dissipated per cycle by ggcimen to the maximum strain energy
stored by the sample during cyclic loading. Thergnelissipated per cycle in a specimen
is proportional to area of hysteresis loop as shiowiigure 3.10. The current test
procedures used for determining damping ratio d$ swe the cyclic triaxial
(ASTM D3999) and the resonant column proceduresT®A®4015). As mentioned
earlier, these test procedures have limited loadoglitions. For instance, in the cyclic
axial tests for soils, a limited frequency rang®df to 2Hz is suggested for the loading
equipment. In the resonant column test proceduatemal properties are obtained at
limited small strains. However, soil and oil sandtetials experience moderate to large
strains under heavy construction and mining equignmethe field. Test procedures used
for materials under such heavy equipment shoulahlieto account for the large strains
and other field loading conditions.

The newly developed damping ratio test proceduréi® fine-grained soils and
oil sand materials is simple and considers higess&s and loading frequencies. Damping
properties of oil sand materials are obtained atdvfferent test temperatures to simulate
prevailing field temperatures. In addition, the e@nfiguration allows dynamic modulus
and phase angle of tested materials to be complikednew Mechanistic-Empirical
Pavement Design Guide (NCHRP 1-37A 2004) usesyhardic modulus as the stiffness
parameter for hot-mix asphalt characterization. dyr@gamic modulus is defined as the
absolute value of the complex modulus (see Equ&tibd), and the phase angle of the

material is the amount by which strain responss thg applied stress.
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The value of the phase angle is an estimate ahtiterial’s viscous or elastic behavior
under specified loading conditions.
The loading conditions proposed for damping propests are as follows.
» Confining pressure levels: 0, 20.7, 41.4, 69, 138207 kPa (1 psi = 6.9 kPa)
» Vertical deviator stress levels of 41.4 kPa
» Complete sine load waveform applied at the loadlieguencies of 2, 5, 10,
and 20Hz with no rest between the sinusoidal waves
» At different stress levels strains in vertical aadial directions are recorded
to compute damping ratio and dynamic modulus ohtlagerial. Damping

ratio, D dynamic modquFE*| and phase angfeare computed from the test

data.

St{ess

Area of hysteresis | ]

loop, AW el
oop N

Strag AG

A

FIGURE 3.10 Typical Hysteresis Loop used for Danipg Ratio Computations.
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The damping ratio and the dynamic modulus of thieos®il sand material are

computed from Equations 3.7 and 3.10, respectively.

D:2 AW

< (3.7)
T AC X AE

where, AW = area of the hysteresis loop = the amount ofggnéissipated by the
material during one cycle of loading at angulagérencyw. The angular frequency in

rad/s is found based on the test frequency f, in Hz
AO = incremental axial stress, anél = incremental axial strain.

The maximum applied peak stresg)(and maximum measured peak strai) (
values for a material subjected to a sinusoidalilgican be conveniently obtained by
using a generalized mathematical curve fit funcgoren in Equation 3.8. The
parameters used to compute the maximum valuesesfssand strain could also be used

to calculate the phase angle of the materials.

F(t) =a, +at+bcos(ot) +csin(ot) (3.8)
Amplitude= vb? +c? (3.92)
PhaseAngle = tan‘l(%j (3.9b)

The dynamic modulus of the material is computedhieyfollowing equation:

E¥ =22 (3.10)
€o

where,|E* = dynamic modulus;

Op = applied stress amplitude (peak stress);
€0 = measured strain amplitude (peak strain);
o = 2xf = angular frequency; f = 1/T = frequency,

T = period, and@ &, b and c are regression constants.
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3.6 Summary

Five new and improved laboratory triaxial test mawures were developed to
determine strength, modulus and damping propedies permanent deformation
characteristics of fine-grained soils and oil saraterials. The tests procedures were
based on field loading characteristics of off-rbadl trucks and shovels, and other
construction and mining equipment. The results fppaliminary laboratory test program
performed on one fine-grained soil sample and thiesand samples, and field loading
and stress conditions were considered in the dpuetat of the test procedures. These
advanced test procedures are simple and ratiomdican reasonably simulate behavior
of fine-grained cohesive soils and oil sand maleuader typical field loading
conditions of compaction, construction and miniggipment. Detailed sample
preparation methods for suitable specimen sizes sugggested for all the test
procedures. The test procedures utilize testingpetgnt and devices capable of
simulating in the laboratory, wide range of stressditions, i.e., low to high stresses
experienced by the materials in the field. Detadestussions were provided for the use
and significance of the individual test proceduf@ata obtained from these test
procedures can conveniently be used to developmpesince characterization models to
account for distresses faced by off-road vehiclesnd construction and mining

activities.
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CHAPTER 4 BULK MODULUS OF FINE-GRAINED COHESIVE S OIL AND
OIL SAND MATERIALS

4.1 Introduction

An element of soil subjected to hydrostatic (ispicp loading condition
experiences an all-around uniform normal stressdszaro shear stresses. The bulk
modulus is a material property that describes ¢sestance of the soil to volume change
when the element is subjected to hydrostatic laadimthis study, bulk modulus is
determined in the laboratory for one fine-grainetiesive soil and three oil sand
materials using a newly developed hydrostatic cesgion test procedure. Details of the
developed test procedure are described in Chapidre8results from the hydrostatic
compression tests are analyzed, and used to degelppical equations and material

characterization models for the soil and oil saanmgles.

4.2 Testing Program and Procedure

The hydrostatic loading test developed in secti®43Procedure A) was used to
conduct the entire laboratory testing on the swil ail sand samples. A series of
hydrostatic loading cycles described in test Praped were applied on CAT A-6 soil
specimens at three moisture states: (1) dry ofrapti w = 11.3%, (2) optimum
Wopt = 14.3% and (3) wet of optimum w = 17.3%. Testdhmnoil sand materials were
performed on SE-09, SE-14, and AU-14 samples witinten contents of 8.5%, 13.3%
and 14.5%, respectively at temperatures 8€26nd 36C. Two replicate specimens were
tested for all the samples. Thus, a total of 6 bgthtic compression tests were performed
on the soil sample at the three water contentsaistore states whereas 12 tests were
performed on the three oil sand samples.

The Ul-FastCell test setup was used for applyirghydrostatic stresses on both
the soil and oil sand samples. A pulsed wave shaihe60 second loading and 60 second
unloading was applied on the test specimens. Tla¢ static loading was measured by
the load cell, and the radial loading was meashyeal pressure transducer. Both axial

and radial strains were measured by two symmetri¢aITs.
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4.3 Test Data Analyses

The applied hydrostatic stresses and measured etlignstrains obtained from
hydrostatic compression tests are used to calchldkemodulus. A plot of the applied
isotropic compression stress against volumetrairstf soils gives a nonlinear curve
(Terzaghi and Peck 1967, Vesic and Clough 1968 Carabain et al., 2003). Vesic and
Clough (1968) suggested that the soil’s elastiperoes could conveniently be obtained
from the nonlinear curve by straight line approximas that linearly relate increments of
both the isotropic stress and volumetric strainghis study, the straight line
approximation concept was used for analyzing teeresults of the samples. The bulk
moduli (K) of the soil and oil sand samples werkewdated from the ratio of the
incremental hydrostatic stregso) to the incremental volumetric straifig). Equation

4.1 is used to define the bulk modulus of the tesemples.

K=2°2 (4.1)

The volumetric strai, is computed from the axial straépand the radial straigs as

€ = &1+ 2e3. For triaxial compression tests, hydrostaticsstee= 01 = 02 = O3.

4.3.1 Analyses of Fine-Grained Soil Test Results

A total of about 270 stress-strain data sets fohéast were analyzed for the bulk
modulus of the soil sample at one moisture stadehklata set represents an average
value from two replicate specimens. Figure 4.1 shawlot of the applied hydrostatic
stress against the total volumetric strain for C&® soil sample at the three moisture
states. A polynomial regression curve was fit inividual data sets of the soil sample
at optimum, dry of optimum and wet of optimum, atichight line approximation was
used to obtain the incremental hydrostatic stregsdsorresponding volumetric strains.
The bulk modulus was then computed at each hydiostading stress using
Equation 4.1.
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FIGURE 4.1 Hydrostatic Loading Test Results for @QT A-6 Soil at three Water Contents.

Table 4.1 lists summarized test results of thesaiple at the three moisture
states. As expected, the soil sample at dry ofrapti gave the highest bulk modulus
values whereas the lowest bulk modulus values wiet@ned at wet of optimum. The
average bulk modulus value increases by 0.3 MRa @ptimum to dry of optimum, and
decreases by 0.92 MPa from optimum to wet of optimthus, a change in water
content of 3% below the optimum resulted in abd&®olincrease in the bulk modulus of
the soil sample, whereas a change in water confe3% above the optimum resulted in
about 45% decrease in the modulus values. Thelhigitation of soil particles at wet of
optimum water content weakens the soil sample.&fbex, the modulus of the sample
becomes low at wet of optimum compared to dry dinapm, or the soil becomes less
sensitive at dry of optimum.
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TABLE 4.1 Test Results for CAT A-6 Soil aThree Moisture States

w =11.3% Wopt = 14.3% w=17.3%
Ao (kPa)
Ag, (%) K (MPa) Ag, (%) K (MPa) Ag, () K (MPa)
20.7 1.50 1.38 1.50 1.38 2.90 0.71
41.4 2.18 1.90 2.38 1.74 4.25 0.97
69 2.80 2.46 3.20 2.16 5.90 1.17
138 3.80 3.63 4.80 2.88 8.50 1.62

4.3.1.1 Regression Equations for CAT A-6 Soil Sgite

Figure 4.2 shows empirical equations of bulk modw@s power functions of
hydrostatic stress for the soil sample at the thmeisture states. The significantly high
coefficients of correlation values {R 0.99) indicate that the straight line approxiomt
concept (Equation 4.3) used for the analyses paddrwell for the soil sample at all the

three moisture states.
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ol
2 25}
X
@ K =0.41769-3
S 207 R2=0.997
3
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s 15
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D 1ol K =0.19525043
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FIGURE 4.2 Correlations between Bulk Modulus andHydrostatic Stress for CAT A-6 Soill
at three Moisture States.
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4.3.2 Analyses of Oil Sand Test Results

For each oil sand sample a total of about 270s&ain data points were
obtained from testing one specimen. Thus, aboutda4® points were analyzed for each
oil sand sample at the two test temperatures. tatteeach data set represents an average
value from the two replicate specimens. Similafdysis performed to obtain the bulk
modulus values of the CAT A-6 soil sample was usedketermine the bulk modulus
values of the oil sand samples (section 4.3.1)omomial function was fit into test data
of the SE-09, SE-14 and AU-14, and the incremdntdtostatic stresses and volumetric
strains obtained were used to calculate the bultutus values. Figures 4.3 and 4.4 show
the variation of hydrostatic stress with volumesiain for the three oil sand samples at
20°C and at 3fC, respectively.

350 T
300 SE-09 SE-14 AU-14
250
200

150 1

Hydrostatic Stress, kPa

100 1

50 1

0-""I""I""I""I

0 1 2 3 4 5
Volumetric Strain, %

FIGURE 4.3 Variation of Hydrostatic Stress with Volumetric Strain for the Oil Sands at
20°C.
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FIGURE 4.4 Variation of Hydrostatic Stress with Volumetric Strain for the Oil Sands at
30°C.

Tables 4.2 and 4.3 list the test results for aldh sand samples at ZDand
30°C, respectively. As expected, higher bulk modulalsi®s were obtained at ZDthan
at 30C for all the oil sand samples. The SE-09 samplesgihe highest bulk moduli
while AU-14 sample gives the lowest values. AI@Qthe difference in magnitude
between the average bulk modulus of SE-09 and AWahdples is 1.61 MPa, i.e., about
26% difference, and the difference between SE-@OSi14 is 0.78 MPa, representing
about 12.5%. The average bulk modulus of SE-14Adhd 4 samples are close to each
other although the bulk modulus of SE-14 is adlittigher than AU-14. Similar trend in
bulk modulus at 2 is observed for the samples at@0That is, the SE-09 sample has
the highest bulk modulus values whereas AU-14 samas$ the lowest bulk modulus.
However, it is interesting to note that the magihétwf the bulk modulus of SE-14 and
AU-14 samples were comparable at the two test testyres. The average bulk modulus
of SE-14 at 28C is about 1.2 times of the bulk modulus of AU-binpared to about 1.3
times at 30C. The amount of bitumen content and the test teatpes appear to be the

factors that influenced the overall stiffness @ til sand materials.
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The AU-14 sample with high bitumen content has lolgk modulus, whereas the
SE-09 sample with low bitumen content has the leghalk modulus. Also, for all the

oil sand samples the average bulk modulus %€ 2@as higher than the average bulk
modulus at 3TC.

TABLE 4.2 Test Results for Oil Sand Samples at 20

SE-09 SE-14 AU-14
Ao (kPa)
A, (%) K (MPa)  Ag, (%) K(MPa) s, (%) K (MPa)
41.4 0.88 4.70 1.02 4.06 1.40 2.96
69.0 1.35 5.11 1.52 4.54 1.90 3.63
138.0 2.10 6.57 2.43 5.68 2.78 4.96
276.0 3.18 8.68 3.60 7.67 3.90 7.08

TABLE 4.3 Test Results for Oil Sand Samples at 3G

SE-09 SE-14 AU-14
Ao (kPa)
Ae, (%) K(MPa)  Ae, (%) K(MPa)  As (%) K (MPa)
41.4 1.30 3.18 1.50 2.76 2.18 1.90
69.0 1.65 4.18 1.95 3.54 2.60 2.65
138.0 2.30 6.00 2.80 4.93 3.70 3.73
276.0 3.58 7.71 4.00 6.90 4.90 5.63

4.3.3 Bulk Modulus Characterization Models

Statistical regression analyses were performedemil sand test results to
develop empirical equations for each sample & 2d at 3%C. Figures 4.5 and 4.6
indicate the relationships between bulk modulusayttostatic stress at 2D and at
30°C, respectively, and the resulting correlation ¢igua for the three oil sand samples.
The high R values indicate that good approximations wereet with Equation 4.1.
Therefore, strong correlations exist between thk modulus and hydrostatic stress for
all the oil sand samples tested at the two tempesit
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FIGURE 4.5 Variation of Bulk Modulus with Hydrostatic Stress for Oil Sands at 2fC.
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FIGURE 4.6 Variation of Bulk Modulus with Hydrostatic Stress for Oil Sands at 3fC.
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To evaluate other important loading conditions physical properties that might
affect the behavior of oil sand materials, the Sfeistical software was used to perform
multiple regression analyses on the test dataclade variables such as temperature,
bitumen content and three gradation properties GZuand [Bo). However, the initial
statistical analyses to determine variables afigdbiulk modulus showed that no
significant correlation exist between the bulk miodwand all the three gradation
properties (R< 0.2). Therefore, the gradation properties wertdmcluded in the SAS
multiple regression analyses.

The data set of each oil sand sample (SE-09, Saird4AU-14) was first
analyzed separately, and a combined test datd akttloe three oil sand samples was
also analyzed to develop models of bulk moduludegendent variable and hydrostatic
compression strese), temperature (T) and bitumen content)(as independent
variables. Among other mathematical forms includingar, nonlinear, and hyperbolic,
the power function was most suitable for modelintkbmodulus of the oil sand
materials. The model parameters and the coeffiakobrrelations obtained for the
individual oil sands (see Table 4.4a) indicated ¢hgeneralized bulk modulus models
could be developed using the combined data sdtsedhree oil sand samples. Table 4.4a
lists the bulk modulus (K) models and the modehpaaters obtained for each oil sand
sample while Table 4.4b lists characterization nedad parameters obtained for the
combined test data set of the three oil sand sanilete that additional variable
(bitumen content) is included in the models whendbmbined data set is used.

It can be seen that parameter A has the greatestnce on the bulk moduli of
the samples as the hydrostatic stresses increatie TBbles 4.4a and 4.4b show high R
for all the models. The difference irf Ralues obtained as a result of subsequent
inclusion of independent variables is an indicatbthe contribution of the variables.
The change in Robserved in models 2 and 3 indicates high deparydeinbulk modulus
on hydrostatic stress (see Table 4.4b). Howeverintiprovement in the Rralue
observed in model 3 indicates that there are sagmt contributions of temperature and
bitumen content in the model. Recall that tempeeatind bitumen content are important
factor that affect field loading behavior of oingamaterials. This suggests that model 3

would be more practical to characterize the oidsathan models 1 and 2.
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Model 3 was used to fit into the individual oil satest data at 2G and at 3fC.
There is a very good fit overall, for all the th@ksand test data at the two test
temperatures (see Figures 4.7 and 4.8). Therefodeh3 can be used for future studies

on bulk modulus characterization of oil sand matseri

TABLE 4.4a Bulk Modulus Characterization Madels for Oil Sand Samples

Model 1: K = A* "
Model 2: K = A* Tk

Model Parameters

Model

log A ke ko R? RMSE*
SE-09 Sample

-0.0640 0.4005 0.859 0.058

0.6204 0.4005 -0.4927 0.963 0.033
SE-14 Sample

-0.1446 0.4095 0.848 0.062

0.6107 0.4095 -0.5437 0.968 0.031
AU-14 Sample

-0.4527 0.5116 0.833 0.082

0.6356 0.5116 -0.7835 0.990 0.023

TABLE 4.4b Bulk Modulus Characterization Models for Combined Oil Sand Data

Model 1: K = A* g
Model 2: K = A*ghaT*
Model 3: K = A* lewt)ZTk:g

Model Parameters

Model

log A ke ko ks R RMSE
1 -0.2204 0.4406 0.690  0.096
2 0.4068 0.4406 -0.5853 0.821  0.075
3 1.2494 0.4406 -0.5853 -0.6066 0.926  0.049

*. Root Mean Square Error
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4.4 Summary

Hydrostatic triaxial compression tests were perfedron one fine-grained
cohesive soil and three oil sand materials in afwtlatory using a newly developed
hydrostatic loading test procedure. For the sonda, the laboratory tests were
performed to determine bulk modulus at water casten11.3%, 14.3% and 17.3%,
representing dry of optimum, optimum and wet ofiropin, respectively. Tests were also
performed on three oil sand samples with bitumerierds 8.5%, 13.3% and 14.5% to
determine bulk modulus at temperatures df22and 36C.

Based on the test results, empirical equationsiif imodulus as a function of the
applied hydrostatic stress were obtained for thieasal oil sand samples. In addition,
material characterization models that considethallfield loading conditions were
developed for the tested oil sand materials. Theltefrom the bulk modulus models
show that the oil sand samples can properly beachenized by temperature and bitumen
contents. There was considerable improvement icdlé#icient of correlation values
when temperature and bitumen contents were includ#w initial model, which has
only hydrostatic stress as independent variablgo Ahe model parameters obtained for
individual oil sand samples suggested that albdia could be combined to develop one
representative model for the three oil sand samplaes empirical equations and
characterization models would be useful in evahgaiehavior of fine-grained soils and
oil sand materials in the field. The following @ahe summary of observations derived
from the tests results:

1. For the soil sample, the highest bulk modulus \&aluere obtained at dry of
optimum, and the lowest values were obtained abiveptimum. It was found

that a change in water content of 3% below thenoytn resulted in about 15%

increase in the bulk modulus or stiffness of thésample, whereas a change in

water content of 3% above the optimum resultecboua45% decrease in the
stiffness of the sample.

2. Results of the oil sand tests gave higher bulk fi@d2@C than at 3%C.
Comparisons of the bulk modulus values indicaté dhaoth test temperatures,
SE-09 sample had the highest bulk modulus whileAliel4 sample had the

lowest.
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At 20°C, the difference in magnitude between the avebafjemodulus of SE-09
and AU-14 samples was about 26%, and the differbateeen SE-09 and SE-14
was about 12.5%. The average bulk modulus of SBEAtMAU-14 samples was
found to be comparable at the two temperatureswdfin the bulk modulus of
SE-14 was about 1.2 and 1.3 times of the bulk niadAU-14 at 20C and

30°C, respectively. The amount of bitumen content apgdto be the main factor
that influenced the bulk modulus values of thesaihd materials. The SE-09
sample, with lowest bitumen content, was founddadhe sample with the highest
stiffness, whereas the AU-14 sample with the high#emen content appeared as

the least stiff sample.
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CHAPTER 5 SHEAR STRENGTH OF FINE-GRAINED COHESIVE SOIL AND
OIL SAND MATERIALS

5.1 Introduction

Shear strength of soils and granular materialsiswally determined from
laboratory tests performed on prepared specimena or-situ undisturbed samples. For
several decades, the triaxial compression andtdibesar tests have been recognized as
the standard laboratory tests for determining sk#angth properties of soils and
granular materials. The results from these tegte@ammonly used for analyzing the
bearing capacity and stability of slopes and fotioda of structures and pavements.
These tests have also been successfully used dbergast 40 years to determine shear
strength properties of oil sands. For instance,idqd960), Dusseault and Morgenstern
(1978b) and Agar et al. (1987) conducted extensivdies on shear strength of
Athabasca oil sands using both the triaxial comgpoesand direct shear testing
procedures.

This chapter presents the results of both trisccoahpression and direct shear tests
performed to characterize one cohesive soil arebtbil sand materials. The test
procedures used for this study are similar to tlodgbe traditional shear strength tests
(ASTM D 2166, 2850, 3080 and 4767). However, i gtudy, the selected testing
conditions are particularly based on the field lngcconditions of large capacity off-road
construction and mining equipment. In addition,ahed testing equipment and data
acquisition systems were used to simulate clo$elthloading conditions of such large
capacity equipment. Details of the new test prooedve presented in Chapter 3. The
laboratory testing conditions and procedures usedralyzing the test results are
presented in this chapter. The test results are taséevelop Mohr-Coulomb failure
models for each tested material. Detailed analgsdsdiscussions of test results are also
presented.

5.2 Laboratory Testing and Test Conditions

The fine-grained soil and oil sand specimens westet in accordance with the

developed test procedure described in section 8I&<t Procedure B).
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For the soil sample (CAT A-6), five triaxial strahdests were conducted at optimum
(Wopt = 14.3%), dry of optimum (w = 11.3%), and wet ptimum (w = 17.3%) to obtain
the friction anglep, and cohesion c properties. Each test was castiedn cylindrical
specimens, 50.8mm (2 inches) in diameter and 10th.6frinches) high and at five
confining stress levels, i.e., 0, 20.7, 41.4, 68 288 kPa. The test specimens were
monotonically loaded at a strain rate of 1% strain/using the UTM-5P pneumatic
testing system, and pressurized in a triaxial creamlith air pressure. The load was
measured through the load cell, whereas, the dettwns were measured using the
actuator LVDT.

For the oil sands, tests were conducted on thraplea with bitumen contents of
8.5% (SE-09), 13.3% (SE-14) and 14.5% (AU-14) usiath triaxial and direct shear test
procedures. The triaxial tests were performed dindycal specimens, 71 mm (2.8 in.)
in diameter and 142 mm (5.6 in.) high, and at ieafining stress levels, i.e., 20.7, 41.4,
69, 138 and 276 kPa. Specimens were conditionedesiet] at temperatures of’20and
30°C, using the same loading conditions of the saiiga. Direct shear tests were
performed on the oil sand samples to compare ésstts with the triaxial compression
tests. The same test conditions for the triaxististevere used to perform the direct shear
except that confining stresses were increased2kBa. Square prismatic specimens,
100 mm size and 25-40 mm high, were prepared atedén the Humboldt pneumatic
direct shear test setup using a strain rate oftt8n#min. The shear stress was measured
through the load cell, whereas, the horizontal\artical deformations were measured

using horizontal and vertical LVDTSs.

5.3 Background for Analyses of Shear Strength TeResults

Shear strength of a geomaterial is mobilized due/tocomponents; cementing
action or cohesion and grain interlock from appleatis (friction angle). Typical shear
strength tests, either triaxial compression oraliskear require testing specimens at
three or more confining stress levels to accuratelelop a failure envelope. In triaxial
tests, an all-round confining pressure is initiapplied on the specimen before an axial

monotonic load is gradually applied an increaseshenar it.
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On the other hand, in the direct shear test, théirdag pressure is applied by a vertical
load on the specimen followed by a gradual appboadf a horizontal shear load to shear
the specimen.

The Mohr-Coulomb equation has been successfullg teseharacterize shear
strength behavior of soils or geomaterials witimmted stress ranges. The results from
such characterization provide parameters, whicleangloyed in analyzing the stability
of the tested materials. In this study, the lindahr-Coulomb model was used to analyze
test data of both the soil and oil sand samples.VEtues of the Mohr-Coulomb strength
properties were used to develop shear strength Im@mehe individual samples at
different moisture states or bitumen contents. Miodér-Coulomb failure envelope is
defined by Equation 2.1.

For the triaxial tests, Mohr’s circles were firsinstructed using the applied
confining stresses and the corresponding maximwarsttresses at failure. The Mohr-
Coulomb failure envelope was then constructed ébeminining the strength parameters
for each sample tested. For the direct shear &taf the following procedure was used to
obtain the shear strength parameters:

(a) Peak deviator stresses are determined fromethudts as the maximum shear

stresses at failure;

(b) Maximum shear stresses are graphed as a faraftithhe applied normal

stresses;

(c) Friction angle and cohesion are determined fitmengraph in (b).

For all the tests, where no clear peak is observéte stress-strain plots, the
deviator stress corresponding at 5 % axial strais adopted to define the shear strength

of the specimen (Garg and Thompson, 1998).

5.3.1 Analyses of CAT A-6 Soil Test Results

The results for five tests performed on the somgla at three different moisture
states are reported in Table 5.1, and the effestatér content on shear strength
properties, i.e., friction anglpand cohesion c of CAT A-6 soil sample. Generalighbr

shear strengths were obtained at dry of optimutesta
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As expected, increasing confining pressure resutt@icreasing deviator stress (shear
stress) at failure for all the three moisture staldne results at w = 17.3% and confining
stress of 138 kPa, were not included in the armalyge to difficulties encountered during
testing. This should not have significant effecttibe shear strength properties since the
remaining 4 tests are enough to obtain the streprgiberties. Comparison of the test
data shows that the differences in cohesion afeehitpan the differences in friction
angle of the soil sample at the three moisturest@tee Table 5.1). The highest
difference in cohesion was found between dry ofnogpin and wet of optimum, i.e., 215
kPa. At the same time, the difference in frictiogle between the two moisture states is
8.3 degrees. Thus, a change in water content cdl38@e or below the optimum water
content resulted in considerable change in cohdsiba little change in the friction
angle of the soil sample. This suggests that tlemgth behavior of CAT A-6 soil could
greatly be influenced by increasing or decreadiegnater content above or below the
optimum. Higher c¢ values are associated with haglistance of the soil material to
shearing stresses, and higlparalues implies greater capacity of the soil to digve
strength and resist permanent deformation in #ld.firhe effect of water content on the

shear strength properties of CAT A-6 soil is clgathown in Figure 5.1.

TABLE 5.1 Triaxial Shear Strength Test Results fo CAT A-6 Soll

Water Peak Shear Stress @ Confining Stress (kPa) Stréngperties

Content 0 20.7 41.4 69 138 @(Deg) c (kPa)

w=113% 9716 1129.8 13559 14014 1629.6 42.0 250
Wopt = 14.3% 472.5 528.5 641.9 764.3 973.0 395 112
w=17.3% 121.7 152.8 141.2 299.5 - 33.7 35

Figures 5.2 to 5.4 show the test results repreddatévohr circles at failure for
five tests of CAT A-6 soil at w = 11.3%,0yw= 14.3% and w = 17.3%. The five tests are
labeled as test numbers 1 through 5 in the figuiggires 5.2 to 5.4 also show

Mohr-Coulomb failure envelopes obtained for the glenat the three moisture states.
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5.3.2 Analyses of Oil Sand Test Results
5.3.2.1 Analysis of Triaxial Test Data

The results of the triaxial shear strength testhethree oil sands are presented
in Mohr’s circles. Tables 5.2 and 5.3 shows theresults for all the three oil sand
samples at 2—T and at 3%, and Figures 5.5 and 5.6 present the test raéauitehr
circles. These figures indicate that the oil saand@es have essentially the same shear
strength. Apparently, the oil sand materials diddensify as confining pressure
increased, hence the shear strength did not ireerééas worth mentioning that none of
the specimens tested failed by shear, ratheraligst specimens bulged when the
applied shear stress reached the peak value. dihisef mode resulted in zero friction
angles for all the oil sand samples, i.e., ther@isr negligible interlock between the
sand grains of the materials. The zero frictionl@engbviously are not reflective of the
dense nature of the tested oil sand materials.

Dusseault and Morgenstern (1978b) and Agar efl@83), reported that oil sand
derives its strength from the dense interlockingrgstructure it exhibits. Therefore, the
test results obtained from this study show thatethneas no significant contact between
the grains of the oil sands tested, which resuttezkro friction angle. In a related case,
Dusseault and Morgenstern (1978b) abandoned ttigeses in favor of direct shear test
for Athabasca oil sands. One of the reasons wasdmaple uniformity and the required
number of similar specimens to describe Mohr-Coll@nvelopes could not be obtained
from triaxial testing.

In this study, the direct shear tests were perfdrtoeverify the ambiguity in the
triaxial test results obtained for the oil sand pke®. However, the small cohesion values
obtained for all the samples appear to reasonabeawith findings by Round (1960),
Morgenstern and Dusseault (1978b) and Agar efi@8%). Generally, no significant
difference was found between cohesion of the thilesand samples at 20 and at 3€C.
Cohesion was found to be relatively higher &C2than at 3% for all the oil sands with
the AU-14 sample giving the highest cohesion vali4.8 kPa at ZT. Note that in
Figure 5.5c, the Mohr circles lying above the feglenvelope (test # 1 and test #3) were

not considered for determining the cohesion propafriAU-14 sample.
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TABLE 5.2 Triaxial Shear Strength Test Reslts for Oil Sand Samples at 28C

Peak Shear Stress @ Normal Stress (kPa) Strength Properties

Sample ID
20.7 414 69 138 276 o(Deg) c(kPa)
SE-09 325 267 355 339 27.0 0 15.7
SE-14 40.6 439 439 416 50.9 0 22.3
AU-14 62.7 51.1 69.0 413 419 0 24.8

TABLE 5.3 Triaxial Shear Strength Test Redlts for Oil Sand Samples at 36C

Peak Shear Stress @ Normal Stress (kPa) Strength Properties

Sample ID
20.7 414 69 138 276 o(Deg) c(kPa)
SE-09 245 333 340 313 215 0 15.0
SE-14 222 207 245 259 214 0 13.0
AU-14 28.7 229 229 287 302 0 15.4
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5.3.2.2 Analysis of Direct Shear Test Data

The results for the direct shear tests for allé¢lo# sand samples are reported in
Tables 5.4 and 5.5. In these tables, the maximenratbr stress at failure, the applied
normal stresses, and shear strength propertiesiammarized for test temperatures of
20°C and 36C. Note that only 4 direct shear tests were peréarifor the oil sand
samples at 3C. There were insufficient oil sand samples to catdhe tests at all the

six confining stresses.

TABLE 5.4 Direct Shear Strength Test Restd for Oil Sand Samples at 2tC

Peak Shear Stress @ Normal Stress (kPa) Strengplerfles

Sample ID
20.7 41.4 69.0138.0 276.0 552.0 ¢ (Deg) c(kPa)
SE-09 27.2 457 59.8 126.. 218.F 473.¢ 39.4 6.2
SE-14 26.z 521 77.6 94.1 223.1 417.¢ 35.7 15.2
AU-14 32.z 41.8 61.2 123.C 210.z 365.¢ 32.1 22.9

TABLE 5.5 Direct Shear Strength Test Resudtfor Oil Sand Samples at 3

Peak Shear Stress @ Normal Stress (kPa) Strength Properties

Sample ID
69.0 138.0 276.0 552.0 ¢@(Deg) c(kPa)
SE-09 63.8 113.5 190.6 384.4 33.0 17.6
SE-14 56.6 120.4 209.7 355.2 30.7 29.5
AU-14 65.0 98.8 210.1 332.4 29.0 314

Comparisons between the test results indicatelheatil sand materials exhibit
higher friction angles at 2Q than at 38C. On the other hand, the cohesion parameter
was found to be higher at @D than at 28C. Overall, the SE-09 sample has the highest
friction angle and the lowest cohesion, whereasl4llhas the lowest friction angle and
highest cohesion. The SE-09 sample has the hifietgin angle and the lowest

cohesion at 3T.
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There is apparently no significant difference betwéiction angle and cohesion values
of SE-14 and AU-14 samples. Both AU-14 and SE-Idpdas have higher cohesion
intercepts compared to SE-09 sample.

As mentioned previously, highvalues implies ability of the geomaterial to
develop strength under confinement and resist peentadeformation, and high c values
means high resistance of the geomaterials to stgesiiesses. Although, the differences
between the test parameters are not large, the9&#ample is expected to have greater
potential to resist field sinkage or permanent defdion when compared to SE-14 and
AU-14 samples. The behavior of SE-14 sample appedre close to the AU-14 sample.
This could be expected since the difference betwleein bitumen contents is not
significant. It appears bitumen content has efbecshear strength of oil sand materials.
This effect could be explained in more detail & ttharacteristics of the bitumen were
better known.

Generally, the high friction angles and low cohasahibited by the three oill
sand samples are in agreement with research fiadihBound (1960) and Dusseault and
Morgenstern (1978b). All these studies reported dowegligible cohesion and high
friction angles for oil sand materials in direceahtests. Typical “c” values for oil sand
materials from direct shear tests under differest tonditions are less than 20 kPa;
whereas typical@’ values range mostly between 30 and @bund 1960, Dusseault and
Morgenstern 1978b). These researchers also naéedittsand with high quartz content
or highly coarse-grained in nature have high sk#angth properties.

Based on the test results, shear strength modeésdeseloped for each oil sand
sample using Mohr-Coulomb failure envelopes. Fig&& and 5.8 show the Mohr-
Coulomb failure envelopes developed from the camesiand angle of internal frictiap
for the three oil sand materials. It can be obskfuem Figures 5.7 and 5.8 that high
normal stress has a significant influence on tleasbktrength properties of the oil sand

samples.
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5.4 Summary

Shear strength tests to allow application of sonawigh confining or normal
stresses were used to determine strength propeft@® fine-grained soil and three
types of oil sand samples. Triaxial compressiotstegre performed on the soil sample
at optimum water content,qyy= 14.3%, dry of optimum, w = 11.3% and wet of
optimum, w = 17.3%. Both triaxial compression améa shear tests were performed on
the oil sand materials with bitumen contents 0#8.43.3% and 14.5% at test
temperatures of 2C and 36C. Results from the two test procedures could Bot b
effectively compared since the triaxial tests patlzero friction angles for all the oll
sand materials. However, the results from the tsbear tests were comparable to other
laboratory tests performed on similar oil sand dasyBased on the test results Mohr-
Coulomb failure models were developed to charaz#dhe soil sample at each moisture
state, and each of the three oil sand sampleg divtintest temperatures. The test results
for both the soil and oil sand samples showedttieasoil sample at dry of optimum and
the oil sand sample with lowest bitumen contentlddiave greater ability to resist
potential rutting (sinkage) in the materials. Tolsservation was evident from high
friction angles obtained for the soil sample at orpptimum and the oil sand sample
with less bitumen content. The major findings dediyrom the shear strength tests are as
follows:

1. Both cohesion and angle of friction of the soil géemwere higher at dry of
optimum than optimum and wet of optimum water cotgeAlso, the shear
strength properties were higher at optimum thanokeptimum water content. A
change in water content of the soil sample by 3%vbeptimum resulted in
about 1.06 times of friction angle and about 2i@%$ of cohesion at dry of
optimum. On the other hand, a change in water oo 3% above optimum
resulted in 0.85 times of friction angle and ab@@ttimes of cohesion at wet of
optimum.

2. The triaxial compression tests performed on theglwil sand materials gave zero
friction angles. All specimens failed by specimeid-meight budging, which
suggests that there were apparently no interpartmhtacts between the sand

grains in the oil sand samples.
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The results obtained for cohesion intercept wdtseratasonable and agreed with
results reported in the literature for similar €ahd samples.

. Direct shear tests were performed to obtain fiicaagle and cohesion strength
properties of the oil sand materials. The testltesudicated that the oil sand
samples had higher friction angles at@@han at 38C, and lower cohesion
values were obtained atZl) Generally, SE-09 sample had the highest friction
angle and lowest cohesion, whereas AU-14 had thedbfriction angle and
highest cohesion at the two test temperaturesdiffegences in friction angle

and cohesion between SE-14 and AU-14 sample weignificant.
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CHAPTER 6 MODULUS AND PERMANENT DEFORMATION BEHAV [IOR OF
OIL SAND MATERIALS

6.1 Introduction

Deformation of geomaterials is generally dividetbitwo parts: elastic
(recoverable) and plastic (permanent) deformati®hs. plastic deformation measures
the rutting potential of the geomaterial, wherdmesdlastic deformation the resilient
behavior of the geomaterial. Current field studiesil sand materials characterized total
deformation behavior under heavy construction amdng equipment. However, it is
important that the elastic and plastic deformatioinsil sands are studied separately in
order to adequately describe field loading resppo$¢these materials under equipment
wheel loads to develop various stiffness, sinkageratting models.

In comparison to strength characteristics, lessareh has been devoted to
resilient and permanent deformation behavior osaild materials in the laboratory. One
plausible reason is that oil sands behavior undat tnucks or shovels are still far from
advanced. Another reason is the lack of laborae&stiprocedures or equipment capable
of simulating field loading conditions, and prowididata to characterize resilient and
permanent deformation behavior of oil sands. Bpeated load triaxial test has been the
well accepted test method in analyzing the elasta plastic deformations in
geomaterials. The current procedure applies typicgdway loading conditions on
samples to obtain data for resilient modulus amchpaent deformation (AASHTO
T307). In this chapter a newly developed repeaiad triaxial test procedure, which
applies higher stress ratios than the current AAGHBO7 test procedure, is used to
characterize resilient modulus and permanent deftoom behavior of three types of oil

sand materials in the laboratory.
6.2 Deformation Behavior of Oil Sand Materials

6.2.1 Permanent Deformation Behavior

The majority of permanent deformation behavior n®dier geomaterials are

based on the applied stress states and the nurhlo@adaepetitions.

101



Recently, Thompson (1984a), Lekarp, et al. (20@¥ehshown from laboratory studies
that load pulse duration or frequency of loadimdgdid to field trafficking speeds has a
significant influence on the permanent deformatiooumulation in geomaterials. Studies
on rutting potential of paving and bituminous basges in general indicate that
permanent deformation is closely related to aspiuadtent (Barksdale 1973, 1987).
Vehicular loading characteristics are one of thgomfactors affecting permanent
deformation in the field (Kim and Tutumluer, 2006).

It is recognized that the considerable amount fbén in the oil sands, high
applied loads from the mining equipment, seasonahges in temperature, and the
number of truck passes or load applications ar@mnfag¢tors that control deformation
behavior of oil sands (Joseph, 2005). The fieldlilog characteristics of large capacity
mining equipment is another major factor that caffdct permanent deformation
behavior of oil sands due to the large nominal gagy$ and high tire pressures. These
mining equipment, particularly, haul trucks couldguce high vertical stress to
confining stress ratio of 3.20 in the field. Tdelano comprehensive laboratory test
procedure discusses the individual permanent defttombehavior of oil sand materials.
Instead, several research studies on oil sandstredigonally been focused on obtaining
laboratory stress-strain test data to describer sttength and elastic behavior of oil
sands (Dusseault and Morgenstern 1978b, Agar @08ll, Samieh and Wong 1997,
Morgenstern and Scott 1997, Wong 2001, 2003 an8)200

To study permanent deformation behavior of oil sandhe laboratory, typical
loading conditions of mining equipment should bawdated using proper laboratory test
procedures and testing equipment. Test resultsldmilised for developing permanent
deformation prediction models to better understaodility and equipment sinkage

related problems in oil sands.

6.2.2 Resilient Behavior

Resilient modulus is widely used as a key inpupprty of pavement foundation
geomaterials for pavement design. Under the regegdplication of dynamic loads, the
recoverable strains are used to evaluate theamsproperties of pavement foundation

geomaterials.
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Traditionally, resilient modulus (N) used for the elastic stiffness of pavement malteri
is defined as the repeatedly applied wheel loasstdivided by the recoverable strain
determined after shakedown of the material.

Field plate load tests conducted on oil sand matehave indicated that oil sands
exhibit stress-softening type deformation behauiwat is, resilient modulus decreases
with increasing deviator stress. Joseph (2005)rtgpioat oil sand is currently used as
subgrade materials for the construction of permaaed temporary roads in oil sand
fields for hauling activities. According to Josepbarse-grained gravels and crushed
limestone are used as layers above the oil sargtaid materials, thereby providing a
somewhat full pavement structure for the miningvéteés. Joseph (2005) observed that
during Summer, deformation and stiffness probleragevprevalent in pavements with
high-grade oil sand subgrade compared with thosie laiv-grade oil sand subgrade
materials. The low-grade oil sands performed sigaiitly better as subgrade material
than high-grade oil sands (Joseph, 2005). In thidys the elastic properties obtained
from the repeated load tests are used to charaet@odulus behavior of the three oil
sand materials tested. Nonlinear resilient modoiodels are developed, and used to
describe the resilient behavior of the oil sandemals. These models would support the
on-going oil sand field studies to assess the pisgiof utilizing different grades of oil

sands as subgrade materials for mining road stestu

6.3 Laboratory Testing

The newly developed test procedure in section 3%Procedure C) was used to
conduct permanent deformation tests on the thitesand samples. This test procedure is
based on the field loading characteristics of thel frucks and mining equipment for oll
sands considers stress ratios ranging from 1.4S togh as 7.67 and total vertical
stressesd) as high as 552 kPa (80 psi) (see Table 6.1)m&=ent deformation tests
were conducted at two temperaturesand 36C, to account for spring and hotter
summer periods, respectively. Further, two diffiéfgaversine load pulse durations of
0.1 and 0.5 seconds were also included in the #bioyr testing program to consider the
effects of different trafficking speeds of hauldks and other mining equipment on the

oil sand sinkage and rut development in the field.
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The Ul-FastCell integrated with IPC Universal TegtMachine (UTM) loading
device, was used for applying stresses on the seeciDuring testing, gyratory
compacted oil sand specimens were subjected tereliff applied stress states and
principal stress ratioo{/o3) as listed in Table 6.1. Each deviator stkes& c1-03) and
constant confining stress pair was applied on one specimen with the devistteiss
repeatedly pulsed in the vertical direction footak of 1,000 load cycles except for the
replicate tests, which were performedat 138 kPa (20 psi) angs = 138 kPa (20 psi)
only for a total of 10,000 load cycles and latezdito check permanent deformation
model performances. The specimen’s vertical digprent was determined by averaging
readings of the two axial linear vertical displagemtransducers (LVDTs). Permanent
deformations &,) were recorded for each cycle and the correspgrulastic strainseg)
were computed. A total of 36 tests were designe@dch type of bituminous sand
material, i.e., SE-09, SE-14, and AU-14, to estibdi full factorial test matrix. That is,
nine applied stress states with theto o stress ratios listed in Table 6.1 were repeated at
20°C and 36C, and two load pulse durations of 0.1 and 0.5rs@sevith 0.9- and
0.5-second rest periods, respectively.

6.4 Analysis of Permanent Deformation Test Redsl|

Permanent deformation test data obtained for edktloil sand materials showed
that permanent strains typically accumulated asgodunctions with increasing number
of load applications. Figures 6.1a and 6.1b shepermanent strain accumulations for
the three oil sand samples recorded at the apptiefining stress of 41.4 kPa (6 psi) and
deviator stress of 138 kPa (20 psi) fafo; = 4.33. As expected, higher permanent
deformations accumulated at®80when compared to the results at@0Similar trends
of higher permanent deformation accumulations wéserved for the higher grade
SE-14 with 13.3% bitumen contentdywwhen compared to SE-09 results and for the tests
conducted with the longer 0.5-second load pulsatdcur (R). In regard to load pulse
duration effects on permanent deformation, tlegsest results were in very good
agreement with the test data on granular base iaatezported earlier by Kim and
Tutumluer (2006).
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As shown in Figures 6.1a and 6.1b, the AU-14 sarfyale= 14.5%) had the highest
permanent strain accumulations, followed by thel8EBample (w= 13.3%) and SE-09
(wp = 8.5%). These laboratory findings also agreg wezll with the observed field
behavior of oil sand materials (Joseph 2005)hdigd be noted that rheological
properties of bitumen in the oil sands were notsaiered in detail. However, because
the three oil sands samples were obtained frorsadhee deposit, it can reasonably be
assumed that the rheological properties shouldrogas. Further, no information was
found from the most recent field study conductedh@se oil sand materials in relation to

the rheological properties of the bitumen (JosepbbR

TABLE 6.1 Applied Stress States in the Permanerideformation Test Procedure

_ Stress StatégkPa) Stress
Specimen .
Confining Stress Total Vertical Stress ~ Ratio
Number Deviator Stressa)
(03) (01) (01/ O-3)
1 41.4 41.4 82.8 2.00
2 41.4 138 179.4 4.33
3 41.4 276 317.4 7.67
4 138 41.4 179.4 1.30
5 138 138 276 2.00
6 138 276 414 3.00
7 276 41.4 317.4 1.15
8 276 138 414 1.50
9 276 276 552 2.00

81 psi=6.9 kPa

® Specimens did not survive this high principagssrratio
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6.4.1 Effects of Applied Stress States
6.4.1.1 Effect of Principal Stress Ratio

Effects of applied stress levels on permanent de&dtion were further
investigated for the three oil sand materials testadifferent load pulse durations and
temperatures. Figures 6.2a and 6.2b show permatraitts recorded at the 1,8Di@ad
cycle (@ N=1,000 cycles) graphed with the appliedqgipal stress ratioss{/c3) for the
test temperatures of 2D and 36C, respectively. Note that 1,00@ad cycle permanent
strains are generally higher at’@than at 28C. Joseph (2002a) reported a similar
situation from the field studies, where oil sanggezienced higher permanent
deformations under heavy mining equipment duringreer than winter seasons. At low
principal stress ratios, i.ev;/o3< 2.00, there was a gradual accumulation of permtane
strain in the oil sand samples compared with tgeiicantly higher accumulations when
the stress ratio was greater than 2.00 (see F@Q)je It appears that there is no
significant difference in permanent strains betwenentwo load pulse durations, and
between the three oil sand materials when thesstedt® is below 2.00. However, for
principal stress ratios greater than 2.6Joz = 7.67 in Table 6.1 could not be applied
since specimens did not survive this high princgtedss ratio), the effect of principal
stress ratio on permanent strain accumulation besajuite significant. There is a clear
difference in the trend lines of permanent straicuaulation between the two load pulse
durations (R= 0.5 seconds and 0.1 seconds) supported by gmnertial curve-fitting in
the combined test data. Overall, the permaneainstin the AU-14 sample were
significantly higher at the large stress ratiositti@ose of the SE samples. At a principal
stress ratio of 4.33, the 1,00®ad cycle permanent strains in AU-14 were founte
about 1.8 to 2.5 times higher than those of thel&Eand 3.0 to 3.5 times higher than
those of the SE-09 for the two test temperaturégreas at a principal stress ratio of 3.0,
permanent strains in AU-14 were found to be inrtrege of 1.2 to 1.4 times higher than
those of the SE-14 and 2 to 2.8 times higher thasd of the SE-09. There is a
significant impact of applied stresses, espectakyprincipal stress ratios, and the
bitumen content on the permanent deformation behafinaturally occurring

bituminous sands.
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6.4.1.2 Effect of Deviator Stress

The effects of deviator stress on permanent defiiomavere studied at
30 degrees Celsius and load duration of 0.5 sedondise oil sand materials at different
confining stresses (pressures). Note that fronpteeious discussions, permanent
deformation in all the oil sand materials af@G@nd 0.5 seconds represents the worse
condition. Figures 6.3 to 6.5 show typical effeatsncreasing deviator stress on
permanent strain accumulation of the oil sand madsetested at three confining stress,
41.4, 138, and 276 kPa. For all the three oil saatkrials tested, the trend found
between permanent strain and the number of loakicapipns is that as the applied
deviator stress increased, the magnitude of thed pgrmanent strain accumulation
increased. The increase in strain was very sigmfiat high deviator stress-low
confining stress pair stress states. Thus, permatr@mns are significantly lower at low
confining stress (41.4 kPa) compared with the lgigifining pressures of 138 kPa and
276 kPa. The permanent strains at deviator stifek38kPa are also lower than those for
276 kPa. This implies that oil sand materials waxgerience considerable amount of
permanent deformation under dynamic applied loazbaktruction and mining
equipment in the field. In other words, the wheatk loads from haul trucks or shovels
tracks will induce more sinkage and rutting asvésical stress increases in the oil sand
materials.
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Sample: (a) Confining Pressure = 41.4 kPa, (b) Canfng Pressure = 138 kPa and (c)
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6.4.1.3 Effect of Confining Stress

The effect of confining pressure is also studiedlifie oil sand samples at a
temperature of 3T and load duration of 0.5 seconds. Figures 66&show the
combined effects of confining pressure and devisti@ss on permanent deformation at a
temperature of 3T and load duration, 0.5 seconds for the thresamitl materials. The
figures show the rate of permanent strain accuriomat 1,008 load cycle for each of
the three confining pressure levels 41.4, 138,2&lkPa. Permanent strain
accumulation rates (i.e., slope of the lines) galhedecreased as the magnitude of the
confining pressure increased. The observed raae@fmulation indicates that the oil
sand samples would resist permanent deformatiddupiunder higher confinement in
the field.
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Thus, at low confining pressures, oil sand matei@tated directly under construction
and mining equipment wheel/track would be more erdble for sinkage and rutting.
Previous authors have reported similar behaviggarement geomaterials under
highway and aircraft wheel loads (Barksdale 19&kdrp et al. 2000, Kim 2005).
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FIGURE 6.6 Effect of Confining Stress on SE-09 Pmanent Deformation Development.
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6.5 Permanent Deformation Model Development

6.5.1 Development of Power Models

A total of 32 test results corresponding to 32at#ht applied stress states
(see Table 6.1 with the exceptioncafos = 7.67) were obtained from the experimental
program for each oil sand material at two tempeestand two load pulse durations.
Overall, 96 test results were therefore obtainedtfe three oil sands. A single test data
set consisted of about 250 stress-strain datagpgining 8,000 data points for each
material and therefore 24,000 data points forralthree oil sands.

The phenomenological power model, expressesg}, i) = A*NP, was used to
evaluate the permanent strain accumulation of ih&and materials with number of load
applications N. Statistical regression analyses\werformed using this power model to
obtain the model parameters A and b. Tables édtigh 6.4 present a summary of the
model parameters obtained for individual tests cotet at 28C and at 38C. The power
model adequately predicts the permanent strainnagiations from individual tests as
observed from the generally high correlation coéfits (R values) also given in Tables
6.2, through 6.4. The model parameters A and b weestigated to identify their
dependence on the applied stress states, temperatan pulse duration, bitumen content
and three gradation properties (Cu, Cc and D50 garameter A accounts for the
permanent strain accumulated at the first loadecgold parameter b describes the rate
(slope) of permanent strain accumulation when ligeaph of logarithm of;, is plotted
against logarithm of N. This was recently affirm®dKim and Tutumluer (2006). As
indicated in Tables 6.2 through 6.4, parameter Aegaly increased with increasing
deviator stresses, thus indicating higher immediatkage and permanent strain
development under heavier wheel loading, whereespeter b had a slight decreasing
trend not affecting notably the rate of permanénaiirs accumulation with increasing load

applications.
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TABLE 6.2a Permanent Deformationg, =A*N° Model Parameters: SE-09 at

Temperature 20°C, and Load Duration 0.1sec

O3 Oq A b R RMSE
40.4 42.5 0.051 0.129 0.979 0.015
40.4 135.9 0.250 0.109 0.869 0.033
138.8 42.0 0.012 0.221 0.997 0.009
138.8 135.3 0.064 0.107 0.970 0.014
138.2 250.8 0.189 0.091 0.957 0.015
279.1 42.0 0.011 0.254 0.991 0.018
278.6 140.8 0.025 0.203 0.998 0.007
278.0 229.2 0.051 0.138 0.971 0.019

TABLE 6.2b Permanent Deformationg, =A*N° Model Parameters: SE-09 at

Temperature 20°C, and Load Duration 0.5sec

O3 Oy A b R RMSE
39.8 44.7 0.068 0.105 0.966 0.015
40.4 141.9 0.376 0.081 0.899 0.021
139.3 43.6 0.015 0.199 0.997 0.009
139.3 143 0.095 0.090 0.980 0.010
138.8 278.4 0.279 0.058 0.935 0.012
278 44.2 0.020 0.165 0.990 0.012
278.6 135.9 0.041 0.172 0.994 0.010
278 272.8 0.051 0.146 0.976 0.017
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TABLE 6.2c Permanent Deformationg, =A*N " Model Parameters: SE-09 at

Temperature 3¢°C, and Load Duration 0.1sec

Os Oq A b R RMSE
40.4 42.5 0.067 0.115 0.983 0.012
40.4 136.4 0.356 0.103 0.919 0.024
138.2 425 0.013 0.224 0.998 0.008
138.2 135.9 0.077 0.097 0.950 0.017
138.8 248.6 0.219 0.083 0.931 0.017
278.6 42.5 0.010 0.303 0.987 0.026
278.0 142.5 0.053 0.164 0.989 0.013
277.5 227.0 0.073 0.139 0.982 0.014

TABLE 6.2d Permanent Deformationg, =A*N° Model Parameters: SE-09 at

Temperature 30°C, and Load Duration 0.5sec

O3 Oq A b R RMSE
40.4 43.6 0.070 0.114 0.991 0.008
40.4 141.9 0.447 0.083 0.935 0.017
138.2 43.6 0.018 0.203 1.000 0.003
138.8 141.4 0.102 0.104 0.990 0.008
138.8 279.0 0.255 0.075 0.962 0.011
278.0 44.7 0.017 0.256 0.991 0.018
278.0 137.0 0.054 0.167 0.985 0.015
278.6 271.7 0.122 0.107 0.984 0.010

120



TABLE 6.3a Permanent Deformationg, =A*N° Model Parameters: SE-14 at

Temperature 20°C, and Load Duration 0.1sec

O3 Oq A b R RMSE
40.4 43.1 0.039 0.165 0.992 0.011
40.9 134.8 0.324 0.145 0.920 0.033
138.2 42.5 0.016 0.213 0.998 0.007
138.8 134.8 0.106 0.110 0.969 0.015
138.8 247.5 0.297 0.099 0.922 0.022
278.6 41.4 0.009 0.288 0.946 0.050
278.0 135.9 0.024 0.239 0.997 0.010
277.5 223.7 0.076 0.146 0.990 0.011

TABLE 6.3b Permanent Deformationg, =A*N"” Model Parameters: SE-14 at
Temperature 20°C, and Load Duration 0.5sec

O3 Od A b R RMSE
40.4 44.7 0.074 0.121 0.980 0.013
40.4 141.9 0.494 0.095 0.926 0.021
138.2 43.6 0.023 0.170 0.999 0.004
138.2 141.9 0.130 0.090 0.983 0.009
138.8 277.9 0.450 0.082 0.931 0.017
278.0 447 0.023 0.203 0.974 0.024
278.6 141.4 0.040 0.183 0.960 0.027
278.0 272.8 0.117 0.119 0.964 0.017
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TABLE 6.3c Permanent Deformationg, =A*N " Model Parameters: SE-14 at

Temperature 3¢°C, and Load Duration 0.1sec

03 Oq A b R RMSE
40.4 43.1 0.077 0.127 0.987 0.011
40.4 136.4 0.376 0.156 0.959 0.025
138.2 43.1 0.019 0.217 0.999 0.005
138.2 137 0.103 0.131 0.985 0.013
138.2 247.5 0.322 0.111 0.968 0.015
278.0 42.5 0.013 0.281 0.979 0.030
278.0 135.9 0.053 0.182 0.989 0.014
278.0 224.3 0.092 0.149 0.982 0.016

TABLE 6.3d Permanent Deformationg, =A*N° Model Parameters: SE-14 at

Temperature 30°C, and Load Duration 0.5sec

O3 Oq A b R RMSE
40.4 43.6 0.082 0.123 0.987 0.011
40.9 140.8 0.509 0.131 0.968 0.018
138.2 43.6 0.023 0.197 0.999 0.004
138.8 141.4 0.160 0.100 0.982 0.010
138.2 278.4 0.467 0.101 0.973 0.013
278.0 44.2 0.022 0.238 0.993 0.015
278.0 141.4 0.064 0.162 0.990 0.012
278.6 272.3 0.158 0.119 0.990 0.009
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TABLE 6.4a Permanent Deformationg, =A*N° Model Parameters: AU-14 at

Temperature 20°C, and Load Duration 0.1sec

Os Oq A b R RMSE
40.4 42.5 0.042 0.166 0.958 0.027
40.4 136.4 0.245 0.272 0.991 0.020
138.8 40.9 0.008 0.225 0.999 0.004
138.8 135.3 0.061 0.119 0.964 0.018
138.2 240.8 0.241 0.155 0.976 0.019
278.6 30.4 0.008 0.303 0.999 0.006
278.6 133.1 0.022 0.227 0.998 0.007
278.6 222.1 0.097 0.112 0.971 0.015

TABLE 6.4b Permanent Deformationg, =A*N" Model Parameters: AU-14 at

Temperature 20°C, and Load Duration 0.5sec

O3 Oq A b R RMSE
40.4 44.2 0.070 0.130 0.966 0.019
40.9 140.8 0.344 0.275 0.996 0.014
138.8 43.6 0.016 0.160 0.993 0.010
138.8 141.9 0.091 0.112 0.969 0.016
138.5 278.4 0.419 0.143 0.971 0.019
278.6 43.6 0.016 0.219 0.999 0.004
278.6 140.8 0.050 0.145 0.995 0.008
278.6 272.8 0.152 0.108 0.990 0.008
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TABLE 6.4c Permanent Deformationg, =A*N" Model Parameters: AU-14 at

Temperature 3¢°C, and Load Duration 0.1sec

Os Oq A b R RMSE
40.9 42 0.064 0.140 0.979 0.016
40.4 136.4 0.301 0.264 0.998 0.009
138.2 42.2 0.012 0.196 0.999 0.005
138.2 135.3 0.104 0.118 0.984 0.011
138.2 243.6 0.279 0.155 0.950 0.027
278.0 43.1 0.019 0.288 0.995 0.014
278.6 135.3 0.054 0.188 0.990 0.014
277.5 222.6 0.096 0.158 0.985 0.015

TABLE 6.4d Permanent Deformationg, =A*N" Model Parameters: AU-14 at

Temperature 3¢°C, and Load Duration 0.5sec

O3 Oq A b R RMSE
40.4 43.6 0.086 0.118 0.983 0.012
40.4 141.9 0.371 0.285 0.994 0.017
138.2 44.2 0.021 0.186 0.999 0.005
138.8 141.9 0.128 0.110 0.984 0.011
138.8 279.0 0.428 0.153 0.982 0.016
278.0 44.2 0.025 0.262 0.990 0.019
278.0 141.9 0.064 0.175 0.992 0.011
278.0 272.8 0.201 0.132 0.986 0.011
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6.5.2 Permanent Strain Models

To better evaluate the main factors controllingyanent deformation/strain
behavior of the oil sand materials, statisticatelation analyses were conducted to
establish those noteworthy dependencies betweanddel parameters A and b and the
applied stress states. Equations 6.1a to 6.1eigndeF6.9 summarize the correlation
results between the model parameters and the ditiess levels for the entire database
of all oil sand material test results. GenerdHgrameter A in the power model
€ = A*NP is known to be primarily a function of appliedests states whereas b largely
depends on the soil or geomaterial type (Bejaraabldompson 1999As shown in
Figure 6.9, the strongest correlation obtainepmameter A was with the principal
stress ratiosof/cs3) giving a considerably high correlation coeffidief R*= 0.84. This
indicates that parameter A is a function of stragi®s and its values increased
exponentially with the increasing/o; ratios. High stress ratios would induce large
permanent deformation in the oil sand materialgeeially at the initial load application.
A relatively strong correlation was also obtainetieen parameter A and the applied
deviator stress but not with the confining stresésee Equations 6.1a and 6.1b). On the
other hand, weaker correlations were typically ibbetween parameter b and the
applied stress levels (see Equations 6.1c to éhileating that applied stresses had little
effect on parameter b. These are all in agreem#htothers who reported in general that
confining stress had little impact on parametead the applied stress states did not

influence much the b parameter (Barksdale 1&atg and Thompson 1998

A =0.0003%5¢7 R=0.54 (6.1a)
A =2.0719"%%" ; R=0.19 (6.1b)
-0.4581
b= 0.20423@% ) . R=026 (6.1¢)
3
b =0.50915"%%% ; R=0.27 (6.1d)
b=0.077%5"¢ R=0.07 (6.1e)

125



0.6

[ ] -
05 - SE-09 .
¢ SE-14 m
04 A AU-14
§ ' —Power (Combined Data) ‘.
f 4 L g
% 0.3 x - A
5 A" 1
3 0.2
o 2608
A =00124 [i%]
0.1 A 3
R2=0.84
OO n T T T T
1.0 2.0 3.0 4.0 5.0 6.0

Principal Stress Ratio,o,/05

FIGURE 6.9 Model Parameter A as a Function of Pricipal Stress Ratio,6i/os.

No significantly strong or noteworthy correlatiossich as shown in Figure 6.9
for parameter A, were obtained individually betw@anameters A and b and the other
test variables, i.e., test temperature, load pdisation and bitumen content. Detailed
statistical analyses conducted using the SAS sodtwackage, however, indicated that
parameter b had somewhat stronger correlationshititimen content and load pulse
duration than parameter A. On the other hand, patemA could be more significantly
linked to test temperature than parameter b suiggestat temperature, in relation to the
applied stress states, could influence oil santhpeent deformation at the initial load
application.

6.5.3 Laboratory Validation of Permanent Deformaton Models

Additional laboratory tests were conducted on newvBpared specimens of all
the three oil sand materials to check performan€#ise permanent deformation models.
These tests were limited to only the 0.1-second madse duration, one applied stress
state of 138 kPa (20 psi) equal confining and devistresses, and the two test
temperatures of 2C and 36C.
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This time, a total of 10,000 load cycles were aapbn the replicate specimens in order
to adequately validate the permanent deformatiodainoerformances for up to 1,000
load cycles and further, check their predictioriaés at larger number of load
applications.

Figures 6.10a and 6.10b show both the experimanthimodel prediction results
of permanent axial strain with number of load aggtions obtained at 20 and 30 degrees
Celsius, respectively. Note that unlike in Figurg, @lue to different stress states applied,
AU-14 specimens did not yield the highest pladtiaiss. In general, the close
agreements between the laboratory measured andtpeedesults demonstrate the good
repeatability of the test data and likewise goodgomances of the individually
developed permanent deformation models for predjqgtiastic strains beyond 1,000

cycles, for up to 10,000 load applications.
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6.5.4 Unified Permanent Deformation Model Develapent

Since the overall objective was to develop a béidsic understanding as well as
to come up with practical predictive equationsgbreate field sinkage and permanent
deformation behavior of oil sands, the stress+siata sets were combined to create
individual databases of the three oil sand materiél close examination of the physical
properties of the three oil sands; particle siztridiution, density, and water content
suggested that the individual databases couldesmmbined for analysis.

The correlation coefficient R-square selection rodtim the SAS software was
first used to determine which independent variablese potential candidates for the
models. The variables used in the selection irecjutghcipal stress ratio, deviator stress,
confining pressure, number of load applicationsjrben content, temperature, load pulse
and three gradation properties (Cu, Cc agg).X was found that permanent strain

strongly depended on the principal stress ratiothachumber of load applications.
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There was relatively weak dependency of permarteainon the applied deviator stress,
temperature and bitumen content, and little oremetation was found between the
permanent strain and all the three gradation ptigser Therefore, principal stress ratio,
number of load applications, applied deviator strésmperature and bitumen content
were selected as independent variables of the modatious mathematical forms such
as linear, nonlinear, logarithmic, and hyperbolergvinvestigated using multiple
regression analyses. Considering the typical exptaalegrowth of permanent strains
with respect to number of load applications inttiexial tests, the power or logarithmic
functions were found to be most suitable for thelet®. Based on this result, five models
were selected to study oil sand permanent defoomdsehavior.

Table 6.5a lists three unified permanent strain @®developed for each oil sand
material and the model parameters obtained frontipheiregression analyses. No
significant differences were found among the mgaeameters for the three oil sands.
Therefore, it was reasonable to combine the tdattdadevelop a generalized model for
oil sands. The combined data allowed bitumen cantebe included as a variable in the
analyses assuming similar bitumen properties antfomghree oil sands. Table 6.5b lists
the generalized permanent strain models developieg the combined test data and
gives the model parameters obtained from stepwidapie regression analyses. Note
that high coefficient of correlation fRvalues were obtained for all the models, inclgdin
models 1 through 3, thus indicating stress deperydead the predominant role in
predicting permanent strain accumulation. Sinceraprehensive but yet practical
model should also account for the additional eff@tttemperature and bitumen content
in the oil sand, slightly improved models of 4 &ih Table 6.5b can be proposed for
routine use in the estimation of field sinkage pednanent deformation behavior of oil
sands.
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TABLE 6.5a Unified Permanent Strain Models Devieped for Each Oil Sand Material

B
Model 1 €, :((Vj
G3

Model 2 ¢, =A[N* EQ%JB
B
Model 3 g, = A[N" [Q%J (&
B
Model 4 &, =A [N [@‘%3) ) (T
Model Parameters
Model Log A a B y A R RMSE
SE-09 Sample
Model 1 -1.487 - 1.968 - - 0.758 0.198
Model 2 -1.845 0.169 1.973 - - 0.896 0.130
Model 3 -2.325 0.168 1.711 0.276 - 0.929 0.107
Model 4 -3.125 0.168 1.711 0.276 0.576 0.945 0.094
SE-14 Sample
Model 1 -1.420 - 2.189 - - 0.755 0.222
Model 2 -1.808 0.183 2.195 - - 0.886 0.151
Model 3 -2.533 0.183 1.800 0.417 - 0.947 0.103
Model 4 -3.345 0.183 1.800 0.417 0.585 0.960 0.089
AU-14 Sample
Model 1 -1.518 - 2.554 - - 0.740 0.270
Model 2 -1.954 0.206 2.562 - - 0.858 0.200
Model 3 -2.752 0.206 2.113 0.462 - 0.913 0.156
Model 4 -3.876 0.206 2.115 0.458 0.816 0.932 0.139
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TABLE 6.5b Unified Permanent Strain ModelsStudied for Oil Sand Materials

B
Model 1 sp:A[é(Vj
Gs
B
Model 2 €, :AEN“Eﬁcyj
O3
s B
Model 3 ¢, = AIN“.| "} (6]
p (53

B
Model 4 &, :AEIN“.((% j & A
3

B
Model 5 &, = A [IN“.((%) 2 OW) T
3

Model Parameters

Model

LogA « B y n A R RMSE
1 -1.475 - 2.237 - - - 0.726  0.244
2 -1.869 0.186  2.244 - - - 0.850 0.196
3 2,537 0.186 1.875 0.385 - - 0.898 0.188
4 -1.942 0.186 1.874 0.387 0.645 - 0918 0.185
5 -2.857 0.186 1.875 0.38 0.650 0.661 0.933  0.185

6.5.5 Modified Permanent Strain Models IncludingShear Strength

Although the unified permanent strain models presgbm Table 6.5b would give
good prediction of rutting in the oil sand matesjat is important to incorporate the
allowable shear strength property into these madetsoperly study the effect of shear
strength in the field. Figure 6.11 shows Mohr-Caooiborepresentation of a typical stress
state applied on a specimen during triaxial tessimg the corresponding shear strength
properties of the material. The Mohr-Coulomb enpeldefines for the limiting
maximum stress at failure or shear strength, and is given bynax = ¢ +0op*tane,
where ¢ and are the cohesion and friction angle, respectivaatglo, is the normal
stress acting on the failure plane. Note thafdiiere plane makes an angle of
(45° + @2) with the horizontal plane (see Figure 6.11).
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FIGURE 6.11 Mohr-Coulomb Representation of Shear Strength and Aplied Stress
States.

The applied stress states on the failure planerate a shear stress ratio of

(ts /Tmay indicated inFigure 6.11 can be derived from the following eopres:

26, + 2tarfplé, + o, +tanplé, — \/ (tar’ plas +tan'pls?)
2(1+tarfg)

o —

(6.2)

1, = (0412)? = [0, = (0, +04/2)]* (6.3)

where, o4 = 01-03 and,@ = friction angle in degrees.

The triaxial compression test is one of the mostrmon methods of determining
friction angleg and is the source of most of the existing dat&iohon angle of soils and
granular materials. Other test methods includimgafishear and plain strain test have
also been successfully used to deterngifier soils and granular materials. For practical

purposes, it is assumed that both triaxial comprasand direct shear tests give similar
values of friction angle.
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A comparison of direct shear and conventional @m@itniaxial compression tests showed
similar friction angles for residual soils deriviedm gneiss rock (Maccarini 1993).
Accordingly, in this study, friction angles obtath#om the direct shear tests were used
in the shear stress ratio concept for modelingprenanent deformation behavior of the
three oil sand materials. Note that undrained i@sshear tests performed on the oil sand
specimens did not result in shear failure in thislg.

During permanent deformation testing of an indialdsample, a total of 8
different stress states were applied on the spedr(see Table 6.1). These stress states
are generally represented by Mohr circles thapasstioned well below the Coulomb
envelope. For an individual stress state, the aband shear stresses acting on the
failure plane are also represented in Figure 6sldemoted by; andt;, respectively.
Therefore, at any applied stress stathear stress ratiof 7 /TmaxWill have to give a
certain fraction of the shear strengthy of the material that is acting on the failure gan
due to the applied total stresses. A limiting eadd this shear stress ratio is believed to
control the permanent deformation behavior of theands. This is similar in concept to
the subgrade stress ratio (ratio of deviator sti@ssmconfined compressive strength)
approach proposed by ThompgCHRP 1-26, 1990) for controlling rutting behavadr
subgrade soils. Anisotropic modular ratios of d#fe types of aggregates have also been
correlated with shear stress ratios using Mohr-@woibl approach (Seyhan and Tutumluer
2002).

Note that it is fundamentally more correct to clate permanent deformation to
the shear strength properties using the test seghtained from the triaxial tests. A
decrease in shear strength as a result of lowatioini angle would result in higher shear
stress ratio for the same stress level and vicgavdihus, the shear stress ratio would be a
good indicator of the oil sand performance undeying stress states. In addition, the
shear stress ratio would also determine the maximdlowable working stress to control
sinkage and rutting potentials. Therefore, a nevoeharacterization models for the
permanent deformation behavior of oil sands wese developed to include shear
strength. Table 6.6 lists permanent strain mothasincorporate shear stress

ratio % / Tmax
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Stepwise multiple regression analyses were perfdiméhe development of the
modified permanent deformation models except th#tis case, permanent strain had
strong correlation with load pulse duration inste&deviator stress. It can be seen that
the effect of principal stress ratio in the unifermanent deformation models is similar
to the shear stress ratio formulated in the madiifimdel. This is observed from thé R
and RMSE trends for the two sets of models (Tabl®a and 6.6). Thus, it can be
concluded that an increase in the applied prin@palss ratio is directly proportional to

an increase in the applied shear stress rati@,{,,) of the material.

TABLE 6.6 Modified Permanent Strain Models Studi@ for Oil Sand Materials

B
Model 1 €y :A[érf/ j
Tmax
B
Model 2 sp=ADN°‘EéTf/ )
Tmax
T B
Model 3 €y :A[IN“.(/

T
Model 4 &, =A [N“.(Tf/
Tmax

i
Model 5 sp:AEIN“.(% j P W, (&

P/ O

P W,

)
)ﬁ

Model Parameters

Model

LogA B y n A R RMSE
1 -0.247 - 1.282 - - - 0.700  0.225
2 -0.636 0.185 1.285 - - - 0.823 0.196
3 -0.531 0.185 1.285 0.161 - - 0.837 0.188
4 -0.235 0.185 1.276 0.161  0.323 - 0.843 0.185
5 -0.413 0.185 1.214 0.152 0.339 0.081 0.844  0.185

6.6 Analysis of Resilient Modulus Test Results

At each stress level, the resilient modulus wasutated using the applied

deviator stress and the corresponding recoveraams.
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The resilient modulus values computed from th® ©610d" load cycles were averaged
for each specimen at every stress state. Table® 6.9 show the applied stresses and
resilient modulus values obtained for the threesaild samples at temperatures df20
and at 36C. Resilient moduli for all the three samples waigher at 26C than at 3C.
This trend is common to bituminous materials, whielsome stiffer at low temperatures
than high temperatures. At the load duration of@¢donds, the average resilient modulus
of SE-09 sample at 20 was about 28% higher than the resilient modul @, and at
0.5- seconds, the resilient modulus at of SE-09$aat 26C was about 31% higher
than the resilient modulus at%®0 For the SE-14 sample, resilient modulus at 8cbsd
was about 26% higher at ZDthan the resilient modulus at’8) and at 0.5-seconds, the
resilient modulus at 2C was about 32% higher than the resilient modul&f&. The
AU-14 sample had the lowest differences in resiliendulus between 2G and 36C.

At 0.1-second, the modulus was about 15% high2€°& than the resilient modulus at
30°C, and at 0.5 seconds, the resilient modulus 4 2&s about 16% higher than the
resilient modulus at 3C. The data also indicate that there was virtuadiyifference
between resilient modulus at 0.1 second and 0&nskload durations for all the samples
at the two test temperatures.

The difference at 2€ and 36C for the SE-09 sample was about 0.5% and 2.7%,
respectively, whereas that of SE-14 samples wasynesro percent at 2C, and 2% at
30°C. The AU-14 sample has the highest percentagerdifte of 4.7% and 5% at°2D
and 30C, respectively. This trend is in agreement witheo studies (Boyce et al. 1976,
Sousa and Monismith 1987, Sweere 1990) that reptint=loading frequency or load
duration has little to no effect on the modulustifness properties of granular materials.

Generally the SE-09 sample had the highest resiiemdulus, and the AU-14 had
the lowest. The SE-14 also had higher resilienduhgs values than AU-14, although at
some stress states the moduli of the two samples ezenparable. In general, the low
grade oil sand material was stiffer than the higidg oil sands. This may explain why
the low grade oil sand materials are the prefestdmyrade materials for the haul roads in

the mining fields.
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TABLE 6.7a Resilient Modulus Test ResultsSE-09 at Temperature = 28C

Load Duration = 0.1 seconds Load Duration = 0.%sds
Applied Stress Resilient Applied Stress Resilient
Modulus Modulus
o3 (kPa) a4 (kPa) (MPa) o3 (kPa) aq4(kPa) (MPa)
40.4 42.5 98 1 39.8 44.7 974
40.4 135.9 104.3 40.4 141.9 105.9
138.8 42.0 200.6 139.3 43.6 183.0
138.8 135.3 206.3 139.3 143.0 193.6
138.2 250.8 194.2 138.8 278.4 209.0
279.1 42.0 290.4 278.0 44.2 283.8
278.6 140.8 274.4 278.6 135.9 302.1
278.0 229.2 292 1 278.0 272.8 2852

TABLE 6.7b Resilient Modulus Test ResultsSE-09 at Temperature = 38C

Load Duration = 0.1 seconds Load Duration = 0.osds
Applied Stress Resilient Applied Stress Resilient
Modulus Modulus
03 (kPa) g (kPa) (MPa) 03 (kPa) 0q(kPa) (MPa)
40.4 42.5 70.9 40.4 43.6 65.9
40.4 136.4 65.5 40.4 141.9 722
138.2 42.5 160.4 138.2 43.6 151.5
138.2 135.9 173.5 138.8 141.4 158.0
138.8 248.6 167.8 138.8 279.0 170.5
278.6 42.5 240.8 278.0 44.7 216.9
278.0 142.5 221.2 278.0 137.0 222 4
277.5 227.0 232.8 278.6 271.7 234.3
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TABLE 6.8a Resilient Modulus Test Results: SE-14t Temperature = 26C

Load Duration = 0.1 seconds Load Duration = 0.9ds
Applied Stress Resilient Applied Stress Resilient
Modulus Modulus
s (kPa) g (kPa) (MPa) o3 (kPa) g (kPa) (MPa)
40.4 43.1 70.9 40.4 44.7 86 1
40.9 134.8 912 40.4 141.9 948
138.2 42.5 175.0 138.2 43.6 177.9
138.8 134.8 153.1 138.2 141.9 176.3
138.8 247.5 176.0 138.8 277.9 165.4
278.6 41.4 241.0 278.0 44.7 2517
278.0 135.9 2601 278.6 141.4 2476
277.5 223.7 262.6 278.0 272.8 249 6

TABLE 6.8b Resilient Modulus Test ResultsSE-14 at Temperature = 36C

Load Duration = 0.1 seconds Load Duration = 0.%sds
Applied Stress Resilient Applied Stress Resilient
Modulus Modulus
0s (kPa) o4 (kPa) (MPa) 03(kPa) 04(kPa) (MPa)
40.4 43.1 61.9 40.4 43.6 62.4
40.4 136.4 60.0 40.9 140.8 64.0
138.2 43.1 136.3 138.2 43.6 127.4
138.2 137.0 131.2 138.8 141.4 131.9
138.2 247.5 131.9 138.2 278.4 128.0
278.0 42.5 2196 278.0 44.2 199 0
278.0 135.9 202.8 278.0 141.4 201.0
278.0 224.3 215.2 278.6 272.3 205.2

137



TABLE 6.9a Resilient Modulus Test ResultsAU-14 at Temperature = 206C

Load Duration = 0.1 seconds Load Duration = 0.9ds
Applied Stress Resilient Applied Stress Resilient
Modulus Modulus
s (kPa) g (kPa) (MPa) o3 (kPa) g (kPa) (MPa)
40.4 42.5 82 8 40.4 44.2 69 7
40.4 136.4 50.3 40.9 140.8 49 1
138.8 40.9 166.8 138.8 43.6 165.6
138.8 135.3 161.1 138.8 141.9 158.9
138.2 240.8 157.8 138.5 278.4 149 3
278.6 30.4 2098 278.6 43.6 196.1
278.6 133.1 197.9 278.6 140.8 1943
278.6 222.1 1955 278.6 272.8 1950

TABLE 6.9b Resilient Modulus Test ResultsAU-14 at Temperature = 30C

Load Duration = 0.1 seconds Load Duration = 0.osds
Applied Stress Resilient Applied Stress Resilient
Modulus Modulus
o; (kPa) a4 (kPa) (MPa) o3 (kPa) g4 (kPa) (MPa)
40.9 42.0 67.0 40.4 43.6 60.9
40.4 136.4 471 40.4 141.9 451
138.2 42.2 132.1 138.2 44.2 129.8
138.2 135.3 135.1 138.8 141.9 124.6
138.2 243.6 130.2 138.8 279.0 121.2
278.0 43.1 192.6 278.0 44.2 188.1
278.6 135.3 180.7 278.0 141.9 176.8
2775 222.6 189.5 278.0 272.8 178.5
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6.7 Effects of Stress States on Resilient Behawio

Based on the average values of resilient modultiseaivo load durations
(0.1 and 0.5 seconds), analyses were performegbi@cterize the three oil sand samples
at the two test temperatures. Figures 6.12 thré@utgh show graphically the variations of
resilient moduli of SE-09, SE-14 and AU-14 sampléh the applied deviator stresses
at each of the three confining pressure levels4(41138, and 276 kPa) . At constant
confining pressure, an increase in deviator stresglted in little or no change in the
resilient modulus values for all the three oil santhterials. Only the AU-14 sample at
confining stress of 41.4 kPa shows a clear decilieassilient modulus with increasing
deviator stress. These general trends supporirtie@s from the field that oil sand is a
stress softening material (Joseph 2002). Alsogthesults verify the AASHTO T 307
preliminary tests performed on the SE-09 sampleghvbhowed stress softening
behavior of the material (section 3.4.3). As expéctesilient moduli generally increased

with increasing confining stress for all the tho#lesand materials.
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FIGURE 6.12 Variation of Resilient Modulus with Applied Deviator Stress at Two Test
Temperatures for SE-09 Sample.
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FIGURE 6.13 Variation of Resilient Modulus with Applied Deviator Stress at Two Test
Temperatures for SE-14 Sample.
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FIGURE 6.14 Variation of Resilient Modulus with Applied Deviator Stress at Two Test
Temperatures for AU-14 Sample.

140



6.8 Resilient Modulus Model Development

Resilient modulus models, such as the Hicks andidnaith K-theta model
(1971), Uzan model (1985), Witczak-Uzan universatiei (1992), MEPDG model
(NCHRP 1-37A, 2004) and Thompson and Robnett m{dd®19) consider the effects of
stress dependency for modeling the nonlinear behavigeomaterials. These models are
commonly used to estimate the resilient modulusodé and granular materials as a
function of stress state, and handle very wellnloelulus or stiffness increase/decrease
with increasing applied stresses in these geonadgefihe K-theta model considers the
effects of bulk stress in axisymmetric analysis drelWitczak-Uzan universal and
MEPDG models include an octahedral shear strespaoemt instead of deviator stress,
which makes them also applicable to three-dimemdifnite element analysis. On the
other hand, the bilinear or arithmetic model, (Tipson and Robnett 1979), and MEPDG
model (NCHRP 1-37A, 2004) are used to characteegiient behavior of fine-grained
subgrade soils. In this study, the resilient respsrof the oil sand samples were
characterized by analyzing the characteristich®frégression model parameters of the
K-theta, the universal, and the MEPDG models. it loa seen from Figures 6.11 to 6.13
that only the high stress regimes of the bilineadet (Thompson and Robnett 1979)
were considered in the tests. Therefore, the lEtimeodel would not give complete
behavior including those at lower stress states.

The nonlinear model parameters, k and kwere determined by first,
expressing the resilient modulus models in logarithrelationships to transform the
power functions into linear expressions having sspaterms (Equations 6.4, 6.5, and
6.6). Multiple linear regression analyses were theriormed to determine the model
parameters, which were used to develop the resiealulus prediction models for the

three oil sand materials.

K-theta Model:logM, =logk, +k, log6 (6.4)

Universal Model:logM =log (k, [P,) +k, log (Pij +k, log (TFc;ctJ

a

(6.5)

a
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MEPDG Model:logM . =log (k, [P,) +k, log (Pij +k, log (% +1j (6.6)

a a

where,
Mk = resilient modulus,
0 = bulk stress @, + 0, + O3,
01 = major principal stress,
0, = 03 for triaxial test on cylindrical specimen,
03 = minor principal stress or confining stress ia thaxial cell

Toct = OCtahedral shear stress,

:l (o, _02)2 + (o, _03)2 +(o, _03)2
3

NE:

= ?((51 —o,) for cylindrical specimen in triaxial tests,
R = normalizing stress atmospheric pressure = 1KRa3(14.7 psi), and
ki, ko, ks = model parameters obtained from regression aeslys

Tables 6.10 to 6.12 show the overall summary ofehpdrameters (kobtained
from the analyses of the different nonlinear reslimodulus models selected for the
study. Strong correlations were obtained for tmegtmodels as observed in thevRlues
for all the three models. However, relatively lodvalues (R < 0.9) were observed for
AU-14 oil sand sample in the K-theta model. ThegRase values improved when both
the Universal and MEPDG models were used for tladyans. The overall Rualues
were comparatively higher in the Universal modahtithe K-theta and the MEPDG
models. Also, higherikvalues were generally achieved at@@ompared with 3€. The
model parameter;ks proportional to the elastic property of the enatls, whereasjkand
ks contribute to the terms that involve bulk stresd actahedral shear stress,

respectively.
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TABLE 6.10 Oil Sand Resilient Modulus Model Parareters of K-theta Model

Oillgand Temopgrature - ('\,\/;(;dezl Paramelt;rs R2 RMSE
SE-09 20 3.530 0.636 0.952 0.041
SE-09 30 1.483 0.733 0.932 0.057
SE-14 20 2.543 0.665 0.945 0.046
SE-14 30 1.374 0.723 0.927 0.059
AU-14 20 1.988 0.673 0.752 0.112
AU-14 30 1.380 0.709 0.827 0.094

TABLE 6.11 Oil Sand Resilient Modulus Model Parameters of the Universal Model

Oillgand Temopgrature - (Mpal\)/lodel Plzrameters - R RMSE
SE-09 20 0.550 0.694 -0.115 0.986 0.023
SE-09 30 0.353 0.800 -0.131 0.964 0.043
SE-14 20 0.448 0.726 -0.121 0.980 0.029
SE-14 30 0.294 0.807 -0.168 0.982 0.030
AU-14 20 0.318 0.773 -0.210 0.842 0.093
AU-14 30 0.254 0.821 -0.225 0.918 0.067

TABLE 6.12 Oil Sand Resilient Modulus Model Paraneters of theMEPDG Model

Oillgand Temcp))cerature - (Mpal\)/lodel Plztrametersk3 R RMSE
SE-09 20 0.697 0.696 -0.348 0.985 0.024
SE-09 30 0.461 0.798 -0.376 0.960 0.046
SE-14 20 0.576 0.729 -0.375 0.980 0.029
SE-14 30 0.416 0.809 -0.502 0.979 0.033
AU-14 20 0.489 0.777 -0.628 0.830 0.096
AU-14 30 0.401 0.819 -0.645 0.906 0.072
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The performances of the three models were furtherstigated at a selected
temperature of 2T for the three oil sand samples. The results efsmeed and predicted
resilient moduli are presented in Figures 6.15%ugh 6.17 for the SE-09, SE-14 and
AU-14 samples. Overall, the K-theta model predicteilient modulus quite well for all
the three oil sand materials, especially the lomdgroil sand material (SE-09). Also, the
Universal model predicted resilient modulus betie¢8E-09 than SE-14 and AU-14
samples even though performances of the modelslvegter in the SE-14 sample than in
the AU-14 sample. The explanation to the relativedak performances of the selected
models is that they perform better with stress-@iairty granular materials such as clean
sands, gravels, and crushed limestone comparée tress-softening oil sand materials.
Recall that, at constant confining pressure, egilmoduli of all the oil sand materials
were statistically the same when the applied devsiress was increased. It is reasonable
to suggest that the amount of bitumen in the aitlsaaterials affected the model
predictions. However, since the properties of titienten in the three samples are not

known, no firm conclusions can be established.
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FIGURE 6.15 Performances of the SE-09 Oil sand 8gle Resilient Modulus Models.
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6.9 Summary

A newly developed repeated load triaxial test pdoce was used to conduct tests
on three types of oil sands with bitumen contef®.%%, 13.3% and 14.5% by weight at
two temperatures and two load pulse durations. IB=sam the tests were used to
develop phenomenological power modgls A*NP, for characterizing permanent strain
accumulation in the oil sand materials. The siattnalyses showed that there was a
strong correlation between model parameter A aagtmcipal stress ratie{/c3),
which could give the immediate sinkage at the fwatl application as function of the
applied stress states/ratios. Using additiondla&ie test data, it was demonstrated that
the developed permanent deformation models coakbreably predict permanent strain
accumulations in the oil sand materials. Whenhadltest data from the three oil sands
were combined, unified permanent deformation modele successfully developed to
account for applied principal stress states/ratersperature, bitumen content and oil
sand gradation properties. In addition, the unifremtiels were modified to include shear
stress ratio to properly study the effect of stst@ngth in the field. Overall, the
developed permanent deformation models can prasdential guidelines and practical
predictive equations for estimating field sinkage autting potentials of oil sand
materials under off-road haul trucks, shovels aheémmining equipment.

The test results were also used to develop theredess for the K-theta, the
universal and the MEPDG models to characterizedb#ient modulus behavior of the
oil sand materials. Good model predictions of restimodulus value in the low grade
SE-09 sample did not result in favorable resultgtie high grade SE-14 and AU-14
samples.

The following conclusions can be derived from anily the test data:

1. The applied stress states have significant inflaercpermanent deformation
accumulation in the three oil sand materials. Assdbviator stress increased both
the magnitude and the accumulation rate of the geemt deformation increased
in all the three oil sand materials. Also, permdrsdrain accumulation rates
generally decreased as the magnitude of the cogfimiessure increased. The
accumulation of the permanent strains becomes haghthe confinement levels

decreased and the applied principal stress ratigss) increased. This implies
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that permanent strains accumulated in the oil saagtrials relate directly to
deviator stress and inversely to confining presasreeported by Morgan (1966)
for granular materials.

. Bitumen content, test temperature, and load pulsatidn, all influenced
permanent strain accumulation in the oil sand na$erAt the same stress ratios,
higher permanent deformation accumulations wererobs in the high grades
AU-14 and SE-14 samples than low grade SE-09 saHpd@er permanent
deformations were also accumulated &C3and load pulse duration of

0.5 seconds compared to the results &€2d 0.1 second load pulse duration.
. Resilient modulus increased with increasing confirpressure in all the oil sand
samples. However, there was no significant effédieviator stress on resilient
modulus. The behavior of the oil sand samples apgesiress softening,
especially in the high grade AU-14 sample in whigsilient modulus generally
decreased with increasing deviator stress. Theersmoduli of the three oil
sand materials were generally higher &iCthan at 38C. This behavior is also
observed in most bituminous materials in whichrsti§s gets higher at lower
temperatures compared to high temperatures. Thasestatistically little or no
significant difference between resilient modulukiea at load pulse duration of
0.1 and 0.5 seconds. The was found to be in agrdemitn other researchers
who reported that loading frequency or pulse daraktiad little or no effect on the
resilient modulus of granular materials.

. The K-theta model appears to give better predistmfiresilient modulus for all
the three oil sand materials. In addition to théhkta model, only the universal
model gave good prediction of resilient modulustfe low grade SE-09 oil sand

material.
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CHAPTER 7 SHEAR MODULUS OF FINE-GRAINED COHESIVE SOIL AND
OIL SAND MATERIALS

7.1 Introduction

Shear modulus governs shear deformation charaatsris/ the extent of
distortion in soils and other geomaterials undegiad loads. Cyclic triaxial test has been
the most commonly used one for measuring shear ime®duthe laboratory. In this test,
the radial stress is typically held constant whigwiator stress is applied cyclically on the
sample. The shear modulus obtained from the cedits is evaluated from modulus of
elasticity by assuming a representative Poissa@tis for the soil. Results from cyclic
triaxial tests have been mainly used to developrsdempirical correlations of modulus
and shear strain for soils. The most realistic stezaling, however, occurs when both
varying confining and dynamic stresses are apiedltaneously on the sample.
Obtaining such a loading condition in the labonateould enable close simulation of the
roll and bounce and rocking motions of construcaad mining trucks and shovels in the
field.

This chapter investigates the shear modulus clersiits of the fine-grained
cohesive soil and three oil sand materials in abefatory using a newly developed pure
shear test procedure. The developed pure sheartestdure applies varying confining
and dynamic stresses simultaneously on the spedondgtermine shear modulus.
Conventional type cyclic triaxial tests are alsaduacted on the oil sand samples to
compare test results with the results obtained fitwarpure shear test procedures. The
results of both tests are used to develop charaaten models to correlate shear
modulus with factors affecting field loading conalits. In addition to shear modulus,

phase angles of the tested materials are alsnebit&#iom the test data.

7.2 Laboratory Testing

Pure shear tests were performed on the soil aeé thit sand samples using
Procedure D described in detail under section 31b.&ddition, cyclic tests were
performed on the oil sand materials using the stathASTM D3999 test procedure for

determining shear modulus of soils using cycliaxial apparatus.
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Specimens of the soil and oil sand samples weigaped in accordance with the sample
preparation methods described in section 3.5.4 |8l@ratory testing involved applying
varying frequencies of continuous sinusoidal laathe test specimen, and measuring
shear stress and shear strain responses to diobtiyn shear modulus properties. Table
7.1 summarizes the test program and testing congitised to perform the pure shear
tests. The cyclic triaxial tests were only perfodna¢ selected loading frequency of 2Hz
and temperature of 20 for comparison purposes.

The Ul-FastCell test setup was used to apply stsess the soil specimens, and
the RaTT cell setup was used for testing the oitlsspecimens. The RaTT cell was
specifically selected for the oil sand testing luseeof its temperature chamber and
temperature transducer required for testing bit@snmaterials. A full factorial test
matrix comprising 27 tests were conducted for tiiesample at three moisture states and
one loading frequency. For the three oil sand $esnpa total of 108 tests were

conducted at two test temperatures and two loddargiencies.

TABLE 7.1 Shear Modulus Test Program and LoadingConditions

Soil Tests

Sample ID : CAT A-6

Loading Frequency (f) : 5Hz

Test Temperature (T) : 22 (room temperature)
Confining Stressd;) : 41.4, 69 and 138 kPa
Cyclic StressTgyc) : 20.7,41.4, 69 and 138 kPa
Water Content (w) :w =11.3%, 14.3% andB%.

Oil Sand Tests

Sample ID : SE-09, SE-14 antdt 4

Loading Frequency (f) : 2 and 10Hz

Test Temperature (T) : 20d 30C

Confining Stressds) : 41.4, 69, and 138 kPa

Cyclic StressTgyc) :20.7,41.4, 69 and 138 kPa

Bitumen content (W)  : w, = 8.5% (SE-09); w= 13.3% (SE-14) andyw 14.5% (AU-14)
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7.3 Test Data Analyses

The raw test data obtained included applied axidl@nfining stresses, and the
measured specimen axial and radial strains. Thieapghear stress and corresponding
shear strain were computed from Equations 3.5é8&id and the shear modulus was
computed from Equation 3.6.

To obtain the maximum shear stress and shear stahins, a generalized
mathematical curve fit function given in Equatio8 8/as used to fit the sinusoidal
loading test data obtained from the tests. Figidrea and 7.1b are two typical plots of
the raw test data. The figures represent typésilresults for an oil sand sample at a
loading frequency of 2Hz and 5 load cycles. In ¢iggures shear stress and the
corresponding shear strain are graphed with elapse The curve fit function presented
in Equation 3.8, was used to perform least squamnex regression analysis with
Microsoft Excel Solver to calculate the amplitudele sinusoidal pulse (Equation 3.9a)
that represents peak (maximum) shear stress ad.Sthe parameters for computing
the amplitude of the shear stress and shear staues were also used to determine

phase angle of the samples (Equation 3.7c).
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FIGURE 7.1a Raw Test Data for One Oil Sand Samplat 2Hz Frequency and 5 Load
Cycles: (a) Shear Stress; (b) Shear Strain.

150



3000
¢ Measured —F(t)

1000

-1000

-3000 -

Shear Strain,us

-5000 i

-7000 T . . ;
0 500 1000 1500 2000 2500
Time x 103seconds

(b)

FIGURE 7.1b Raw Test Data for One Oil Sand Samplat 2Hz Frequency and 5 Load
Cycles: (a) Shear Stress; (b) Shear Strain.

7.4 Analyses of Laboratory Test Results

7.4.1 Analyses of Fine-Grained Soil Test Results

The CAT A-6 soil test data were analyzed to obsfiear modulus and phase
angle at the optimum water contentgw 14.3%), and dry of optimum (w = 11.3%) and
wet of optimum (w = 17.3%) moisture states. A senghta set contains 250 stress-strain
data points for one specimen. A total of 2,2500éelata points from 9 tests was obtained
for the soil sample at each moisture state.

Table 7.2 lists a summary of the soil test resatlthe three moisture states. The
shear modulus values at w = 17.3% are extremelyctmwpared with the values at
w = 11.3% and 14.3%. An average shear modulus meghsiti the optimum was found to
be about 8 times the shear modulus at the wettohap moisture state. Also, the
average shear modulus at dry of optimum moistate $¢ about 3.5 times the shear
modulus at the optimum. Thus, a change in watetetoof 3% above or below the
optimum resulted in a significant change in sheadutus of the soil sample. The shear

modulus properties decrease with increasing applyetic stresses (see Table 7.2).
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This trend was expected of CAT A-6 soil sample sifice-grained cohesive soils exhibit
stress softening behavior under cyclic loadingen&ally, the phase angle was lower at
dry of optimum and higher at wet of optimum. At stant confining stress, the phase

angle was found to increase with increasing cystliess.

TABLE 7.2 Stress States and Test Results for CAA-6 Soil at Different Moisture States

Stress States (kPa) Shear Modulus (MPa) Phasle fibgg)
o Toe w = Wopt = w = w = Wopt = w =
11.3% 143% 17.3% 11.3% 143% 17.3%
40.4 20.7 118.3 50.5 7.5 13.8 214 314
40.4 40.4 91.9 23.0 4.2 14.5 24.2 32.1
69.0 20.7 145.3 62.3 9.0 15.6 22.1 38.2
69.0 40.4 106.6 30.3 4.9 16.9 22.6 43.8
69.0 69.0 64.4 14.4 5.2 17.5 23.1 45.5
138.0 20.7 273.9 166.6 23.1 11.3 17.2 314
138.0 40.4 221.5 112.1 10.1 12.0 21.3 37.7
138.0 69.0 173.1 69.6 7.1 13.8 22.2 41.3
138.0 138.0 89.0 24.0 7.2 16.9 25.0 56.7

7.4.1.1 Variation of Shear Modulus of CAT A-6 sdiwith Shear Strain

Figures 7.2 to 7.4 show variations of shear modptoperties with shear strains
at different confining pressures for CAT A-6 sdillae three different water contents.
Shear modulus typically decreases with increadmegusstrain. At low shear strains, the
shear modulus is extremely high compared to thevialwes at high strains. Also, the
shear moduli generally decrease as the confinnegsts decrease. A rapid decrease in
shear modulus is observed at the high confinirgsstf; = 138 kPa) compared with the
lower confining stresses. This behavior was obskatall the moisture states. This is an
indication that high confining stresses signifi¢guatffect on shear modulus of the soil

sample at various moisture levels.
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FIGURE 7.2 Variation of Shear Modulus with ShearStrain: CAT A-6 Soil at w = 11.3%.
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FIGURE 7.4 Variation of Shear Modulus with ShearStrain: CAT A-6 Soil at w = 17.3%.

7.4.2 Characterization of Pure Shear Modulus of 8T A-6 Soil

The maximum shear modulus,§zand the shear modulus ratio G/gor
normalized shear modulus have generally been wseltktracterize the shear deformation
characteristics at different strain levels (Harald black 1968, Seed and Idriss 1970,
Kramer and 1996). At low strain levels below 0.00124s assumed that the soil shear
modulus is equal to £y I.€., G/GnaxiS equal to one. In this study, the shear modulus
reduction concept is used to characterize thensaiiérial at the three moisture states.
Several empirical equations have been proposedmpute of G« Of soils. However,
these equations are based on strain levels les9tB81%.

Assuming that the minimum shear strain is a gog@pmation for obtaining
the maximum shear modulus from the test data, #s@mum shear modulu§'
obtained among all soil pure shear tests was wsedrimalize the shear moduli of the
CAT A-6 soil sample at the various moisture stgte's= 273.9 MPa ). Based on this

approach, regression analyses were performed &lajerelationships between the
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normalized shear modulus and shear strginHgure 7.5 is a plot of normalized shear
modulus against shear strain, and Equations 7713tare empirical equations developed
for the soil sample at the three moisture statesseen from the graph, there is a large
scatter of the results at w = 17.3%, although thedRue is comparable to theé Ralue at
w = 11%. As expected, there is a general trendhe@fismodulus reduction as the shear
strain increases at all the moisture states o$dfleAlso, according to Equations 7.1 to

7.3, GIG' at all the three moisture states always decressgecreases.

i =0.1646)°%%atw = 11.3%: R=0.65 (7.1)
Gdry
i, =0.1015y%*" atw = 14.3%: R=0.82 (7.2)
opt
c'; = 02976y atw = 17.3%: R=0.67 (7.3)
wet
1.2
[ w=17.3%
1 ' ¢ = A
w=14.3%
0.8 |
O 06}
O
0.4 |
02 f
O i 1 1
0.01 0.1 1 10

Shear Strain,y ( %)

FIGURE 7.5 Normalized Shear Modulus against Shed8train for CAT A-6 Soil.
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7.4.3 Analyses of Oil Sand Test Results

The raw data obtained from the pure shear tesdumd@d on each oil sand
sample generated about 4,500 data points at tvdinigdrequencies at one test
temperatures. Therefore, for the two test tempegata total of 9,000 data points
obtained from the test matrix were used to anatlyegroperties of each oil sand sample.
The analysis results include shear modulus andepdragle properties and the
characterization models developed to describe ¢éhevdor of the oil sand materials.
Tables 7.3 and 7.4 summarize the test resultsBEe®@% SE-14 and AU-14 oil sand
samples at the two loading frequencies and twa¢egperatures. The shear moduli of
SE-09 samples are generally higher than those df4s&nhd AU-14 samples at all the
loading conditions. There is no significant diffiece between the shear modulus values
of SE-14 and AU-14 although the shear moduli forl8Eare generally higher than those
of AU-14 samples. On the other hand, the phaseeamflAU-14 and SE-14 samples are
the highest and the phase angle of the SE-09 sasple lowest.

Comparisons of the test results in these tables shat shear modulus is
generally lower at 3T than at 28C for all the oil sand samples. Also, shear modelie
found to be lower at 2Hz than at10Hz for all thiesand samples. The analyses of the test
results show the average shear modulus % 2@s about 1.5 to 2 times of the shear
modulus at 3%C for the oil sand samples tested at the two |apfliequencies. On the
other hand, average shear modulus at 10Hz was alio8 times of the shear modulus
at 2Hz for all the oil sand samples tested atwhetest temperatures. Thus, the effect of
reducing loading frequency is similar to the effetcincreasing the test temperature. This
behavior is typically observed for bituminous matks; in which stiffness increases at
low temperatures and decreases at low frequenfsissted in Tables 7.2 and 7.3, the
shear moduli decrease with increasing applied cygtiesses. This observation also
supports the stress-softening behavior reportdaeear Chapter 6 for the oil sand

samples.
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TABLE 7.3a Stress States and Test Results for Gland Samples at 10Hz and 20

Stress States (kPa) Shear Modulus (MPa) Phasle fibgg)

O3 Teye SE-09 SE-14  AU-14 SE-09 SE-14  AU-14
40.4 20.7 86.2 51.2 37.3 317 34.8 44.7
40.4 40.4 63.3 47.7 35.6 39.2 41.8 47.5
69.0 20.7 158.1 116.4 89.3 29.7 314 37.3
69.0 40.4 99.1 74.0 60.6 36.6 40.1 46.4
69.0 69.0 77.4 68.9 54.2 42.2 44.3 51.8
138.0 20.7 298.0 222.5 214.5 20.7 25.3 22.4
138.0 40.4 212.5 133.2 121.5 26.7 30.2 34.2
138.0 69.0 170.9 119.1 108.0 34.1 37.6 42.7
138.0 138.0 104.8 95.5 91.8 37.8 43.3 50.6

TABLE 7.3b Stress States and Test Results for O8and Samples at 10Hz and 3G

Stress States (kPa) Shear Modulus (MPa) Phasle fibgg)

03 Teye SE-09 SE-14 AU-14 SE-09 SE-14 AU-14
40.4 20.7 50.7 38.0 16.7 28.8 33.2 42.6
404 40.4 28.2 27.8 15.6 37.9 38.4 47.5
69.0 20.7 102.2 74.7 54.0 25.7 28.2 335
69.0 40.4 52.2 43.1 31.3 33.0 35.6 43.3
69.0 69.0 31.5 34.3 24.5 36.4 36.6 46.1
138.0 20.7 272.4 194.6 163.1 20.2 18.7 25.4
138.0 404 167.5 112.8 74.4 24.3 27.8 36.8
138.0 69.0 111.0 80.3 49.1 30.4 36.7 42.8
138.0 138.0 48.6 499 32.3 404 41.5 447
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TABLE 7.4a Stress States and Test Results for Gland Samples at 2Hz and 2@

Stress States (kPa) Shear Modulus (MPa) Phasle fibgg)

O3 Teye SE-09 SE-14  AU-14 SE-09 SE-14  AU-14
40.4 20.7 41.6 15.8 15.9 314 32.3 47.7
40.4 40.4 20.7 10.5 8.4 37.2 35.9 52.3
69.0 20.7 94.4 53.2 40.5 28.8 32.0 38.8
69.0 40.4 34.2 23.7 20.3 34.8 35.0 45.4
69.0 69.0 22.9 17.8 16.2 41.9 41.3 48.9
138.0 20.7 232.5 158.8 128.7 23.5 23.6 20.6
138.0 40.4 131.7 66.1 61.4 31.2 32.0 42.3
138.0 69.0 62.7 38.9 36.6 375 41.1 45.2
138.0 138.0 39.7 30.6 24.9 49.6 58.4 58.7

TABLE 7.4b Stress States and Test Results for G8and Samples at 2Hz and 3G

Stress States (kPa) Shear Modulus (MPa) Phasle fibgg)

03 Teye SE-09 SE-14 AU-14 SE-09 SE-14 AU-14
404 20.7 23.4 145 7.3 29.8 315 30.9
404 40.4 11.0 10.0 6.8 33.6 31.8 32.2
69.0 20.7 72.7 39.5 23.1 24.3 28.7 33.7
69.0 40.4 21.6 154 11.7 33.0 32.7 36.2
69.0 69.0 15.8 13.0 9.9 40.3 374 37.0
138.0 20.7 219.6 129.5 124.6 22.8 20.1 18.8
138.0 404 116.4 56.9 34.9 28.2 30.7 33.5
138.0 69.0 41.8 28.0 24.6 35.8 38.1 40.6
138.0 138.0 25.7 22.1 19.3 37.3 49.3 41.2

7.4.3.1 Variation of Shear Modulus with Shear Sain

Figures 7.6 through 7.8 show the variations of shezaduli with shear strains
measured at different confining pressures for theamd samples. In general, the shear
modulus decreases as shear strain increases.Attindining stressa; = 138 kPa), the

reduction in shear modulus is very rapid compaoeithié shear modulus reduction at the
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low confining stresgs = 40.4 kPa. Similar trends are observed for @ldth sand

materials tested at different temperatures anermifft loading frequencies. A close
observation at the modulus reduction curves shbetsthere is no significant modulus
reduction when the shear modulus is less than 58. MP of these trends occur at

03 = 40.4 kPa (low confining stress). Particularly3&C the modulus reduction curves
for all the samples at; = 40.4 kPa are almost flat or no change in shemtutos values
occur with increasing shear strains. Thus, confirsitiess has considerable impact on the
relationship between shear modulus and shear sfraenmodulus reduction at the
confining stress of 69 kPa appears to follow thaespattern for the three oil sand

samples at all the loading conditions.
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FIGURE 7.6a Variation of Shear Modulus with ShearStrain: SE-09 at 10Hz and 2€C.
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7.4.4 Characterization of Pure Shear Modulus of (DSand Materials

7.4.4.1 Oil Sand Shear Modulus Reduction Curves

The shear modulus reduction curves have been aseddel the relationship
between a shear modulus and maximum shear modudugieen strain level for soils,
mostly at the low strain levels (< 0.001%). The midad reduction concept used to model
the CAT A-6 soil sample (section 7.4.2) is also &yed for the oil sand samples.
Figures 7.9 through 7.12 show the plots of norredlighear modulus G/ against the
shear straity for the oil sand samples at different loading frexgcies and temperatures. It
can be seen that data points for all the thresamiti samples fall within the specific range
of a general trend, and there is little effectavhperature and loading frequency on the

G/G' —yrelations at low shear strains.
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Based on the observed similar trends and the r&igresonstants shown in
Figures 7.9 through 7.12, the combined data wad tesperform regression analyses for
the three oil sand samples. Figure 7.13 showadhmalized shear modulus (G/)
curve with G'= 298.0 MPa for combined test data, and Equatiohshrough 7.7 are
empirical correlations obtained from the regressinalyses for the tested oil sand
materials. A look at the shear strain exponentatds that the stiffness of the three oil
sand samples would be reduced more rapidly ¥ 3dd 2Hz than at 2G and 10Hz. In

other words, stiffness of the materials will be lathigh temperature and low frequency.

g =0.0886y ***2 at 10Hz and A«T; R =0.55 (7.4)
g = 00867y °**at 2Hz and L; R =0.72 (7.5)
g = 0.0593y°*% at 10Hz and T; R =0.73 (7.6)
g = 00764y °%"at 2Hz and 3C; K =0.75 (7.7)
1.2
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FIGURE 7.13 Normalized Shear Moduli against Shea$train for Combined Data of Oil
Sand Materials.

168



7.4.4.2 Development of Shear Modulus Characteriian Models

Shear modulus models for soils have been primbaed on the modulus
reduction curves. Although, these models have paed satisfactorily, they are mostly
independent of stress and other loading conditop&rienced by the soil material in the
field. In this section, shear modulus models areliged for the three oil sand materials
based on the applied stresses, the materials pthysaperties and testing conditions
suspected to influence behavior in the field. Atiahstatistical analysis performed to
determine variables that relate strongly with theas modulus reveals that there was
virtually no correlation between the oil sand gtamtaproperties (Cu, Cc andsg) and
shear modulus (& 0.1). Also, shear modulus was found to be higlelgendent on
octahedral stress compared with instead of thaeppyclic and confining stresses.
Similar to other characterization models developegarevious chapters, the power
function was found to be most suitable for thesaihds shear modulus models.

Combined data sets obtained at all the loadingitiond were used to study four
models for characterizing the oil sand materialsirdicated earlier, a total of 9,000 data
sets for each oil sand sample were used to detieébomodels. The SAS statistical
software was used to perform multiple regressi@aiyases on the data sets to obtain the
model parameters. Table 7.5 lists the resulta@bnalysis results, and the four shear
modulus models studied for the oil sands. The diffees in Rvalues indicate that the
octahedral shear stress has a significant effeth@shear behavior. For instance, tfie R
value was improved by more than 200% when the ediah shear stress term was
included in model 2, compared to less than 15%es®® when bitumen content and
temperature were included in the models (see m&laisl 4). However, model 4
appears to be more realistic since it includethalloading conditions necessary to

describe shear modulus behavior of the oil san@&madt in the field.
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TABLE 7.5 Regression Models Studied for Pur8hear Modulus of Oil Sand Materials

Model 1 - G=AD"“
Model 2 . G=AD“TY
Model 3 . G=ADB T ve
Model 4 © G=ADOf e ok
Model Parameters
Model log A k ko ks Ka R RMSE
1 -0.492 0.866 0.190 0.356
2 -1.023 2.019 -1.592 0.719 0.211
3 0.112 2.021 -1.596 -1.059 0.795 0.181
4 1.762 2.029 -1.614 -1.059 -1.1830.865 0.147

7.5 Comparison of Cyclic Triaxial and Pure Sheailest Results

As mentioned earlier, cyclic triaxial tests wergogberformed to compare test
results to the newly developed pure shear teseci®ens for the cyclic tests were
subjected to the same stress conditions as thespese test specimens at the temperature
of 20°C and the loading frequency of 2Hz. A total of ahbt,500 data points were
obtained from the cyclic tests performed on theghsil sand samples.

Tables 7.6 compares shear modulus properties neshBom cyclic triaxial (G)
tests with those from the pure shear testg)(Ghe shear moduli measured from the
cyclic triaxial tests are higher than shear mothdasured from the pure shear tests. The
average shear modulus from the cyclic triaxial ves$ about 1.8 to 2.7 times higher than
the average value obtained from the pure sheacoesidering the data from all the three
oil sand samples.

Note that the major difference between the cyciaxtal and pure shear test
procedures is such that in the pure shear tegtgaifining stress is cycled in phase with
the axial shear stress and the axial specimenrmat@mns are generally larger due to the
lack of a constant all-around confinement on trecspen. Therefore lower shear moduli

are expected from the pure shear loading tests.
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The test results of pure shear loading would bstteulate haul trucks and shovel field
loads, which at any time impose varying magnitusfegertical, horizontal, and shear
stresses in the oil sand materials during mininyiéies. It would be more conservative
to characterize these materials by pure shear msdihce in the field oil sands
experience induced dynamic loading in all direcgion

Table 7.7compares the phase angles measured frensipear tests to those
obtained from cyclic triaxial tests. The phase aaglbtained from the pure shear tests
were higher in magnitude than those obtained fitoaciyclic triaxial tests. These results
also suggest that oil sand materials become meo®ws or less stiff under pure shear

loading than cyclic triaxial loading conditions.

TABLE 7.6 Shear Moduli Compared from Pure Shear ad Cyclic Triaxial Tests

Stress States (kPa) G (MPa) s B1Pa)
O3 Teye SE-09 SE-14 AU-14 SE-09 SE-14 AU-14
40.4 20.7 89.0 72.9 41.5 41.6 13.7 15.9
40.4 40.4 39.1 34.3 20.3 20.7 10.5 8.4
69 20.7 155.3 122.5 76.3 94.4 53.2 40.5
69 40.4 84.6 69.1 36.4 34.2 23.7 20.3
69 69 36.2 34.3 21.0 22.9 17.8 16.2
138 20.7 314.0 259.5 195.8 232.5 158.8 128.7
138 40.4 234.9 187.8 131.1 131.7 66.1 61.4
138 69 149.6 117.7 66.5 62.7 38.9 36.6
138 138 40.5 37.6 25.1 39.7 30.6 24.9
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TABLE 7.7 Phase Angles Compared from Pure Sheama Cyclic Triaxial Tests

Stress States (kPa) 0 (Deg) dps (Deg)

O3 Teye SE-09 SE-14 AU-14 SE-09 SE-14 AU-14
404 20.7 31.3 33.5 35.7 314 32.8 47.7
40.4 40.4 34.2 36.3 37.1 37.2 35.9 52.3

69 20.7 27.9 30.2 33.2 28.8 32.0 38.8

69 40.4 30.5 33.5 35.0 34.8 35.0 454

69 69 33.6 35.3 36.3 41.9 41.3 48.9
138 20.7 24.1 23.4 25.3 235 23.6 20.6
138 404 26.6 27.7 29.6 31.2 32.0 42.3
138 69 27.9 30.3 33.4 37.5 41.1 45.2
138 138 325 33.7 34.1 49.6 58.4 58.7

Figures 7.14 through 7.16 show variations of sieaduli with shear strain

obtained from the cyclic triaxial tests for the g8ind samples at the applied confining
stresses. Similar trends in the results of the gtear tests for the oil sand materials
were obtained by the cyclic triaxial tests (sedisac/.4.2.1), ie., there is a rapid

reduction of shear modulus at high shear straidscanfining stress of 138 kPa.

400 ¢

350 |

w
o
o

N
a1
o

Shear Modulus, MPa
= N
a1 o
o o

100 |

50 |

03;=138 kPa

A

03;=69 kPa

0;=40.4 kPa\

0.001

0.01

Shear Strain, %

0.1

FIGURE 7.14 Variation of Shear Modulus with ShearStrain: Cyclic Triaxial (SE-09).
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FIGURE 7.15 Variation of Shear Modulus with ShearStrain: Cyclic Triaxial (SE-14).
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FIGURE 7.16 Variation of Shear Modulus with ShearStrain: Cyclic Triaxial (AU-14).
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7.5.1 Correlating Shear Modulus from Cyclic Triaxal and Pure Shear Tests

Figures 7.17 to 7.19 show the correlations betwkershear modulus properties
obtained from pure shear and cyclic triaxial téstsall the three oil sand samples. Each
data point in the figures represents the resulspetimens tested at the same stress states
for the two test procedures. Regression curvalfits45-degree lines (lines of equality)
are drawn in the data points to display the cotiera between the shear modulus values
obtained from cyclic triaxial and pure shear telstsan be observed that the cyclic
triaxial test predicts shear modulus by about 532% more than the pure shear test. It
appears that there is close agreement only whear siedulus is quite low, i.e., less than

50 MPa. The test data in this region represent thadder high cyclic stresses.
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FIGURE 7.17 Comparison of Shear Moduli from Cyclc Triaxial and Pure Shear Tests for
SE-09 Sample.
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FIGURE 7.19 Comparison of Shear Moduli from Cycl¢ Triaxial and Pure Shear Tests for
AU-14 Sample.
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7.5.2 Characterization Models for Shear Moduli fom Cyclic and Pure Shear Tests

Material characterization models were developedgibbth cyclic triaxial and
pure shear data for selected testing conditionstipMel regression analyses performed on
pure shear test results in section 7.4.2 wereatggdoyed under this section. Table 7.8
compares the developed models and model paranoéti@ised from the cyclic and pure
shear test data. The analyses show that pure stushidus highly depends on octahedral
shear stress. In contrast, the cyclic shear modidpends more on bulk stress. This
observation can be seen in the differences’ivaRies for models 1 and 2, and suggests
that specimens experience higher dynamic loadiradl itirections under pure shear tests
compared to only vertical dynamic stresses appuliethg cyclic triaxial tests. A
comparison of Rvalues for the proposed models for both pure shedryclic triaxial
tests indicate that model 3 would perform bettantmodels 1 and 2. Moreover, the
inclusion of bitumen content makes model 3 mogable for describing behavior of the
oil sand materials.

TABLE 7.8a Shear Modulus Models Developeddm Pure Shear Test

Models for Pure Shear Modulus

Modell : G=A B"
Model 2 : G=ADB“ T4
Model 3 : G=AD"“ &0V

Model Parameters

Model
log A ke ko ks R RMSE
1 -0.789 0.934 0.263 0.321
2 -1.435 2.119 -1.503 0.859  0.143
3 -0.160 2.114 -1.495  -1.192 0.972 0.065
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TABLE 7.8b Shear Modulus Models Developedadm Cyclic Triaxial Tests

Models for Cyclic Shear Modulus

Model 1 : G=A0O%
Model2 : G=ADB“ T4
Model 3 : G=AB“ &NV

Model Parameters

Model
log A ky ko Ks R RMSE
1 2.745 -0.680 0.260  0.307
2 -0.167 1.506 -1.311 0.821 0.154
3 0.857 1.507 -1.313  -0.955 0.900 0.118

In addition to the characterization models, regogsanalysis was also performed
on the cyclic test results of the oil sand samfmedevelop correlations between
normalized shear modulus and shear strain. Notesttmélar correlations have been
developed for pure shear tests under the samadexsinditions as the cyclic triaxial tests
(Equations 7.4 to 7.7). Figure 7.20 shows normdlstgear modulus graphed with shear
stress with regression equation for the combinéa dithe three oil sand materials.
Equation 7.8 is an empirical correlation betweenrtbrmalized shear modulus and shear

strain for the combined data.

g =0.054y%®*; R?*=0.82 (7.8)
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FIGURE 7.20 Normalized Shear Modulus for Oil SandSamples - Cyclic Triaxial Test.

7.6 Summary

Shear modulus and phase angle properties of oe@fained-cohesive soil and
three oil sand samples were investigated in ther&bry using a newly developed pure
shear test procedure. The fine-grained soil sampketested at three moisture states;
optimum water content, ¢4 = 14.3%, dry of optimum, w = 11.3% and wet of optm,

w = 17.3% with one loading frequency, and the aildsamples with bitumen contents
of 8.5%, 13.3% and 14.5%, were tested at two teatpers and two load frequencies.
Results from these tests were used to developsgigreequations and material
characterization models for the soil and oil saenthsles. The test results for the soil
samples were used to obtain relationships betwesnalized shear moduli as a function
of shear strain at the different water contents.tke oil sand samples, strong
correlations were obtained between normalized smeauli and shear strain at the test
temperatures and loading frequencies. The variaisnmal characterization models
developed for the oil sand samples indicate thastiear properties obtained from pure

shear tests depend primarily on octahedral shessssinstead of bulk stress.
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The coefficient of correlation values improved whemperature and loading frequency
were also included in the model.

The standard cyclic triaxial test procedure waslusegerform tests on the three
oil sand samples at selected loading conditiort®topare test results with the developed
pure shear test. For the three oil sand samplesvérage shear modulus measured by
the cyclic triaxial procedure was in the range @t& more than 100% higher than
average shear modulus measured by pure sheardestipre. Generally, the pure shear
tests yielded higher phase angle values for albtheand samples than the cyclic triaxial
tests. A combination of varying magnitudes of statid dynamic confining stresses
applied in the pure shear test compared to constanrfining stresses applied in the cyclic
triaxial tests is suggested as the cause of tlierdifce in the shear moduli values.
Results from the cyclic triaxial tests were alsedito develop material characterization
models for the oil sand samples. For the cyclexiel tests, the material models show
that shear modulus largely depends on bulk strestead of octahedral shear stress. The
following are the general conclusions drawn from tibsts:

1. The average shear modulus of the soil sample abfdyptimum was about 3.5
times higher than at optimum water content, whetleasiverage shear modulus
measured at the optimum was found to be about &stitme shear modulus at wet
of optimum moisture state. The phase angle at aptirwas higher than dry of
optimum and lower than wet of optimum. As obserwethe previous chapters,
an increase in water content of 3% above or belptvum had significant
effects on the dynamic characteristics of the sample.

2. For the oil sand samples, the shear modulus valees generally lower at 30
than at 20C, and higher at 10Hz than 2Hz. This was expedtext ituminous
materials are less stiff at high temperatures amddading frequencies. The SE-
09 oil sand sample had the highest shear moduliamest phase angle values
whereas the AU-14 sample had lowest shear moddlhaghest phase angle
properties. The shear modulus and phase anglesvafu#E-14 were comparable
to AU-14 sample. However, the shear modulus of 8E&mple was generally
higher than shear modulus of the AU-14 sample.
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CHAPTER 8 DAMPING RATIO AND DYNAMIC MODULUS OF
FINE-GRAINED COHESIVE SOIL AND OIL SANDS

8.1 Introduction

Cyclic loading tests have been commonly used fahghg dynamic properties
such as damping ratio and dynamic modulus. Therdymproperties of the fine-grained
cohesive soil and the oil sand materials were itiy&t®d under cyclic loading conditions
in the laboratory for off-road construction and mgequipment. Damping ratio is a
parameter used as a measure of the energy dissiphtsn a geomaterial is subjected to
cyclic dynamic loading. On the other hand, dynamaxlulus, obtained from the ratio of
applied cyclic peak stress to the correspondirajrstis widely used to characterize
behavior of bituminous materials. This chapter siigates damping ratio and dynamic
modulus properties in an attempt to develop simmpbeels to characterize the fine-
grained soil and the three oil sand materials ugingwly developed damping property
test procedure presented in Chapter 3.

Laboratory tests on the soil sample were perforateédree moisture states and
three loading frequencies, and the oil sand teste werformed at two temperatures and
three loading frequencies. The test data are thed to develop various characterization

models for the soil and oil sand materials.

8.2 Laboratory Testing

Laboratory tests were performed on the soil andamld samples in accordance
with the damping property test procedure (Proceir@escribed in section 3.5.8. The
tests involve applying various frequencies of amndius sinusoidal loading to the test
specimen and measuring stress and strain respangbtain damping ratio and dynamic
modulus values. The test program and testing conditare summarized in Table 8.1.
The Ul-FastCell test setup was used for applyingsses on the soil sample, and the
RaTT cell setup was used for the oil sand samplesnentioned in Chapter 7, the RaTT
cell setup with an environmental chamber was usethk oil sand testing to apply
loading at two temperatures. A full factorial testrix comprising 45 tests were
conducted for the soil sample at three moisturestand three load frequencies. The

three moisture states were optimum, wet of optinameh dry of optimum water contents.
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For the three oil sand samples a total of 72 mmtslucted at test temperatures of0

and 30C, and three loading frequencies constituted tsienatrix.

TABLE 8.1 Damping Ratio Test Program and LoadingConditions

Soil Tests

Sample ID : CAT A-6

Test Temperature (T) : 22 (room temperature)
Loading Frequency (f) : 2, 10 and 20Hz
Confining Stressd;) : 0, 41.4, 69 and 138 kPa

Deviator Stressd() : 41.4 kPa
Water Content (w) > optimum {w= 14.3%); wet of optimum (w = 17.3%); and dry of
optimum fn 1.3%)

Oil Sand Tests

Sample ID : SE-09, SE-14 andi 4

Test Temperature (T) : 20 andG0

Loading Frequency (f) : 2,5, and 10Hz

Confining Stressd;) : 41.4, 69, and 138 kPa

Deviator Stressad() :41.4 kPa

Bitumen content () : SE-09 (w= 8.5%); SE-14 (w= 13.3%) and AU-14 (yw= 14.5%)

8.3 Data Analysis Procedure

The damping property raw test data include the tifleading, the applied
stresses and the corresponding axial strains taaeadamping ratio and dynamic
modulus properties of the materials tested. Fig8réa and 8.1b show typical variations
of axial stress and axial strain with time, at ltteeding frequency of 2Hz and 5 load
cycles for an oil sand sample. Figure 8.2 also shatypical plot of axial stress against
axial strain that result in a hysteresis loop. §aereralized mathematical curve fit
function presented in Equation 3.8 was used tihditraw test data to obtain parameters
for computing damping ratio and dynamic modulushefoil sand materials. Using
Microsoft Excel Solver, a least squared error regjan analysis was performed to
determine the peak stresses and strains.
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Dynamic modulus of the materials was calculatethasatio of the peak stress to peak
strain. The parameters for computing the ampliofdée stress and strain curves could
also be used to determine phase angle of the migtefhase angle is a measure of the
viscous or elastic properties of viscoelastic maker

The peak stress and strain values, and the aréaseddy the hysteresis loop
(see Figure 8.2) were used for determining damptig of the materials. In this study, a
generalized formula to compute an area of a polygtmn vertices was used to

determine the area of the hysteresis loop. Theutans expressed as follows:

n

Area:% .;1 (XiYis1 = XiaaYi) (8.1)
The hysteresis loop is closed by replacipg by x, and y.+1by y1. An average of
the area determined from 5 hysteresis loops reptiesgfive load cycles was generally
used for the computations. The damping ratio ofstiitand oil sand samples at different
loading conditions were computed using Equation Bhé results for the analyses are

presented hereafter.
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FIGURE 8.1a Variation of Stress with Time for Typcal Test Results of Oil Sand Material.
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8.4 Analyses of Test Results

8.4.1 Analysis of Fine-Grained Soil Test Results

A total of about 3,750 sets of data points wereioled from 15 different test
conditions at one moisture state. A single dat@eetains 250 stress-strain data points.
Data analysis were performed for CAT A-6 soil atimpim (Wep: = 14.3%), dry of
optimum (w = 11.3%) and wet of optimum (w = 17.3%0)e dependency of damping
ratio and dynamic modulus test results on theldesting conditions are listed in Tables
8.2 through 8.4 as obtained at the three moistatess There is no significant difference
between the damping ratio and dynamic modulusettmple at loading frequencies 2,
10, and 20Hz when the moisture content is the s@imesoil material is not viscoelastic,
therefore the behavior was expected. However figreint moisture states, there was
significant difference between the damping ratid dgnamic modulus of the soil
sample. Damping ratio was found to be higher atof/eptimum and lower at dry of
optimum. i.e., damping ratio increases with insneg water content in the CAT A-6 soill
sample. This is reasonable since more energy dissipis expected in the soil sample at
the wet condition than in the dry state. On theepttand the dynamic modulus or
stiffness of the sample was higher at dry of optimand lower at wet of optimum. The
average damping ratio of the soil sample at themyyh moisture was about 16% lower
than the damping ratio at wet of optimum and 33ghér than at dry of optimum. On the
other hand, the average dynamic modulus at thenapti moisture was about 40% higher
than the dynamic modulus at wet of optimum and 3dWer than dry of optimum. The
phase angle of the soil at optimum was generallietdhan phase angle at wet of
optimum and higher than dry of optimum. These prioge did not change as the bulk
stress increased. Note that the applied dynamesstvas constant at all the loading
conditions. Therefore, the effect of bulk stregs\the same as the effect of the applied

confining stress.
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TABLE 8.2 Summarized Damping Ratio Test Resultsdr CAT A-6 Soil at w =11.3%

Loading Bulk Stress Dynamic Damping Phase Angle
Frequency (f) (kPa) Modulus (MPa)  Ratio (%) (Deg.)
2 40.1 17.0 12.8 20.6
10 40.1 22.4 13.7 21.4
20 38.9 17.7 16.2 21.2
2 108.4 56.5 11.8 18.7
10 107.0 61.2 13.6 21.0
20 105.0 53.8 14.6 21.1
2 172.0 84.4 12.6 21.6
10 170.5 81.3 13.5 21.1
20 169.3 83.7 14.6 17.7
2 255.3 105.5 13.9 22.7
10 254.4 100.0 14.4 23.4
20 251.5 105.1 15.1 19.3
2 466.1 148.6 12.3 20.5
10 465.8 159.7 13.5 23.5
20 459.7 165.4 15.0 21.2

TABLE 8.3 Summarized Damping Ratio Test Resultsar CAT A-6 Soil at Wy = 14.3%

Loading Bulk Stress Dynamic Damping Phase Angle
Frequency (f) (kPa) Modulus (MPa) Ratio (%) (Deg.)
2 40.7 14.0 17.7 30.4
10 40.1 18.0 17.6 30.6
20 41.1 15.6 19.1 30.6
2 107.1 31.9 17.8 31.2
10 105.5 38.4 18.5 30.9
20 106.6 40.1 18.8 29.5
2 170.4 47.7 18.3 31.6
10 168.6 51.8 18.5 30.8
20 170.5 57.9 18.0 27.5
2 251.3 63.6 19.1 32.2
10 251.7 65.0 18.6 30.4
20 252.7 75.1 18.3 28.3
2 462.7 101.8 18.3 30.7
10 463.0 102.3 17.7 31.0
20 463.4 111.3 17.5 317
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TABLE 8.4 Summarized Damping Ratio Test Resultsor CAT A-6 Soil atw = 17.3%

Loading Bulk Stress Dynamic Damping Phase Angle
Frequency (f) (kPa) Modulus (MPa) Ratio (%) (Deg.)
2 40.9 9.7 215 33.8
10 40.9 13.0 21.9 33.8
20 40.2 15.0 23.2 33.6
2 113.3 24.6 20.8 33.8
10 109.1 25.1 20.7 33.3
20 106.0 26.9 24.6 355
2 175.6 335 20.8 34.0
10 171.9 36.0 20.6 33.0
20 170.3 394 22.7 33.0
2 258.7 43.2 22.2 33.6
10 255.8 48.7 20.9 33.9
20 254.3 54.3 22.0 33.3
2 469.9 65.8 22.6 33.1
10 463.9 72.6 21.6 33.8
20 462.3 82.2 21.2 313

8.4.1.1 Damping Ratio Variation with Axial Strain

Figure 8.3 show the variation of damping ratio &fTCA-6 soil with axial strain
obtained at three moisture states. As the axiairsincreases, damping ratio remains
constant for the soil sample tested at all threestuee states. Thus, no correlation

appears to exist between damping ratio of thesswilple and axial strain.
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FIGURE 8.3 Variation of Axial Strain with Damping Ratio of CAT A-6 Sample.

8.4.1.2 Effect of Loading Frequency on Damping R@ and Phase Angle

Figure 8.4 shows the effect of loading frequencylamping ratio of CAT A-6
soil sample tested at w = 11.3%,,w 14.3% and w = 17.3% under different confining
stresses. At one constant confining pressure dagmptio did not change when loading
frequency increased. This observation was valalldhe three moisture states, which is
in agreement with Vucetic and Dobry (1991) who fdalamping ratio was insensitive to
the changes in the rate of loading (loading fregyeof the soil materials.

Figures 8.5 through 8.7 suggest that no correlaiast between the loading
frequency and phase angle of the soil sample thalihree moisture levels. Like the
damping ratio, the phase angle of the soil sangptegher at w = 17.3% and lower at
w = 11.3%. It can be concluded that water contadtdnmajor influence on phase angle,
whereas an increase in confining stress had noteffephase angle at all the moisture
states.
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8.4.1.3 Effect of Loading Frequency on Dynamic Miulus

As mentioned previously, dynamic modulus does hahge as loading frequency
increases from 2 to 20Hz, although there appedrs tslight increase in dynamic
modulus at confining pressure of 138kPa. Figur8gt8ough 8.10 show the effect of
loading frequency on the dynamic modulus of the @8 soil sample at w = 11.3%,
Wopt = 14.3% and w = 17.3%. For the same loading frequethe magnitude of the
dynamic modulus decreases with an increase in watéent, i.e., dynamic modulus is

higher at w = 11.3% than w = 17.3% at all the lagdrequencies.
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8.4.1.4 Effect of Bulk Stress on Dynamic Propees of CAT A-6 Soll

Figure 8.11 shows the variation of dynamic modwhith bulk stress for
CAT A-6 soil at w = 11.3%, y:= 14.3% w = 17.3%. The data points represent geera
dynamic modulus values obtained for loading fregieshof 2, 10, and 20Hz at the same
confining or bulk stress. Recall that no significdifference was observed between the
dynamic modulus values for the three loading fregies at the same bulk modulus.
Therefore, it is not unreasonable to use the agevalyes to investigate the dynamic
modulus behavior of the soil sample. Figure 8.hbws that dynamic modulus of the

soil sample is highly dependent on bulk stresdl éhethree moisture states.
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FIGURE 8.11 Variation of Dynamic Modulus of CAT A-6 Soil with Bulk Stress at three
Moisture States.

From the test results presented in Figure 8.11plsiworrelation analyses were

conducted to establish dependency of the dynamdauias and on bulk stress.
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Generally, it was found that the logarithmic functiwas the best fit to describe the
relationship between dynamic modulus and the agpligk stress of the soil sample for
the three moisture states. Equations 8.2 to 8.4rsrme the equations developed from

regression analysis for the dynamic modulus.

[E'| =56In (6) -195 : R=0.96 (8.2)
E’| =35In () -121 : R=0.94 (8.3)
[E’| = 24In () -84 : R=0.93 (8.4)

where,0 = bulk stress,|E*| = dynamic modulus.

These equations show the qualitative effect of Istiss on the dynamic modulus
of when the soil sample is at optimum and 3% bedoabove the optimum water

content. Note that these equations are valid windindiress is greater than 40.4 kPa
(6 psi).

8.4.2 Analysis of Oil Sands Test Results

The test data for the damping properties consiabofit 6,000 data points for one
oil sand sample obtained from 12 stress-strainitiond and 2 test temperatures. Thus, a
single data set for one oil sand sample at ongdegierature comprises of 250
stress-strain data points. The analyses includetuogy ratio, dynamic modulus and
phase angle computations and material characternzaitodels developed to describe the
behavior of oil sand materials.

Tables 8.5 through 8.7 summarize the test resutSE-09, SE-14 and AU-14 oil
sand samples tested at the two test temperatudethiae loading frequencies. Detailed
discussions of the effects of applied total stogdsulk stress, and other loading
conditions, such as temperature and frequencyh@dynamic properties of the oil sand
materials are presented in subsequent subsectibaslamping ratios of all the oil sands
tested were generally higher af@tthan at 28C, while the dynamic moduli were higher
at 20C than at 38C. The AU-14 sample had the highest damping raiimsthe SE-14
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sample had the lowest damping ratios. On the aeethg damping ratios of AU-14 were
about 47% higher than those of SE-09 at both éespératures. On the other hand, the
average dynamic moduli of SE-09 sample were abautirdes of the average dynamic
moduli of the AU-14 sample. No significant diffepas were found between damping
ratio and dynamic modulus of the AU-14 and SE-Ivas. The major differences
between the modulus values occurred at a confipiagsure of 138 kPa when the SE-14
had typically lower moduli. At the same time, theape angles of the AU-14 sample
were comparable to those of SE-14 sample. Gendladlphase angles of the AU-14

sample were the highest, and the SE-09 phase amgleshe lowest.

TABLE 8.5 Damping Property Test Results for SE-9 Oil Sand Sample

Temperature = 2C Temperature = 3G

f(H2) 0 (kPa) |[E|(MPa) D (%) &(Deg) 6(kPa) [E|(MPa) D (%) &(Deg.)
2 164.4 54.1 26.0 30.3 164.3 19.8 32.7 36.2
164.1 87.8 25.0 29.3 164.0 28.6 33.8 35.8
10 163.8 110.4 25.3 29.9 163.7 34.2 34.4 36.4
248.4 171.2 13.4 14.9 248.2 77.3 23.8 221
248.1 189.7 15.9 17.8 248.0 103.5 26.1 29.8
10 247.9 205.1 18.2 21.0 247.8 112.4 27.7 29.9
2 458.3 287.1 9.2 12.0 458.2 224.5 14.4 20.0
457.6 308.1 12.1 14.7 457.5 235.2 17.0 20.8
10 456.1 327.5 13.7 15.0 455.9 246.4 19.6 20.7
2 666.9 373.3 8.0 10.5 666.8 311.4 11.7 17.0
666.2 411.5 10.0 12.5 667.4 340.0 12.1 16.3
10 667.1 502.5 9.6 14.7 666.1 414.2 10.9 16.7

0 = bulk stress|E*| = dynamic modulus, D = damping Ratio, ad phase angle.
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TABLE 8.6 Damping Property Test Results for SE-4 Oil Sand Sample

Temperature = 2C

Temperature = 3G

f(H2) 0 (kPa) |[E|(MPa) D (%) &(Deg) 6(kPa) [E|(MPa) D (%) &(Deg.)
2 164.6 159 33.0 39.4 172.0 8.6 35.3 42.4
5 164.2 272 343 40.9 165.9 12.1 35.1 42.8
10 164.4 435 33.1 42.7 166.6 16.3 36.5 453
248.2 52.2 256 31.0 253.8 12.6 29.8 33.7

247.9 66.6 27.2 33.0 249.4 20.5 32.4 34.7

10 249.0 933 26.2 32.2 251.2 32.1 336 35.8
2 459.1 161.8 14.2 15.6 463.2 35.623.8 235
5 458.5 176.8 16.0 18.9 459.6 54.224.4 24.4
10 4582 2069 167 20.5 4587 111.621.7 29.7
2 668.9 263.3 9.8 12.6 671.9 91.1 185 18.3
667.9 286.7 11.3 14.4 667.4 124.8 17.6 18.3

10 666.1 3432 119 18.4 667.8 240.8 14.2 18.8

TABLE 8.7 Damping Property Test Results for AU-# Oil Sand Sample

Temperature = 2C

Temperature = 3G

fRe 0 (kPa) |[E|(MPa) D (%) &(Deg) 6(kPa) [E|(MPa) D (%) &(Deg.)
2 173.9 129 356 40.4 172.0 11.1 40.7 42.0
5 174.1 251 36.6 42.1 173.1 12.4 40.5 44.2
10 173.1 450 357 41.7 172.4 20.1 40.7 43.2
2 254.9 30.6 29.0 35.9 253.7 17.3 36.5 32.6
5 252.9 56.0 32.0 38.3 254.5 225 37.2 39.0
10 253.7 106.9 27.6 32.6 254.5 36.7 38.0 38.5
2 462.1 1845 141 16.3 461.9 63.4 22.5 25.4
5 462.0 2172 152 17.0 461.6 86.9 23.2 29.4
10 462.0 2412 16.0 16.0 461.2 139.7 23.2 30.1
670.4 296.4 95 11.0 670.3 161.4 18.5 16.1

670.1 316.6 11.8 12.5 669.0 180.7 19.7 17.7

10 668.8 334.3 137 12.0 666.4 252.6 16.3 17.3

0 = bulk stress|E*| = dynamic modulus, D = damping Ratio, a»d phase angle.

195



8.4.2.1 Effect of Loading Frequency and Bulk Stres on Damping Ratio

A summary of the effects of loading frequency antklstress on damping ratio
of the three oil sand materials is presented inéla®.5 to 8.7. Bulk stress was used in
the analysis since the deviator stress was ke@taonduring the testing. At a constant
bulk stress, there was little or no difference lestwthe damping ratios measured at the
three loading frequencies 2, 5 and 10Hz. This ofagen is clearly presented in Figures
8.12 to 8.14. The figures also show the effecbatling frequency on damping ratio of
SE-09, SE-14 and AU-14 oil sand samples a€2nd at 3%C. At a constant confining
stress there is no apparent difference between idgmgttio values obtained at the three
loading frequencies. Therefore, it was reasonablesé average values to study the
combined effect of bulk stress and bitumen conbardamping ratio for the three oil
sand materials. Figures 8.15a and 8.15b show teet @ff bulk stress and bitumen
content on damping ratio for the oil sand matetiedsed at 2T and at 30C.

The trends observed in these figures show that olymptios of the oil sand
materials decrease in proportion with bulk stréssbulk stress increases, damping ratio
typically decreases in all the three samples dt tesdt temperatures. The probable
explanation is that the oil sand materials becdtiffersas bulk stress increases to result
in less energy dissipation. Moreover, under constanfining stress and loading
frequency, damping ratio of the oil sand materal2C was lower than at 3. This is
expected because at’20) the oil sand material, being viscoelastic, walikipate less
energy compared to 3D. The AU-14 sample (W= 14.5%) generally had higher
damping ratios while SE-09 sample,(w8.5%) had the lowest damping ratio. Also, the
AU-14 generally had higher damping ratios than 8dmple (w= 13.3%) did
although the difference appeared to be minimal.g&aly, it appears that the amount of

bitumen content had an effect on the damping dttbe oil sand materials.
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8.4.2.2 Damping Ratio Variation with Axial Strainof Oil Sand Samples

Figures 8.16 through 8.18 show damping ratio asation of axial strains
recorded at 2 and at 38C for the oil sands. In these figures, the regoesstuations
are provided for each oil sand sample at the twbtéanperatures. The correlations were
obtained from the combined data for each oil sar&ff&C and at 38C. The results
indicate that strong relationships generally elettveen damping ratio and axial strain
(high R values in the range of 0.7 to 0.92). Generallyppiag ratio increases with the
increase in axial strain. Considerable scattertexisthe data, especially after 0.1% axial
strain, but the effect of strain on damping rasigtill apparent.

At axial strains less than 0.1%, there is a rapaldase in damping ratio for the
three oil sand materials. However, at axial strgmesater than 0.1%, the damping ratio
values become essentially constant for all the nadg¢e These trends suggest that there
could be major difference between damping ratioildfand material at specific strain
values. However, no definite conclusion for theaslied trends can be made. It appears
energy dissipation might be constant at high stieaiels, compared to the relatively
lower ones.
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FIGURE 8.16 Damping Ratio Varying with Axial Strain for SE-09 Oil Sand Sample.
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8.4.2.3 Effect of Loading Frequency on Dynamic Miulus

Figures 8.19 to 8.21 show the measured dynamic lasdesults for the three oil
sand samples as a function of loading frequen@Pat and at 30°C. For the same
loading frequency, the magnitude of the dynamic nhaglin general decreases with an
increase in temperature. Also, at the same tegidmature, the magnitude of the dynamic
modulus generally increases with an increase ithdd@ing frequency although in some
instances the increase appears not to be sigrifiEanexample, such an increase was
rather high in the SE-14 and AU-14 materials &C38nd high confining stress states. An
average increase of 40% in dynamic modulus wasrodden the SE-09 sample when
the loading frequency increases from 2 to 10Hz.dditkde same conditions, there was
more than 70% increase in the dynamic modulus gdlueboth SE-14 and AU-14
samples. Clyne, et al. (2003) reported a similggation the stiffness of bituminous

materials at increasing loading frequency.
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8.4.2.3 Effect of Bulk Stress on Dynamic Modulus

Figures 8.22 through 8.24 show the effect of btriéss on dynamic modulus
observed at the three loading frequencies andestaémperatures. The dynamic moduli
of the oil sand samples generally increase in ptapoto the bulk stress. This is typical
of geomaterials in which stiffness increases wittreasing confining or bulk stress. As
such, the dynamic moduli of all the oil sand maitisrat 26C were higher in magnitude
than the values at 30. This is consistent with general research fingliog asphalt
materials, which show high dynamic modulus valueasared at low temperatures when

compared to the low values at high temperatures.
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8.4.2.4 Effect of Loading Frequency on Phase Argl

Figures 8.25 through 8.27 show the variations @fsghangles of the three oil sand
materials with loading frequency at various comfqnstresses at 20°C and at 30°C. For
all the three oil sand materials, loading frequelnay in general, little effect on the phase
angle. Under the same test conditions, the phaglesaf all the oil sand materials are
higher at 30°C than at 20. This is also observed in asphalt mixtures witihér phase
angles obtained at higher temperatures than lcampératures. Generally, at the same
loading frequency, the phase angle values of theaoids are much larger at lower

confining stresses.
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8.4.3 Characterization Models for the Oil Sand Meerials

8.4.3.1 Statistical Analyses and Model Development

All the 6,000 data points generated for each aitlssample at the two test
temperatures were used for developing materialacharzation models. To model the
dynamic behavior under the test conditions desdribehis chapter, there was a need to
include all the important controlling variablestie model development. The main
variables considered for the model developmentated the applied stress states, the test
loading conditions and three gradation properti&s, (Cc and k) of the oil sand
materials. However, it was found that both dynamadulus and damping ratio have
little correlation with all the three gradation pesties (R < 0.1). Therefore, the applied
stress states, temperature and bitumen contentmaargy used for modeling the oil
sands. A close examination of the test resultsimddafor the three oil sand materials at
the different test conditions indicate that theividlial databases of the three oil sand
materials could be combined for the analyses. Tfe $ftware package was used to
perform nonlinear multiple regression analysesstaldish characterization models for
the oil sand materials.

Tables 8.8 and 8.9 summarize the dynamic moduldsiamping ratio models
developed for the oil sands and gives the modelmaters obtained from the stepwise
multiple regression analyses. All the models predusignificantly high correlation
coefficients (R) from the analyses. The inclusion of temperatume: itumen content in
model 3 made it more comprehensive for field logaianditions and improved the
goodness of the regression fit. As a result, m8d®s been selected to be more suitable

for investigating the behavior of oil sand matesial
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TABLE 8.8 Regression Models Studied for Dyamic Modulus of Oil Sand Materials

Model Dynamic Modulus (MPa)

1 E|=AD"
2 E'| =AD" v
3 El=AD" vk
Vodel Model Parameters

Log A ks ks ke R RMSE
1 -2.355 1.701 0.644 0.298
2 -1.539 1.713 -0.070 0.780 0.236
3 0.993 1.715 -0.070 -1.826  0.887 0.170

TABLE 8.9 Regression Models Studied for Daping Ratio of Oil Sand Materials

Model Damping Ratio (%)
1 D=A&"
2 D=ALE" D
3 D=ALEN DTk
Model Parameters
Model
Log A Ky ks ke R? RMSE
1 1.811 0.364 0.830 0.083
2 2.274 0.278 -0.228 0.855 0.077
3 1.902 0.213 -0.341 0.409 0.878 0.071

8.4.3.2 Master Curves and Sigmoidal Models for O5and Samples

The master curve-sigmoidal function analytical @agh for estimating dynamic
modulus of asphalt materials at different tempeestiand loading frequencies was
explored to analyze the oil sand test data. Sineetirrent oil sand research focused on
determining material properties at temperatureé¥®€ and 36C and loading
frequencies of 2, 5, and 10Hz, the master curves b@&sed on only the selected

temperatures and loading frequencies.
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At different confining stresses, master curves vadrtained to determine dynamic
modulus of the oil sand materials at the test teatpees using temperature shift factors.
Separate master curves were constructed for indivioil sand samples using the two
test temperatures and three loading frequenciddfatent confining stresses. A
nonlinear least square regression technique wastadé the data with sigmoidal
function defined in Equation 8.5. Using the timexperature superposition principle, test
data were then shifted horizontally relative to ttvaperature 3€. Detailed

construction of master curves and corresponding falgior has been well documented in
the Mechanistic-Empirical Pavement Design Guide KIR® 1-37A 2004).

a

Iog|E*|=c5+1+eﬁ—_yIogfr

(8.5)
where,

[E’| = dynamicmodulus

f = reduced frequency defined in Equation 8.6;

o+ a =minimum modulus value;

B, y = parameters describing the shape of the sigméidation.
Note thatd in Equation 8.5 is not related to phase anglee Jdrametey influences the
steepness of the function (rate of change betweemuom and maximum) an@ is the
horizontal position of the turning point. Paramsteanda depend on aggregate
gradation, binder content, and air void contentergh{3 andy depend on the
characteristics of the asphalt binder and the ntadaiofd anda (NCHRP 1-37A
2004).

logf, =logf +log a(T)ora(T):];—r (8.6)

where, a(T) = shift factor as a function of tempera, f = loading frequency at any

temperature and T = test temperature.
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Using Equation 8.6, the reduced frequency at tfexerce temperature can be
calculated for any frequency at any temperature. dymamic modulus can then be
calculated from Equation 8.5 using the reducedueaqy. The shift factor defines the
amount of shift at a given temperature. In thislgtd he Williams-Landel-Ferry (WLF)
equation for master curve construction was usetetermine the shift factors for the
master curves. The WLF equation was used becaubke aioderate test temperatures,
i.e., 20C and 36C for this study. The WLF equation is expressefbbews:

Cl (T 3 Tref)

loga; =-
9T, T T,

(8.7)
where, G and G are constants, & = the reference temperature ard=ghe shift factor,
which is expressed as a function of temperaturetefest, T.

Table 8.10 summarizes the sigmoidal model parasmé&ethe three oil sand
samples and Figures 8.28 through 8.30 show mastees developed for the three oll
sand samples at different confining stresses. &wHrious confining stresses, the upper
range of the sigmoidal function approaches asynugatitt to the maximum value of the
dynamic modulus of the oil sand materials. On tieiohand, at higher loading
frequencies, the dynamic modulus starts to appradrchiting equilibrium value in all
the oil sand materials. Thus, the sigmoidal functiaptures the effects of loading
conditions of the oil sand materials. The shiftéas for the master curves of individual

oil sand samples are presented in Table 8.11.
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TABLE 8.10 Model Parameters for the Master Curvedor the Oil Sands

03 (kPa) 0 a B Yy

SE-09 Sample

41.4 1.240 0.960 2.982 -2.242

69 -7.945 10.452 -2.654 -0.462

138 2.248 0.532 1.621 -0.627

207 2.303 1.754 2.349 -0.769
SE-14 Sample

41.4 0.486 4.818 2.541 -0.833

69 -2.079 5.518 -0.259 -0.335

138 1.106 1.210 1.708 -2.838

207 1.784 0.733 2.943 -4.198
AU-14 Sample

41.4 1.035 0.723 6.332 -5.792

69 0.900 4.879 3.020 -1.148

138 1.649 0.742 2.519 -3.145

207 2.188 0.329 5.093 -5.649

TABLE 8.11 Shift Factors Developed for Dyamic Modulus Master Curves

Confining SE-09 SE-14 AU-14
Stress (kPa)  20°C 30°C 20C  30C 20C  30C
41.4 1.068 0 0.658 0 0.400 0
69 1.807 0 1.216 0 0.582 0
138 1.594 0 1.060 0 0.979 0
207 0.431 0 0.788 0 0.906 0
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FIGURE 8.29 Master Curves for SE-14 Oil Sand Sanigp.
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8.5 Summary

A newly developed damping property test proceduas used to investigate
damping ratio, dynamic modulus and phase angl@effioe-grained cohesive soil and
three oil sand samples in the laboratory. The §reened soil samples were tested at
optimum, dry of optimum and wet of optimum, andhaiee loading frequencies. The test
results were used obtain empirical equations ofgdagratio and dynamic modulus of
the soils as functions of bulk stress and axialiistfThe oil sand samples had bitumen
contents of 8.5%, 13.3% and 14.5%, and they wetedeat two temperatures and three
load frequencies. For the oil sand samples matehnmacterization models were
developed for damping ratio and dynamic modulusgitthe applied bulk stress, axial
strain, temperature, and bitumen content as thepisadent variables. Also, the
sigmoidal function for asphalt materials was emptbjo develop models for the oil sand
samples. High coefficient of correlation valuesanid for the models developed for the
oil sand samples implied that the models wouldgrerfwell in the field.

The following conclusions can be drawn from thiguter:
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1. The average damping ratio of the soil sample teste@ptimum content was about
16% lower than the average damping ratio at wejptimum, and 33% higher
than the average damping ratio at dry of optimumtl@ other hand, the average
dynamic modulus at optimum was about 40% highar tha average dynamic
modulus at wet of optimum, and 31% lower than drggiimum. The average
phase angle of the soil at optimum was generalieidhan the average phase
angle at wet of optimum and higher than dry of roypitin.

2. The damping ratios of all the oil sand samples vgergerally higher at 3C than
at 20C, while the dynamic moduli were higher af@ahan at 38C. The AU-14
sample had the highest damping ratio, and the S&fple had the lowest
damping ratio. On the average, the damping rafidd 514 were about 47%
higher than those of SE-09 at both test temperat@a the other hand, the
average dynamic moduli of SE-09 sample were ab&utides of the average
dynamic moduli of the AU-14 sample. No significaifferences were found
between damping ratio and dynamic modulus of theldland SE-14 samples.
At the same time, the phase angles of the AU-14¢kamere comparable to
those of SE-14 sample. Generally the phase angtes dU-14 sample were the
highest, and the phase angles of SE-09 were thestow

3. There was essentially no significant effect of iogdrequency on damping ratio,
phase angle and dynamic modulus of the soil saai@# the moisture states.
Thus, the single most important parameter thatsdtethe behavior of the soll
sample was water content. Similarly, for the ondaamples, there was little or
no significant effect of loading frequency on dangpratio and phase angle.
However, as loading frequency increased, the dynamoidulus of the oil sand
samples increased. The test temperature and bitaamant of an oil sand had a

major influence on the dynamic modulus and dampatig of oil properties.
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CHAPTER 9 SUMMARY, FINDINGS AND RECOMMENDATIONS

9.1 Summary and Conclusions

Large capacity off-road haul trucks and shovels, aher construction and
mining equipment are often faced with rutting aimkage, and other mobility
(trafficability) problems during routine operatioas certain fine-grained cohesive soils
and naturally deposited oil sands. The existingiatory test procedures and material
characterization models are inadequate to addnessynamic loading behavior of these
materials. A better understanding and proper modadf strength and deformation
behavior of the fine-grained soils and oil sandariats under static and dynamic
loadings would result in less rutting and sinkage] improved trafficability.

This research focused on developing laboratorypestedures to better
characterize behavior of fine-grained soils andaild materials under field loading
conditions of large capacity off-road constructam mining equipment. Overall, five
newly developed and improved test procedures waebkshed as a suite of tests to
determine strength, stiffness and damping propeatsewell as permanent deformation
characteristics of one fine-grained soils and tlmiesand materials. Each test procedure
was used to establish a comprehensive laboratstipdgeprogram to determine the
engineering properties of the fine-grained soil gl@NCAT A-6 soil, at moisture state
chosen at the optimum moisture content, 3% bel@rotftimum, and 3% above the
optimum, and the three types of oil sand materi#s09, SE-14 and AU-14 with
bitumen contents of 8.5%, 13.3% and 14.5% by weigispectively. The test results
provided extensive database of friction angle aftesion strength properties, bulk
modulus, shear modulus, resilient modulus, dynanudulus, damping ratio, and
permanent deformation properties for the soil ahdamd samples. Each database was
analyzed to develop material property correlatiang characterization models that
incorporated loading conditions such as appliegsststates, loading frequencies, test
temperatures and oil sand bitumen contents asblesiaGenerally, the majority of the
relationships established between the soil praggeend the loading conditions were of
empirical nature. The main reason is that only samaple of fine-grained soil was tested
at this stage. On the other hand, material charaateon models that considered field

loading conditions were developed for three diffiei@l sand samples having different
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bitumen contents and sand types. The charactenzatodels will be useful for
describing field behavior of oil sand materials.

The newly developed and improved test proceduresessfully applied static
and dynamic stress states representative of faeldihg of off-road construction and
mining equipment and provided static and dynamitenel properties for one
fine-grained soil and three types of oil sand makerThe range of material properties
determined suggest that the test procedures cotdhiially serve as guidelines for the
future development of standard test protocolsifte-firained cohesive soils and oil sand
materials under typical loading conditions of constion and mining equipment.
Moreover, the material property correlations andiet® developed may be used as
practical predictive equations to estimate thengfite and stiffness properties of
fine-grained soils and oil sands, and predict thewnt of rutting and sinkage in oil sand
materials under typical field loading conditions.

The following lists specific findings and conclusgdrawn from the study.

* A comprehensive literature review indicated thatdlynamic behavior of
fine-grained cohesive soils and oil sand matetal$er construction and mining
equipment have not been studied extensively inaberatory. Research on these
materials has traditionally focused on obtainingplatory stress-strain test data to
describe shear strength and elastic behavior clnitls. Based on the data
collected in these studies, confining pressurek ggass or strain, friction angle
and cohesion are the material properties used éaleting the strength and elastic
behavior.

» The single most important parameter that affecteshgth, stiffness and damping
behavior of the soil tested (CAT A-6 soil) was ntore content. The strength and
stiffness properties generally increased for thed3§wf optimum condition and
decreased for the 3% wet of optimum. There wasnésdlg no significant effect
of loading frequency on damping ratio, phase aagkdynamic modulus of the
soil sample at the three moisture states. The daggtio values of the CAT A-6
soil increased with increasing moisture content.

» Bitumen contents of the oil sand materials in gahaifected stiffness and

permanent deformation properties. The Suncor Enemg\grade oil sand sample
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(SE-09) with bitumen content of 8.5% was found ealie stiffest sample,
whereas the Aurora high grade oil sand sample (Awith bitumen content of
14.5% generally appeared as the softest. The anodbitumen content appears
to be the main factor that explains the differeoloserved in the permanent
deformation trends for the oil sands. The SE-09panwith the lowest bitumen
content, had the lowest permanent strain accunonlatvhereas AU-14 sample
with the highest bitumen content generally hadhighest accumulation of
permanent strain. The effect of bitumen contenthenmaterial properties of the
Suncor Energy high grade oil sand sample (SE-1#) bkitumen content of
13.3% appear to be similar to Aurora high gradesaid sample.

The test temperature, loading frequency and applieds states significantly
affected the laboratory determined material progef the oil sands. The
modulus generally decreased with increasing temyoerand decreasing loading
frequency, whereas damping ratio increased witteaming temperature.
However, there was little or no significant effe€ioading frequency on damping
ratio and phase angle of the oil sand materiakso Ato significant effect of
temperature was found on the shear strength prepeaftthe oil sand samples.
The applied stress states had significant influemcpermanent deformation
accumulation in the three oil sand materials. Asdéviator stress increased, both
the magnitude and the accumulation rate of the geemt deformation increased
in all the three oil sand materials. Also, permdrsérain accumulation rates
generally decreased as the magnitude of the cogfimiessure increased. Thus,
permanent strains accumulated in the oil sand méeelated directly to

deviator stress and inversely to confining presséipplied principal stress ratios
(o1/03) more significantly influenced permanent deformatand the rate of
accumulation than the applied deviator and confjrsitnesses. The permanent
strains became larger as the confinement leveledsed and the principal stress
ratios increased.

The oil sand materials and fine-grained cohesivls appeared to have similar
stress softening modulus behavior. The shear medauid resilient modulus

generally decreased as the applied deviator stressased. On the other hand,
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the stiffness trends of oil sand materials undieint temperatures and loading
frequencies were typical of asphalt materials.

» The newly developed pure shear loading test praegohovided lower shear
modulus values than the results obtained from tdyedsrd cyclic triaxial test
procedure. Therefore, pure shear test appearsrwbe conservative for
characterizing shear modulus compared with thedstahcyclic triaxial test.

» Since cylindrical test specimens did not undergzaslifailures in triaxial testing,
the direct shear test procedure was more applidabletermining shear strength

properties of oil sand materials than triaxial sheating.

9.2 Recommendations for Future Research

Based on the findings of this research studyfahewing recommendations are
made for further research:

1. For fine-grained soils, the study was limited t@ dype of soil sample. It is
important to include different types of cohesivédssand develop additional
characterization models to evaluate their fieldling behavior. Further
laboratory studies can consider fine-grained coleesoils at different density
levels to evaluate density effect on dynamic matgmioperties. There is a need to
perform permanent deformation tests to predictayekor rutting potential in the
soils.

2. There is a need to investigate the rheological gnogs of bitumen in oil sand
materials. Particularly, further study to determvgcosity of the three oil sand
materials at the test temperatures is recommerirE=iilts from such a study can
provide additional verification of stiffness behawvexhibited by the oil sand
materials. It will also provide additional knowlezlgn the effect of bitumen
contents on the material properties of the oil sand

3. The effectiveness of the developed laboratorygestedures should be validated
through expanded test program to include additisndland oil sand samples.
For instance, the laboratory test program coulgddréormed under several
loading conditions to verify the repeatability ekt results. In particular,

temperature effect on oil sand behavior need fughedy.
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4. Further validation and verification of the modedsde accomplished using the
results of additional laboratory tests and fiekt,tevhich can be performed on
fine-grained soils and oil sand samples obtainewhfseveral construction and oil
sand mining fields.

5. Further studies are recommended for shear streesfiing of oil sand materials
using triaxial testing condition. This time, samgpt®uld be tested at different

loading rates to observe the shear strength piepert
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