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ABSTRACT  

New and improved laboratory test procedures have been developed as a suite of 

tests to characterize the behavior of one fine-grained cohesive soil and three naturally 

occurring bituminous or oil sand materials. The overall objective was to determine 

behavior of these geomaterials under field loading conditions of off-road construction 

and mining equipment. The test procedures were used to conduct a comprehensive 

laboratory testing program to determine both static and dynamic properties, and 

deformation characteristics of the cohesive soil and the oil sand materials, with bitumen 

contents of 8.5%, 13.3% and 14.5% by weight. The soil sample was tested at moisture 

states chosen at the optimum moisture content, 3% below and 3% above the optimum. 

The complete test data provided an extensive database of material properties including 

friction angle and cohesion strength properties, bulk modulus, shear modulus, resilient 

modulus, dynamic modulus, damping ratio, and permanent deformation characteristics.  

Moisture content was the main parameter that affected material properties of the 

soil sample. The strength and modulus values of the soil generally increased for the 3% 

below the optimum moisture condition and decreased for the 3% above the optimum. 

Also, bitumen content commonly affected modulus and permanent deformation 

properties of the oil sand materials. The oil sand sample with 8.5% bitumen content had 

the highest modulus values whereas the sample with 14.5% had the lowest. Moreover, 

permanent deformation accumulation was higher in the oil sand sample with 14.5% 

bitumen content than the sample with 8.5%. The behavior of the oil sand samples with 

bitumen contents of 13.3% and 14.5% were similar.  Generally, all the three oil sand 

materials appeared to have stress softening modulus behavior similar to fine-grained 

soils, and their stiffness trends under different temperatures and loading frequencies were 

typical of asphalt materials.  

Based on the individual databases, material property correlations and 

characterization models were developed for the soil and oil sand samples using the 

applied stress states, loading frequency, test temperature and bitumen content as 

variables. The correlations and models may be used as practical predictive equations to 

estimate strength and stiffness behavior of fine-grained soils and oil sand materials, and 

predict the amount of rutting and sinkage in the field. 
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CHAPTER 1   INTRODUCTION 

1.1   Background 

The routine operations of large capacity off-road construction and mining 

equipment on fine-grained cohesive soils and naturally occurring bituminous sand 

materials (oil /tar sands) have become a concern to the construction, mining and 

equipment manufacturing sectors. A major problem is mobility (trafficability) of large 

capacity haul trucks and shovels on oil sand materials during the hottest months in spring 

and summer, and stability of fine-grained cohesive soils. Researchers have extensively 

investigated the behavior of fine-grained subgrade cohesive soils (Thompson and Robnett 

1979, Bejarano and Thompson 1999). Others have also studied the behavior of oil sand 

materials in the laboratory and field (Dusseault and Morgenstern 1978a-b, Hsu et al. 

1985, Samieh and Wong 1997 and1998, Joseph 2002 and 2005). All of these studies 

indicate that behavior of fine-grained soils and oil sands are primarily influenced by type 

of loading, nature of applied stresses, and material properties including density, moisture, 

and grain size distribution.  

Fine-grained cohesive soils are commonly dealt with in transportation engineering 

for preparing the subgrade foundation for transportation facilities. Subgrade soils and 

aggregates constituting the foundation of highway and airport pavements as well as 

railroad track often exhibit different and unique responses to loading from construction 

equipment.  The soil composition, grain size and physical properties as well as the type of 

applied static and dynamic loads and the nature of resulting stresses acting upon them 

primarily dictate the behavior. Both fine-grained cohesive and cohesionless granular soils 

referred to here as geomaterials exhibit stress dependent, nonlinear, and elastoplastic 

(combined elastic and plastic) behavior under the routine operation of construction and 

mining equipment.  

Oil sands, or tar sands are natural deposits of bituminous sand materials that are 

mined for crude oil production.  The world’s largest oil sand deposits are found in the 

Alberta Province in Canada.  The typical 8% to 15% by weight of bitumen or asphalt 

content in the oil sand composition makes these naturally occurring sands low 

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



 2 

Joseph et al. (2003) observed trucks and shovels operating on these soft materials 

in summer to face with sinkage, rutting and trafficability problems.  This is due to the fact 

that equipment mobility and/or rolling resistance is adversely affected by equipment tire 

sinkage, which is measured when the wheel is loading the soil as opposed to the 

permanent deformation or rutting accumulating at an observation point in the soil when 

the wheel is making a number of passes (Saarilahti 2002).  Thus, sinkage could be linked 

to the permanent strain accumulation in the material during the first few load 

applications, whereas rutting is the permanent strain accumulated after several thousands 

of load applications. On the other hand, the rolling resistance of a wheel (or a track) is the 

force opposing the motion of the wheel as it rolls on a surface of soil. Therefore, rolling 

resistance is a function of the strength and deformation properties of the soil, and tire size 

and dimensions.  

The relationship between sinkage and rolling resistance is demonstrated in Figure 

1.1.  Rolling resistance is associated with traction and sinkage. Traction is a measure of 

the shear stress applied and the contact surface. The deeper a wheel sinks into the surface, 

the higher is the rolling resistance. The main factors affecting sinkage and rolling 

resistance are vehicle wheel characteristics, types of soils and strength properties of the 

soil. 

 

Traction

Tire Load

Rolling Resistance

Sinkage

 

FIGURE 1.1   A Schematic Representation of Sinkage and Rolling Resistance of a Wheel 
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A detailed review of the research findings by Joseph (2005) also reveals that the 

modulus and deformation behavior of oil sands are primarily dependent upon the applied 

load magnitude (wheel load in the field), rate of loading or frequency, and number of 

load applications.  The confinement under the truck wheels are rather large up to 500 kPa 

in the loose 6 to 8 meters of soil near ground, which are generally unsaturated and not 

significantly affected by pore pressure development upon loading.  The oil sands exhibit 

stress-softening behavior, which is typically observed instead in fine-grained type silty 

and clayey soils. The composition governed by the fluid content (bitumen + water), grain 

size and physical properties as well as the type of applied loading, i.e., static and/or 

dynamic, and the nature of resulting stresses acting upon them primarily dictate the 

behavior.   

To better understand the behavior of fine-grained soils and oil sand materials 

under operations of construction and mining equipment, it is important to properly 

address the actual time and temperature dependent, viscous, elastic and plastic 

deformation characteristics under both static monotonically increasing and dynamic 

repeatedly applied or cyclic loading conditions. Further, to characterize behavior of these 

geomaterials, there is a need to conduct laboratory tests that closely simulate field 

densities and loading conditions. A comprehensive laboratory testing program should 

consider experimental designs with full factorials of governing or controlling test 

parameters and material properties and permit application of a wide variety of stress 

states on the specimen.  Such an experimental study would provide measurements, 

control, and improvement of in situ properties of the geomaterials during construction 

and mining activities.  

Current laboratory test procedures for characterizing fine-grained cohesive soils 

and oil sands have certain limitations. They do not, in general: (a) apply combinations of 

various static and dynamic loading conditions on the specimen; (b) pulse the confining 

pressures on the specimen; (c) control the horizontal and vertical stresses independently 

on the sample for applying extension states; and (d) apply different loading frequencies 

during testing.  In addition, the majority of the geomaterial models to date do not 

adequately predict the behavior of soils and oil sand materials under construction and 

mining equipment.  
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This is because most of the available models for geomaterials are based on laboratory 

stress-strain test data obtained from limited loading conditions. Therefore, improved or 

new laboratory testing procedures are needed to better study the behavior of these 

geomaterials.  

This research study was intended to develop laboratory test procedures for 

advance testing and characterization of fine-grained cohesive soils and oil sand materials. 

The test procedures are based on typical field loading conditions and the loading 

characteristics of large capacity construction and mining equipment. The study also 

aimed to provide a better understanding of the behavior of the materials tested, and 

support efforts to properly model soil and oil sand behavior under both static and 

dynamic loads. The laboratory test results were also intended to provide both a 

comprehensive database of geomaterial properties that can be used to improve designs of 

construction and mining equipment and a set of guidelines for the future development of 

laboratory testing protocols and material characterization models for predicting the 

behavior of fine-grained cohesive soils and oil sand materials.  

1.2   Problem Statement  

There is a growing concern about the routine operations of large capacity off-road 

compaction, construction and mining trucks and shovels on fine-grained cohesive soils 

and oil sand materials due to problems with mobility, sinkage and unwanted vibration. 

The existing laboratory testing and material characterization models do not adequately 

address the behavior of these problematic geomaterials under field loading conditions of 

construction and mining equipment.  

1.3   Objectives and Scope  

The overall research objective in this study is to better understand the behavior of 

fine-grained cohesive soils and oil sand materials under field loading conditions of off-

road construction and mining equipment, and develop performance-based elastic and 

plastic deformation models for predicting strength, stiffness and deformation 

characteristics such as initial sinkage and rutting potential of these geomaterials.  
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Specific objectives pursued are as follows:   

(1)   Develop laboratory testing procedures to adequately characterize behavior of 

fine-grained cohesive soils and oil sand materials under dynamic loading conditions of 

field loading of off-road construction and mining equipment. 

(2)   Conduct laboratory tests following the developed test procedures on one fine-

grained cohesive soil and three types of oil sand samples to determine strength, modulus 

and damping properties and permanent deformation accumulation under laboratory 

applied stresses that are representative of field loading conditions.  

 (3)   Establish databases of material properties from the laboratory testing program, and 

develop material characterization models for the tested soil and oil sand strength, 

modulus, and damping properties.  

 (4)   Develop permanent deformation models for predicting field sinkage and rutting 

potentials in oil sand materials. 

The scope of this laboratory research effort was limited to testing one fine-grained 

cohesive subgrade soil and three different oil sand materials. The soil sample was A-6 

clay soil, and obtained from Caterpillar Inc. Demonstration Training Center in Edwards, 

Illinois. The oil sand samples used for the study were one low grade and two high grade 

material obtained from Suncor Energy Inc. and Syncrude Canada Ltd. oil sand mines in 

Canada.  Laboratory tests performed on these geomaterials are (1) hydrostatic loading 

tests, (2) monotonic loading shear strength test, (3) repeated load triaxial modulus and 

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

1.4   Outline of Dissertation 

  This dissertation is divided into nine chapters. Chapter 1 consists of a detailed 

discussion of the research background and the motivation and anticipated contribution of 

the entire study to the research community.   

Chapter 2 presents a review of the existing laboratory test procedures and 

characterization models for fine-grained cohesive soils and oil sand materials. A brief 

description of the existing test procedures and discussions of state-of-the-art advanced 

testing equipment selected for this study is presented.  
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In addition, Chapter 2 discusses the existing material characterization models including 

wheel and soil interaction models for fine-grained cohesive soils and oil sand materials. 

The limitations of the existing test procedures and the characterization models are also 

summarized in this chapter.  

 In Chapter 3, new and/or improved laboratory test procedures are developed for 

fine-grained soils and oil sand materials. Some of these new innovative and 

comprehensive test procedures provide improved testing protocols for determining 

strength, modulus and deformation characteristics of soils and oil sand materials. Results 

of the preliminary laboratory tests conducted on one fine-grained soil and three oil sand 

samples are presented, and various laboratory testing equipment suitable for standard and 

advanced testing are described. The methods of sample preparation and detailed 

elaborations of the significance and use of the developed test procedures are also given in 

this chapter.  

Chapter 4 focuses on characterizing bulk moduli of the soil and oil sand samples 

using the hydrostatic compression testing procedure. The test results are used to develop 

material property correlations and bulk modulus characterization models for the soil and 

oil sand samples. 

In Chapter 5, shear strength properties are determined using triaxial and direct 

shear tests. The triaxial shear strength test is used to determine the properties of the soil 

sample, while both the triaxial and direct shear tests are used for determining the 

properties of the oil sand samples. The Mohr-Coulomb criterion is used to characterize 

the strength of the soil and oil sand samples. The effects of various test parameters and 

loading conditions on the shear strength properties are also discussed in this chapter. 

Chapter 6 focuses mainly on permanent deformation behavior of the three oil sand 

materials. This chapter describes comprehensive laboratory tests conducted in this study. 

A newly developed repeated load test procedure is used to determine permanent 

deformation characteristics and the resilient behavior of the three oil sand materials. The 

test data are then analyzed to develop permanent deformation models. The resilient 

behavior of the oil sand materials is also characterized using existing stress-dependent 

modulus models.  
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Chapter 7 presents shear modulus characterization of the soil and oil sand samples 

using a newly developed pure shear loading test procedure. In this chapter, the standard 

cyclic triaxial test procedure for determining shear modulus of soils is also employed to 

conduct tests on the oil sand samples at selected loading conditions. In addition to the 

shear modulus property, the phase angles of the tested materials are reported. 

Comparisons of the obtained shear moduli are made between the standard cyclic and the 

newly developed pure shear tests. Test results obtained from the two procedures are used 

to develop shear modulus characterization models.  

A new laboratory test procedure developed for determining the damping 

properties of fine-grained soils and oil sand materials are presented in Chapter 8. Based 

on the test results, various characterization models are developed for the dynamic 

modulus and damping ratio properties. The sigmoidal model used for characterizing 

asphalt materials is also employed to model dynamic modulus of the oil sand samples. 

The effects of various loading conditions on dynamic modulus and damping ratio 

properties are also discussed in this chapter.  

Chapter 9 summarizes the research findings and recommendations for future 

work. The general findings are outlined, and separate findings are grouped according to 

individual tests. Recommendations are made on how to effectively evaluate the responses 

and behavior of fine-grained cohesive soils and oil sand materials under large capacity 

construction and mining equipment.   

 

 

 

 

 

 

 

 

 

 

 



 8 

CHAPTER 2   REVIEW OF GEOMATERIALS TEST PROCEDURES AND 
CHARACTERIZATION MODELS 

2.1   Introduction 

Over the years, considerable progress has been made to develop laboratory test 

procedures and material characterization models to enhance the understanding of the 

behavior of soils and oil sands under cyclic and monotonic loading conditions. The major 

limitation is how these laboratory test procedures can effectively reproduce field stress 

conditions, and simulate the combined effects of both static and cyclic/dynamic loading, 

which typically occur in an element of a foundation geomaterial during construction and 

mining activities of mobile equipment. Another difficulty is to accurately predict the 

damaging field loading effects of large mobile equipment including haul trucks and 

shovels. When the limitations of existing testing procedures and characterization models 

are properly addressed for fine-grained soils and oil sand materials, reliable test results 

and accurate models could be developed to characterize their engineering behavior.    

2.2   Current Laboratory Testing for Material Chara cterization  

  Current laboratory test methods used to determine soils/geomaterial properties 

mostly include (a) direct shear, (b) simple shear test, (c) cyclic triaxial test, (d) repeated 

load triaxial test, (e) true triaxial test, and (f) hollow cylinder tests. These test procedures, 

under various conditions have been extensively used to investigate both static and 

dynamic loading behavior of soils/geomaterials. Recently, triaxial compression tests have 

been extended for performance-based testing of bituminous materials (AASHTO 

TP7-94). A brief description of each test procedure is presented under this section, 

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

2.2.1   Direct Shear Testing 

Direct shear test is commonly used to determine the shear strength properties of 

soils in the laboratory. The current standard procedure for direct shear test is ASTM 

D3080. In the direct shear test, a normal load is first applied to the specimen in a shear 

box, and shear load is applied to fail the specimen. The data collected are used to 

determine friction angle and cohesion properties of the sample. The principle behind 

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



 9 

The direct shear test equipment is commercially available, and it is not expensive. The 

specimen failure is forced to occur on or near a horizontal plane at the middle of the 

specimen. Also the shear stresses and specimen deformations are not uniformly 

distributed within the specimen.  

2.2.2   Simple Shear Testing 

In the simple shear test device for soils, a cyclic horizontal shear stress is applied 

at the top or bottom of a laterally constrained specimen after consolidating it under an 

initial vertical stress. The loading condition of this test results in zero to +/- 90 degree 

principal stress axis rotation and accompanying reversal of shear stress. The simple shear 

tests can determine permanent deformation accumulation in the specimen during testing 

due to its capabilities to simulate shear stress reversal in the field. Problems in 

performing this test include the difficulties in the application of uniform shear stress at 

the top of the specimen and the development of uniform shear deformations throughout 

the specimen. Further, it is often difficult to prevent slippage along the top and bottom 

loading plates and to simulate a continuous rotation of the principal stresses, which 

occurs in a soil element during dynamic loading.   

2.2.3   Cyclic Triaxial Testing 

 Owing to the availability of test equipment, the cyclic triaxial test has been 

commonly used to determine modulus and damping properties of soils. During the test, 

cylindrical specimens are subjected to a cyclic variation in the axial stress, which is 

intended to simulate the cyclic shear stresses experienced by an element of 

soil/geomaterial in the field during dynamic type of loading. As illustrated in Figure 2.1, 

the cyclic deviator stress ∆σ is applied such that the specimen is subjected to alternating 

cycles of vertical compression and extension about an all-around effective consolidation 

stress of '
cσ . A corresponding cyclic shear stress is produced on the 45 degree plane.  One 

of the major shortcomings of the cyclic triaxial shear test is that unlike in the field where 

stresses vary in both radial and vertical directions, an equal all-around pressure is 

assumed for confinement.   
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The stress path of the applied cyclic load is not oriented vertically (see Figure 2.1) but it 

is rather in the direction of axial compression and does not provide a good representation 

of the shear stresses induced in the ground as a result of dynamic loading.  Due to the 

isotropic confinement, the variation in the shear stress on any plane is not symmetric 

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

2.2.4   Repeated Load Triaxial Testing 

The principles of cyclic triaxial test have been extended to the field of pavement 

engineering to perform the repeated load triaxial test to simulate highway or airport type 

of loading. The major difference is that in the repeated load triaxial test, transient loads 

which are well below failure stresses are applied on the specimen. The AASHTO T307 is 

the current test procedure to perform standard repeated load triaxial test to determine the 

resilient properties for unbound materials and subgrade soils. The initial conditioning 

stage of this test is used for permanent deformation characterization of geomaterials in a 

limited capacity. The test has been mainly used to simulate highway loading conditions in 

the laboratory.  
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During testing, cylindrical specimens are subjected to different repeated/pulsed 

stress states under different constant all-around confining pressures to simulate lateral 

stress caused by the overburden pressure and dynamically applied wheel loadings. The 

test device is commercially available, and the size of the specimen required is reasonable 

for field representation and laboratory preparation. However, the current repeated load 

triaxial test procedure is unable to simulate horizontal dynamic stresses applied on a 

pavement element under a wheel load in a constant confining pressure triaxial test. In 

addition, the highest confining pressure and axial stress applied during laboratory testing 

is limited, and cannot simulate field situations where confining pressure exceeds the 

applied axial stress, i.e., extension loading. The maximum stress ratio is also limited to 

2.0 in the standard AASHTO T307 test procedure, which is not enough to simulate higher 

field stress ratios.  

2.2.5   True Triaxial Testing 

The true triaxial test is used to include the effects of applied intermediate 

principal stress, which is often different than the major and minor principal stresses, to 

investigate anisotropy or directional dependency in material properties. The test allows 

the application of three principal stresses independently on six faces of a cubical 

specimen compared to the only two normal stresses applied in the standard triaxial and 

simple shear tests. The setup for true triaxial device is often complex, and preparation of 

the cubical specimen is extremely difficult. This characteristic makes the true triaxial test 

setup somewhat unsuitable for routine laboratory testing.  

2.2.6   Hollow Cylinder Testing 

The hollow cylinder test allows for both isotropic and anisotropic initial stress 

conditions to be applied on the specimen. Chan and Brown (1984), and Alavi (1992) 

reported hollow cylinder test to closely simulate all the field complex stress conditions 

including principal stress axis rotation to which geomaterial element is subjected during 

testing. The hollow cylinder test is flexible to applying different stress path loading for 

characterizing granular material and soil behavior. The test procedure is particularly 

suitable to investigate permanent deformation accumulation under various stress states 

applied by moving wheel loads.   
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However, torsional shear equipment used for this test is not widely available, and 

specimen preparation procedure can be very difficult due to the placement of two 

membranes both internally and externally on the specimen. Another limitation is that 

interpretation of test results is rather complicated and may not permit correlation with 

other tests (Ishibashi and Sherif 1974).  Furthermore, the shape of the specimen makes 

the device impractical for use in conventional practice.     

2.3   Advanced Testing Equipment and Capabilities  

 In this study, state-of-the art laboratory specimen preparation and testing 

equipment for soils/geomaterials and asphalt material characterizations are selected to 

address the limitations of current laboratory test procedures and testing equipment. All 

the specimen preparation and testing equipment to be discussed are currently used for 

characterizing transportation materials including bituminous materials, unbound granular 

materials and soils at the Advanced Transportation Research and Engineering Laboratory 

(ATREL) located at University of Illinois. Detailed descriptions and capabilities of five 

selected devices are presented next. 

 2.3.1   Advanced Triaxial Testing Equipment (UI-FastCell and RaTT cell) 

Two advanced cyclic/repeated load triaxial testing devices at ATREL, University 

of Illinois FastCell (UI-FastCell), and the Industrial Process Controls (IPC), Ltd rapid 

triaxial testing cell (RaTT cell) can be conveniently used for soils and bituminous 

materials testing.  In addition to pulsing stresses in the vertical direction, these testing 

devices offer the extra capability to apply dynamic stresses in the radial/horizontal 

direction to better simulate field stress states under traffic/moving wheel loads and 

measure anisotropic material stiffness properties if needed. Both the UI-FastCell and 

RaTT cell use a one to one (1:1) specimen height to diameter ratio in their setups with no 

need for specimen trimming and gluing to end plates. Compared to RaTT cell, the 

UI-FastCell system also allows the more rapid application of higher static radial stresses 

through the use of hydraulic oil-filled confining chamber. The test setup for UI-FastCell 

also enables measuring shear stress reversals due to dynamic loading that involves a 

change in total shear stress direction (Tutumluer and Thompson, 1997a-b).  
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2.3.1.1    Description of UI-FastCell 

The UI-FastCell device was custom-designed and manufactured by the Industrial 

Process Controls (IPC), Ltd. Company in Australia. The device was designed based on 

concepts which resulted from successful research findings by Tutumluer (1995), 

Tutumluer and Thompson (1997a-b). UI-FastCell uses a fluid/air interface to minimize 

compressibility effects when conducting tests in which the horizontal stress on a 

specimen must be cycled.  Figure 2.2a shows the UI-FastCell with the confinement cell 

lowered down on the specimen for the testing position. An air actuator is used to apply 

the axial pressure to the specimen, and the confining pressures are cycled through a 

hydraulic fluid within a rubber membrane. The driving cylinders on the back of the 

confining cell (not shown here) include an air-fluid interface, which provides fast 

application and switching of the dynamic loading. Figure 2.2b is an illustration of the 

cylindrical specimen, 150-mm in diameter by 150-mm (approximately 6-in diameter by 

6-in) high under independently applied vertical and radial stresses and the 

instrumentation consisting of linear variable displacement transducers (LVDTs) 

measuring axial and radial specimen deformations.  

 

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

FIGURE 2.2   University of Illinois’s Advanced Triaxial Testing Device (UI-FastCell).  
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The UI-FastCell specifically offers the following highly beneficial capabilities in 

laboratory geomaterial characterization, (a) measurement of on sample vertical and radial 

displacements, and axial force and displacement external to cell; (b) a bladder type 

horizontal confinement chamber with a built-in membrane which is inflated to apply 

variable confining pressures during vertical cyclic loading; (c) independently cycling 

either vertical or radial stress in phase or out of phase, or cycling both vertical and radial 

stresses simultaneously at different stress levels, in compression or extension type 

loading; and (d) applying shear stress reversals by changing principal load/stress 

direction on the same specimen with applied radial pulse stresses exceeding the vertical 

one. Since its inception, the UI-FastCell has been used to perform several geomaterial 

characterization tests (Tutumluer and Seyhan 1999, Seyhan 2002, Kim 2005, Kim and 

Tutumluer 2006).  

2.3.1.2    Description of RaTT Cell 

The RaTT cell device uses IPC’s universal testing machine series, UTM-5P 

system, with an environmental chamber, which is temperature controlled, to apply 

loading to test specimens. The instrumentation and specimen configuration is the same as 

UI-FastCell (Figure 2.2b), except that RaTT cell has additional transducer for 

temperature measurement of the specimen. The system provides automated control of cell 

movement to simplify specimen handling, and computer control of both confining and 

axial stress. Figure 2.3 is a photograph of RaTT cell setup used in permanent deformation 

testing of bituminous specimens in ATREL.     

In this study, the test procedures designed for the RaTT cell testing allowed 

varying sine load pulses in the axial and radial directions to apply on the specimen at 

multiple frequencies, multiple stress states, and different temperatures. These capabilities 

enable the test setup to determine both time-dependent and stress-dependent specimen 

responses, two features that are important for bituminous materials characterization. The 

ATREL RaTT cell is installed in a 5 kN load-frame fitted with a pneumatic actuator, and 

mounted in a -15 to + 60oC temperature environmental chamber.  
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FIGURE 2.3   RaTT Cell Setup in the Temperature Controlled Environmental Chamber. 

 

Curtis et al. (1999) and Gould et al. (2003) found RaTT cell to be appropriate for 

characterizing the behavior of asphalt concrete mixes for mechanistic modeling 

applications. The RaTT cell setup in ATREL has been extensively used to characterize 

bituminous and granular materials. Adu-Osei (2000) used the RaTT cell to characterize 

resilient behavior of unbound granular materials for flexible pavement use. Carpenter and 

Vavrik (2001) used the RaTT cell for HMA performance evaluation tests.  

2.3.2   IPC Servopac Gyratory Compactor 

The IPC Servopac gyratory type compactor is recommended for compaction of 

bituminous materials in Superpave volumetric mixture design. This compaction method 

allows fabricating specimens at field density levels and compaction properties. The IPC 

Servopac compactor at ATREL is a servo-controlled pneumatic loading system used to 

produce 150 mm in diameter by 150 mm high specimens for fitting into UI-FastCell and 

the RaTT cell for testing. The compactor operates by applying constant vertical pressure 

of 600 kPa, standard gyration angle of 1.25 degrees, and rotational speeds up to 30 rpm to 

the specimen during compaction process. Compaction is achieved by the simultaneous 

action of static compression and shearing resulting from the motion of the center line of 

the specimen. Figure 2.4 shows the gyratory compaction setup used for this study. 
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FIGURE 2.4   IPC Servopac Gyratory Compactor at the University of Illinois ATREL.   

  

The ability of gyratory compactor to simultaneously apply a vertical pressure in 

addition to a self regulated kneading action enables a reasonable simulation of field 

traffic loading of flexible pavement system. Adu-Osei (2000) found that gyratory 

compaction better replicate field compaction properties than other compaction methods 

including impact hammer (Proctor) and vibratory compaction.  

2.3.3   Universal Testing Machine (UTM-5P) 

The IPC’s UTM-5P setup at ATREL for conventional triaxial testing offers a 

simple and convenient way to perform modulus and triaxial shear strength tests for soils 

and sand size granular materials. The current setup has the capability of testing 

cylindrical specimens of diameters ranging from 38 to 76-mm (1.5 to 3-in.). A vertical 

actuator applies an axial monotonic load to the specimen, and the all-around confining 

pressures are applied inside the triaxial chamber. The 1700-kPa capacity plexiglass 

allows the application of constant confining pressures from a dry compressible air source 

to consolidate the sample before testing. Specimen responses from load cell and axial 

displacement transducers are recorded and stored in binary files of a personal computer. 

Figure 2.5 shows a picture of the triaxial cell with a 50.8-mm (2-in) diameter soil 

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

 

Several researchers (Garg and Thompson 1997, Bejarano and Thompson 1999, 

Anochie-Boateng and Tutumluer 2003) used the UTM-5P setup at ATREL to 

characterize resilient modulus and triaxial shear strength properties, and permanent 

deformation characteristics of soil samples.  

2.3.4   Pneumatic Direct Shear Testing Device 

The most recent addition to the soil/geomaterials laboratory at ATREL is 

Humboldt’s automated pneumatic direct shear testing device. This is an advanced device 

which utilizes pneumatic loading to apply vertical loads to the specimen. Apart from 

improving the accuracy of test results, the pneumatic loading system of this device 

eliminates the need for numerous weights used in the dead weight-type direct shear 

loading system and can apply both light and heavy loads on the specimen. 

 The horizontal loads are measured with a 10 kN capacity S-type load cell, and the 

vertical loads are measured with 1400 kPa capacity in-built pressure transducer. Two 

linear strain transducers are used to measure the vertical and shear displacements during 

testing.  The device is integrated with a stepping drive motor and a controller which 

permits and maintains the desired rate of strain in the range of 0.0001 to 10.0 mm/min 
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(0.0001 to 0.40 in/min). Figure 2.6 shows a picture of the pneumatic shear device with 

shear box assembly held between the motor (left) and load cell (right).   

 

 

FIGURE 2.6   Assembly of Humboldt Pneumatic Direct Shear Testing Device. 

 A complete laboratory test setup of direct shear testing comprises of the direct 

shear device, an integrated computer system for data acquisition and air supply facilities. 

The Humboldt pneumatic direct shear testing device used for this study is quite new and 

automated.  

2.4   Current Characterization Models for Soils and Oil Sands  

Material characterization models and constitutive relationships are often 

developed to properly describe the behavior of materials as they are subjected to field 

stresses in the laboratory. Soils are elastoplastic materials and thus undergo both elastic 

(recoverable) and plastic (permanent) deformation during loading. Oil sand materials, 

however, exhibit viscous behavior in addition to undergoing elastic and plastic 

deformations under field loading (Joseph 2005). The current characterization models for 

soils and oil sand materials are mainly based on stress-strain relationships. Typical 

stress-strain curves presented by Bejarano and Thompson (1999), as well as typical 

material properties obtained from stress-strain relationships are shown in Figure 2.7.  

Two significant modulus properties related to Figure 2.7 are the initial tangent 

and secant moduli. The initial tangent modulus or the maximum elastic modulus is the 

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

stress-strain curve. The material modulus decreases with increasing strain. 

 

FIGURE 2.7   Typical Stress-Strain Relationships of Soils (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 known strength definition which 

has been successfully used for soils/geomaterials stability analysis in geotechnical 

engineering. The model is expressed as follows: 

 

 tan σ  c   τ nmax += φ (2.1)   

 

where, τmax = shear strength; σn = normal stress at failure; c = cohesion intercept, 

tan φ = slope of the failure envelope (φ is friction angle). 

This model has been extended to pavement engineering to characterize subgrade 

soils and unbound materials in pavement layers. The Mohr-Coulomb criterion states that 

the shear stress in a plane at failure is a function of the normal stress in the plane. The 

two properties that define failure line are the friction angle and the cohesion. This model 

assumes that the soil material behaves linearly elastic and perfectly plastic until failure 

occurs. However, soils are often stress-dependent, inelastic and nonlinear in behavior, 

over a wide range of stresses. The use of Mohr-Coulomb’s model or envelope clearly 

falls short in describing the entire behavior of a soil, particularly during dynamic loading.  
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2.4.1.2   Hyperbolic Stress-Strain Models                        

Kondner (1963) has shown that the nonlinear stress-strain behavior of soils can be 

approximated reasonably by hyperbolic stress-strain models. These models have been 

widely used for modeling behavior of many soils because it is versatile and simple. 

Kondner (1963) proposed that a hyperbolic relationship given by Equation 2.2 could be 

used to describe the soil stress-strain response as a function of the initial tangent 

modulus, axial strain and the ultimate deviator stress expressed as follows:  
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where, Ei = initial tangent modulus, (σ1 – σ3) u = maximum or ultimate stress difference, 

σ1 and σ3 are major and minor principal stresses, respectively and ε = axial strain. The 

ultimate stress difference is related to the compressive strength, or stress difference at 

failure, (σ1 – σ3)f , by the failure ratio, Rf, which is defined as follows:  
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The variation of (σ1 – σ3)f  with confining pressure, σ3 can be  expressed by means of the 

Mohr Coulomb criterion as follows:  
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Duncan and Chang (1970), and Duncan (1980) later reported that for most soils, the value 

of Rf  ranges between 0.5 and 1.0. Rf is independent of the confining pressure.  

 Janbu (1963) proposed a stress-dependent hyperbolic model for soils in which 

Ei varied with σ3. The model was based on primary loading data from triaxial tests.  
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It is expressed as follows: 
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where, Pa = atmospheric pressure expressed in the same units as Ei and σ3, k = Young’s 

modulus number, and n = Young’s modulus exponent, which determines the rate of 

variation of Ei with σ3. The parameters k and n may be determined from the results of 

standard laboratory triaxial tests by plotting Ei against σ3 on a log-log scale.  

Duncan and Chang (1970) combined Kondner and Janbu models to develop a 

hyperbolic model, which is mainly confining pressure dependent. The Duncan and Chang 

hyperbolic model is obtained by substituting equations 2.3 and 2.4 into the derivative of 

Equation 2.2 with respect to strain. The model is expressed in terms of the tangent 

modulus Et, of the soil material as follows: 
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The tangent modulus in this expression can be used in incremental stress analyses of 

soils. All the parameters in this model may be determined from laboratory test results. In 

addition, Duncan and Chang (1970) proposed another hyperbolic stress-strain model to 

show the variation of modulus with confining pressure, using unloading or reloading 

triaxial tests data of sand material. In this model, the modulus of the material was related 

to confining pressure as follows: 
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where, Eur = unloading/reloading Young’s modulus, kur = unloading/reloading Young’s 

modulus number.  Duncan (1980) reported that for stiff soils the value of kur could be 

20% greater than the value of k in Equation 2.5.  
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For soft soils, he reported kur to be three times as large as k. According to Duncan, the 

value of n was assumed to be the same in the hyperbolic relations for both primary 

loading and unloading/reloading conditions.  

Duncan (1980) also suggested that for a conventional triaxial test, in which the 

deviator stress (σ1 – σ3) increased from zero at constant confining pressure, there was a 

nonlinear relationship between the bulk modulus, the deviator stress and the volumetric 

strain. This relationship is represented as follows: 

 








 −
=

v

31

3ε

σσ
K  (2.8) 

 

where, K = bulk modulus and εv = volumetric strain of soil material. 

For modeling volumetric responses of soils, Duncan (1980) proposed a hyperbolic 

model for the variation of bulk modulus as a function of confining pressure. The model is 

expressed as follows:   
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where, kb = bulk modulus number and m = bulk modulus exponent. For most soils, 

Duncan reported the value of m to be between 0 and 1.   

The hyperbolic stress-strain models presented have certain limitations when 

describing the behavior of soils. The majority of the models do not include volume 

changes due to shear stress. This could limit the models to accurately predict 

deformations that take place in dilatant soils such as dense sands. The hyperbolic are also 

limited to static loading conditions. Besides, the parameters in the hyperbolic models are 

empirically based. These limitations would not allow the hyperbolic stress-strain models 

to properly characterize soils during construction activities. The field loading conditions 

of soils due to vehicular loading during construction are both static and dynamic. 

Therefore, models must be based on static and dynamic loadings 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 are the most commonly used 

laboratory tests for determining shear modulus and damping ratio properties of soils. The 

test procedures and calculations of modulus and damping properties are described in 

ASTM D 3999 for cyclic triaxial test, and ASTM D 4015 for resonant column test. The 

major difference between the two tests is that the cyclic triaxial test measures material 

properties at high strain levels whereas the resonant column test measures the material 

properties at low strain levels.  

In the cyclic triaxial test, the shear modulus G is indirectly computed from the 

elastic modulus E of the material using an assumed value of Poisson’s ratio. The material 

damping ratio is computed from hysteresis loop of deviator stress graphed with axial 

strain. The slope of the secant line connecting the extreme points on the hysteresis loop is 

used to define the material’s elastic modulus. The material damping ratio D is computed 

as the ratio of the energy dissipated in one cycle to the maximum strain energy stored by 

the sample. Equations 2.10 to 2.13 are used to compute shear modulus and damping ratio 

properties from the cyclic triaxial tests. 
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where, σd = deviator stress, γ = shear strain, ε1 = axial strain and ν = Poisson’s ratio, 

AL = area of hysteresis loop, which is equivalent to total energy dissipated in one cycle, 

AT = total area representing the maximum strain energy.  

In the resonant column test, the soil sample is excited to longitudinal or torsional 

vibration by means of an excitation device.  
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Once the resonant frequency is established during testing, the velocity of wave 

propagation and the degree of material damping are derived. The shear modulus is then 

obtained from the derived velocity and the density of the sample. The damping ratio is 

computed from Equation 2.13 while the shear modulus is obtained from Equation 2.14.  

 

2
TT

2 )/F(fL) (2π ρG =  (2.14) 

 

where, fT = system resonant frequency for torsional motion, L = length of specimen, 

ρ = density of sample, FT = dimensionless frequency factor. The value of FT is obtained 

from charts provided in ASTM D 4015.  

The maximum shear modulus, Gmax is a key property in small strain dynamic 

analyses, such as those used for predicting soil behavior and soil structure interaction 

during earthquakes, explosions or machine and traffic vibrations. According to elastic 

theory, Gmax can be computed from the known shear wave velocity as follows:  

 

.ρVG 2
smax =  (2.15) 

 

where, Vs = shear wave velocity, and ρ = known soil density.  

A normalized shear modulus concept has been used by Hardin and Black (1968) 

to develop an empirical equation to compute the maximum shear modulus of soils. The 

equation is expressed as follows:   
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where, Geq = equivalent shear modulus, defined as the ratio of single amplitude shear 

stress to shear strain and ∆γSA = single amplitude shear strain. 

Hardin and Drnevich (1972) related the G/Gmax ratio to the damping ratio D of 

soil materials. The relationship is expressed as follows:  

 

[ ])(G/G1DD maxmax −=  (2.17) 
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Based on shear modulus data obtained from resonant column tests, Seed and Idriss (1970) 

suggested various empirical equations for the maximum shear modulus, which is mainly 

dependent on the relative density of the soil. 

It can be seen that shear modulus and damping properties have not been modeled 

using the applied stress states or field loading conditions in the laboratory. Generally, the 

applied stresses are the most important factors that affect behavior of soils under dynamic 

loading conditions. Shear modulus and damping ratio properties should be modeled as 

stress dependent.  

2.4.1.4    Resilient Modulus Models 

Resilient modulus properties of fine-grained cohesive soils are determined in the 

laboratory from repeated load triaxial tests, in which cylindrical specimens are subjected 

to a number of repeated deviator stresses under different constant confining stress 

conditions. The resilient behavior of soils is affected by several factors including 

magnitude of stress level, stress history, number of load applications and conditioning 

sequence. Other soil properties such as liquid limit, plasticity index, specific gravity, 

water content, density and organic carbon contents have also been linked to the resilient 

modulus of soils (Bejarano and Thompson 1999). The applied stresses and the specimen 

moisture content significantly influence the resilient behavior of fine-grained soils.   

Studies conducted by Hicks and Monismith ( 1971), Boyce (1980), Thompson 

and Elliot (1985), Uzan (1985), Lade and Nelson (1987), O’Reilly and Brown (1991), 

Uzan et al. (1992) have all shown that the resilient response of soils/geomaterials can be 

characterized by using stress dependent models which express the modulus as nonlinear 

power functions of stress states. Fine-grained cohesive soils are stress-softening whereas 

granular soils harden with increasing stress states. 

The popular K-theta model (Equation 2.18) proposed by Hicks and Monismith 

(1971) has been widely used to characterize resilient modulus of granular materials 

although it neglects the effects of shear stress on the resilient modulus. For a more 

accurate representation of the soil/geomaterials behavior, Uzan (1985) modified the 

K-theta model to include shear stress effects in modeling. Witczak and Uzan (1992) 

modified the Uzan model, and presented the universal model.  
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The universal model considers in three-dimensions the dilation effect that take place 

when an element of the material is subjected to a large principal stress ratio, such as 

would occur under large mobile construction and mining equipment in soils. Recently, 

the National Cooperative Highway Research Program (NCHRP) has modified the 

Witczak and Uzan models for determining resilient modulus of geomaterials. The 

K-theta, Uzan, the universal and the NCHRP (1-37A 2004) Mechanistic Empirical 

Pavement Design Guide (MEPDG) models are expressed as follows:  
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where, θ = bulk stress (sum of principal stresses), σd = deviator stress, τoct = octahedral 

shear stress, k1, k2, and k3 are model parameters obtained from multiple regression 

analyses of triaxial data. 

For fine-grained cohesive soils, Fredlund et al. (1977) also proposed a semi-log 

model that relates resilient modulus with the applied deviator stress. The model is 

expressed by the following equation: 

 

dR σn  -k   M Log =  (2.22) 

 

where, k, and n are model parameters. 

 Brown (1979) proposed a resilient response model from repeated load triaxial 

testing of fine-grained cohesive subgrade soils. This model accounts for the effects of 

mean normal stress caused by overburden and the deviator stress caused only by the 

wheel loading.  
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The model is expressed as follows:   
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where, 0p'  = effective mean normal stress caused by overburden, Rq  = deviatoric stress 

caused by wheel loading, A and b are material constants. 

Thompson and Robnett (1979) proposed the arithmetic model for resilient 

response modeling of fine-grained soils. The arithmetic model relates resilient modulus 

with repeated deviator stress. This is a bilinear approximation of resilient modulus with 

breakpoint modulus represented as the intersection point of the two lines. Since its 

inception, the model has been the most commonly used in the US to describe the stress 

softening behavior of fine-grained soils. The arithmetic or bilinear model is usually 

expressed as follows: 

 

MR = k1 + k3 (k2- σd) when σd < k2 (2.24a) 

MR = k1 -  k4 (σd - k2) when σd > k2 (2.24b) 

 

where k1 = breakpoint modulus, k2, = breakpoint deviator stress, and  k3, k4 are material 

constants obtained from laboratory repeated load tests. 

Moossazadeh and Witczak (1981) used resilient response data for fine-grained 

cohesive soils to propose the power model, which is expressed as follows: 

 

n
dR σk    M =  (2.25) 

 

where, k and n are model parameters. 

Boateng-Poku and Drum (1989) proposed a hyperbolic model to account for the 

stress softening behavior of fine-grained cohesive soils.  
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The model is written as follows: 
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where, a' and b'  are hyperbolic parameters.  

2.4.1.5    Permanent Deformation Models 

Laboratory data obtained from repeated load triaxial tests are used to model the 

permanent deformation behavior of fine-grained cohesive soils. Previous studies by 

Lashine et al. (1971), Barksdale (1972), Monismith et al. (1985), and Lekarp (2000) 

documented that load characteristics and moisture content are the most important factors 

affecting the permanent deformation (plastic) behavior of fine-grained soils. 

Consequently the majority of permanent deformation models found in the literature are 

based on loading characteristics such as number of load repetitions, stresses and strains. 

Using laboratory test data, curve-fitting procedures have been successfully used to model 

permanent deformation characteristics of soils.  Barksdale (1972) used the hyperbolic 

model given Duncan and Chang (1970) and derived the variation of permanent axial 

strain with applied stresses in repeated load tests as follows: 
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where, εp = permanent axial strain, σd = repeated deviator stress,  σ3 = constant confining 

pressure, φ = friction angle, c = cohesion,  Rf = the failure ratio, k1, k2 are material 

constants. 

Several subgrade soil models have been used to represent permanent strain 

accumulation with number of load applications.  
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Monismith et al. (1985) proposed the phenomenological power model as follows: 

 

b
p NA   ε =  (2.28) 

 

where, N = number of load applications, A and b are experimentally determined model 

parameters obtained from simple regression analysis of the test data. 

A permanent strain accumulation model was developed at Ohio State University 

to describe permanent deformation in pavement layers including asphalt, granular base 

and subbase courses and the subgrade soil (Khedr 1985). The model is expressed as 

follows: 

 

mNA   /Nε p =  (2.29) 

 

where, A = experimental constant which depends on the applied stresses, and m is an 

experimental constant which depends on material properties.  

Thompson and Nauman (1993) proposed rutting rate model, which is comparable 

to the Ohio State University model. The rutting rate model was used to predict rutting in 

AASHO Road Test pavement s (Thompson and Nauman 1993). The model is expressed 

as follows: 

 

bNA   RD/NRR ==  (2.30) 

 

where, RR = rutting rate, RD = rut depth (in.) and A, b are model parameters developed 

from field calibration testing data. 

The new Mechanistic-Empirical Pavement Design Guide (MEPDG, 

NCHRP 1-37A 2004) recommends the form of the permanent deformation model 

developed by Tseng and Lytton (1989) to estimate the permanent deformation of granular 

and subgrade materials.  
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The MEPDG permanent deformation model is expressed as:   

 

hεe
ε

ε
    δ v

N

ρ

r

0
a

β

⋅⋅⋅







=








−
 (2.31) 

 

where,  δa = permanent deformation for the layer/sublayer 

N = number of load applications 

ε0, β and ρ are material properties 

εr = resilient strain imposed in laboratory test to obtain material properties ε0, β and ρ  

εv = average vertical strain in the layer/sublayer as obtained from the primary response 

model 

h = thickness of layer/sublayer 

The limitations of resilient modulus and permanent deformation characterization 

models may be attributed to the deficiencies in the current laboratory test procedures. For 

instance, the current repeated load test procedure for soils (AASHTO T 307) can only 

apply maximum confining stress of 41.4 kPa (6 psi), and cyclic/deviator stresses of  

69 kPa (10 psi). Such small stresses are obviously inadequate to account for the high 

loading conditions experienced by fine grained soils under heavy construction equipment. 

As a result, modulus and permanent deformation models, which are mainly based on 

these test procedures cannot properly account for field loading conditions.    

2.4.2   Oil Sand Characterization Models 

The current laboratory characterization models for oil sands are predominantly 

based on stress-strain data obtained from experimental studies. Many researchers 

(Dusseault and Morgenstern 1978a-b, Scot and Kosar 1984, Scot and Hsu 1986, 

Kosar et al. 1987, Samieh and Wong 1997 and 1998, Wong 1993 and 1999, and Joseph 

2002a) have used such data to model behavior of oil sands. In the laboratory, triaxial 

compression tests were mainly used to characterize oil sand behavior. In the field, limited 

data of simple plate load tests have been used to characterize oil sands. Unconfined 

uniaxial compressive strength test data obtained by Dusseault and Morgenstern (1978b) 

yielded no correlation between peak stress and strain values.  
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Using the same data, Joseph (2004) obtained a weak correlation between the modulus of 

elasticity and axial strain. Although significantly large amount of triaxial strength data 

have been reported for oil sands, the majority of these data is based on static loading 

conditions. Material models developed from these data are limited to static confining 

stresses and shear strength parameters. The following subsections describe the existing 

oil sand characterization models.  

2.4.2.1    Laboratory Characterization Models of Oil Sands 

Joseph (2005) described oil sand as elastoplastic materials, and reported that oil 

sand behavior was similar to clay with little frictional characteristics and high cohesion. It 

should be noted that fine-grained soils and oil sand materials have different compositions. 

Oil sand is a bituminous material. Therefore, the behavior may be different from soils 

under similar loading conditions. Dusseault (1977), Dusseault and Morgenstern (1978b) 

developed several Mohr-Coulomb relations for oil sands using both triaxial strength and 

direct shear test data. Based on several test data obtained from Athabasca oil sand studies, 

they demonstrated that the Mohr-Coulomb failure envelopes of oil sands could be 

expressed as generalized power-law relationships given by:  

 

b
nmax σA τ =  (2.32) 

 

where, τf = shear strength of oil sand, σn = applied normal stress during test, and A, b are 

model constants. Equation 2.32 indicates that oil sand materials have little or no cohesion 

between grains. Optical and scanning electron microscope studies conducted by Wong 

(1999) supported findings by Dusseault and Morgenstern (1978b). The power-law model 

has been used to describe the strength behavior of oil sands at varying temperatures and 

oil contents.  

The laboratory data of oil sands have also been described by hyperbolic models 

used for soil materials. Agar et al. (1987) used the hyperbolic model developed by 

Duncan et al. (1980) to fit triaxial compression test data to model the behavior of 

Athabasca oil sands. For up to approximately 80% of peak deviatoric stress, the 

hyperbolic model could reasonably model the stress-strain behavior of the oil sands.  



 32 

Samieh and Wong (1997) used the model proposed by Janbu (1963) to evaluate the initial 

Young’s modulus of Athabasca oil sand, and correlated the friction angle φ and confining 

pressure σ3 of Athabasca oil sands by the following equation: 
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where,  φo = reference friction angle, (φo = 30o), and F and n are constants. The friction 

angle is an important shear strength property, which is defined for cohesionless soils by 

the following equation: 
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where, σ1 and σ3 are major and minor principal stresses, respectively.  

The hyperbolic model for a soil’s bulk modulus proposed by Duncan (1980) is 

currently used to describe oil sand volumetric response properties. This clearly indicates 

that continued research for oil sand characterization is essential. As stated earlier, the 

presence of bitumen in oil sands make the material behave differently from soils. Hence, 

models such as the hyperbolic model used to describe soil behavior may not adequately 

describe oil sand behavior. 

Based on the analysis performed on laboratory triaxial test data, Joseph (2005) 

proposed a constitutive model to define the elastic-plastic behavior of oil sands. The 

constitutive model for the oil sand was represented by the following equation:  

 

-1.43
13ps ε σ 1.37E =  MPa (2.35) 

 

where, Eps = Oil sand modulus of elasticity, σ3 = confining pressure, and ε1 = axial strain.  

Joseph’s elastoplastic model for oil sands is also based on static loading, and only 

accounts for applied confining pressure and axial strain measured.  
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Joseph (2005) also suggests that triaxial strength test data could be conveniently 

evaluated by empirically relating the principal stress ratio with axial strain such that the 

principal stress ratio is an inverse function of the axial strain. He supported this assertion 

by observing a convergence of σ1/σ3 using data from historical triaxial data. Other 

empirical characterization models were proposed by Li and Chalaturnyk (2005) to 

characterize oil sand behavior (Equations 2.36 to 2.39). Equations 2.36 and 2.37 

represent the modulus of elasticity behavior of oil sands, in which the modulus is 

expressed as a function of the applied confining pressure. Equations 2.38 and 2.39 show 

the relationships proposed by Li and Chalaturnyk (2005) for maximum friction and 

dilation angles, respectively.   
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where, E = elastic modulus, Pa = atmospheric pressure, σ3 = confining pressure, φp = peak 

friction angle, and ψp = peak dilation angle. 

Although these laboratory characterization models presented for oil sands have 

been reported to perform adequately, several limitations certainly need to be addressed. 

For example, majority of oil sand models are based on triaxial compression tests with 

constant confining pressures used as major model variables. It is noteworthy to mention 

that the dynamic properties including shear, dynamic and resilient moduli, damping ratio 

and phase angle, and permanent deformation characteristics of oil sand materials have not 

been modeled to date. Such models would be useful to account for oil sand dynamic 

properties especially under field loading conditions of large capacity mining equipment. 
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In addition, most oil sand models do not account for varying stress levels, temperature, 

loading duration, and bitumen content.   

2.4.2.2    Field Characterization Models for Oil Sands 

Joseph (2002a) used data obtained from the Oil sands-Equipment Interactions 

Program (OsEIP) study to predict the stiffness and deformation behavior of oil sands 

under loading of mining equipment. One of the main observations from the OsEIP studies 

was the effect of equipment duty cycles on ground deformation. An empirical 

stiffness-deformation model obtained from the study is presented in Equation 2.40. This 

equation computes the ground stiffness of oil sands using large haul truck and electrical 

shovel. Joseph (2005) used the experimental data obtained from the study to show that oil 

sand ground stiffness is a function of deformation. A general relationship obtained from 

the study is expressed as follows:  
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where, k = ground stiffness of the oil sands, P = external load exerted by the equipment at 

certain depth of influence, (Df), ν = Poisson ratio for oil sands (0.29 < ν < 0.33), and 

d = ground deformation due to equipment loading, b and C are empirical constants which 

depend on oil sand behavior. The depth of influence is related to the loading footprint of 

equipment, A, as follows:   

 

A3  Df ∗=  (2.41) 

 

The loading footprint A of equipment is the volume of material that is directly subjected 

to the ground softening process.  

Joseph (2002a) reported that seismic Rayleigh waves generated as a result of 

moving truck or shovel on oil sands could cause a wave-dictated deformation in the oil 

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

sands to obtain the following empirical equation:   
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where, ρ = density of oil sand material, and VR = Rayleigh wave velocity. 

Using both equations 2.40 and 2.42, the ground deformation of oil sand material due to 

equipment loading can be estimated.  

Joseph (2005) indicated that the oil sand ground is softened with increasing 

number of duty cycles of mining equipment.  Such an observation suggests that oil sand 

models must include the vehicular number of passes in order to accurately evaluate 

rutting potential (sinkage) of oil sand materials in mining pit. However, laboratory test 

procedures that closely simulate this loading condition do not exist for oil sands. 

Consequently, there are no rutting models that include vehicular number of passes or 

number of load applications in the oil sand material. The presence of such a test 

procedure would provide test data to model permanent deformation characteristics of oil 

sand materials in the field.  

2.5   Review of Wheel-Soil Interaction Models 

Mobility (trafficability) of off-road trucks and shovels on weak fine-grained 

cohesive soils and high grade oil sand materials during construction or mining activities 

largely depend on the behavior of these materials and the climatic effects of the 

environment. Early research work by Bekker (1956) and Reece (1964) focused on 

developing models to describe interaction between the truck wheels or shovel tracks of 

off-road vehicles and soil. Harnisch et al. (2005) and Tao et al. (2006) recently noted the 

deformations that occurred under wheel interactions with soils in both vertical and 

horizontal directions.  The vertical deformation was used to describe pressure-sinkage 

characteristics of the soil whereas the horizontal deformation described the shear 

stress-displacement characteristics. A review of some of the existing wheel-soil 

interaction models is presented in the following subsections.  
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2.5.1   Vertical Stress-Displacement (Pressure-Sinkage) Models 

The concept of rut depth (rutting) measurement in pavements is similar to sinkage 

in the study of off-road vehicle and soil interactions. Saarilahti (2002) suggested that for 

practical purposes, there is no difference between sinkage and rutting. Sinkage is 

measured when the wheel is loading the soil, and rutting is measured when the wheel is 

making a number of passes at an observation point in the soil. Rolling resistance of a 

wheel has also been associated with sinkage in mobility studies (McRae 1967 and 

Kraft et al. 1969). The rolling resistance is a measure of the force that opposes the motion 

of a wheel (or a track) as it rolls on the surface of the soil. The deeper a wheel sinks into 

the surface, the higher is the rolling resistance. Factors such as applied load, friction and 

tire deflection affect rolling resistance. Over the years, several empirical and analytical 

models have been developed for estimating sinkage and rolling resistance of off-road 

vehicles as they interact with soils (Bekker 1956, 1960 and 1969, Richmond, et. al. 1965, 

McRae 1967, Kraft, et al. 1969, Wong 1989 and 2001, Al-Qadi and Rivera-Ortiz 1991). 

The majority of these models have been based on wheel (tire) characteristics, types of 

soils, and their strength properties. 

The classical empirical plate sinkage model is the Bernstein (1913) formula, 

which relates the pressure underneath a plate to the depth of sinkage. It is expressed as 

follows:  

 

nzk   p =  (2.43) 

 

where, p = contact pressure, z = sinkage, k = soil deformation modulus and n = sinkage 

exponent.   

Bekker (1956) modified Bernstein’s formula and presented a semi-empirical 

pressure-sinkage model by introducing soil property constants to account for friction 

angle and cohesion of the soil. Bekker’s model is perhaps the most commonly used 

formula in off-road vehicle trafficability to define vertical stress-displacement 

relationships.  
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The model assumes that a rolling wheel on the surface of homogeneous soil is equivalent 

to a plate which is continuously pushed vertically into the soil to a depth equal to the rut 

depth produced by the wheel load. Bekker’s pressure-sinkage model is expressed as 

follows: 
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 +=  (2.44) 

 

where, p = contact pressure between soil and tire, z = vertical soil deformation (sinkage), 

n = sinkage exponent, b = width of the wheel (related to the width of the contact surface 

area), and kc , kφ = cohesive and frictional moduli of deformation, respectively. To obtain 

the model constants (n, kc, kφ) a set of sinkage tests are normally performed using 

different size loading plates. From Equation 2.44, log p is plotted against log z to obtain a 

series of straight lines of slope n and intercept (kc/b + kφ) on the log p axis. The intercept 

values are then plotted against 1/b to obtain kc and kφ.  Bekker (1960) used an analytical 

approach to modify the pressure-sinkage model (Bekker 1956) to include the applied 

wheel load and the tire diameter. The resultant relationship is expressed as follows: 
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where, P = tire (wheel) load, Dm = tire diameter. The remaining symbols are defined in 

Equation 2.44. 

 Using curve fitting technique of laboratory test data, Reece (1964) modified 

Bekker’s (1960) model. Reece’s model is given by:  
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where, n, kc, and kφ are pressure-sinkage parameters, c = soil cohesion and γs = unit 

weight of the soil.  
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Based on experimental test data, Al-Qadi and Rivera-Ortiz (1991) developed 

analytical pressure-sinkage model to predict runaway tire sinkage in granular materials 

used as arrester bed. The model was found to satisfactorily predict sinkage in the 

materials. Moreover, this model had a better fit for dynamic data compared with Bekker‘s 

(1956) equation. Al-Qadi and Rivera-Ortiz (1991b) model is expressed as follows: 

 

2CzBzAp ++=  (2.47) 

 

where, p = contact pressure between granular material and truck tire, z = sinkage, A, B, C 

are polynomial regression constants. 

Using test data obtained from aircraft studies by the US Army corps of Engineers 

Waterways Experiment Station (WES), Richmond et al. (1965) developed empirical 

models to predict sinkage. First, Richmond et al. used the cone index and wheel 

characteristics to calculate a dimensionless clay mobility number (MN). Based on the 

mobility number, an empirical relationship was established to estimate sinkage. This 

relationship is expressed as: 
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b = tire width, δt = tire deflection, ht = tire section height, CI = average cone index value 

over the first six inches. 

Based on the analysis of aircraft wheel data, Kraft et al. (1969) developed 

empirical equations to predict sinkage for cohesive and cohesionless soils.  
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The equations for cohesive soils are: 
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(2.49b) 

 

L = tire footprint, CI and P are defined in Equation 2.48, α = P/A (A = contact area), and 

term (α/CI) represents stress due to tire loading and the strength of the soil.   

Wong (2001) used Bekker’s pressure-sinkage relationship to develop sinkage 

model for track vehicles. Wong indicated that the normal reaction exerted on a track by 

the soil is similar to the reaction beneath a sinkage plate in the plate-sinkage test. For a 

track with a uniform contact pressure p, the sinkage z is given by:   
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where, p = normal (contact) pressure, P = normal load on the track (wheel load), 

b = width of the track in contact with the soil, and L = length of track.   

Other authors, including Turnage (1972c) and Maclaurin (1990, 1997) have 

presented different types of sinkage (rutting) models which used WES-parameters as 

input variables. These empirical models permit analyses of sinkage or rutting by using 

single and multiple pass wheels at an observation point in the soil. Wong et al. (1984) and 

Wong (1989) also proposed other sinkage models to characterize the response to 

repetitive loading for wheeled and tracked vehicles. Particularly, Wong’s models were 

used to calculate sinkage during soil loading and unloading.  

Sinkage and rolling resistance of wheels have been correlated by some authors. 

McRae (1967) proposed empirical models to correlate sinkage and rolling resistance.  

McRae’s model was based on a database established from comprehensive field tests 

performed on heavy clay and sand.  
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The model is given by: 
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where, R = rolling resistance, L = the horizontal projection of the length of the effective 

tire contact area. Kraft et al. (1969) also developed empirical models for rolling 

resistance-sinkage relations. These models are based on single wheel loads and are 

applicable to all soil types including cohesive soils. The wheel loads used to develop 

these models were considered to be similar to those of earth-moving equipment. A wide 

range of tire diameters were also considered for developing the models. It should be 

noted that Kraft et al. (1969) used data from aircraft studies conducted by Ladd et al. 

(1967) to develop rolling resistance models. The models are expressed as follows:  
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(2.52b) 
 

 

Macmillan (2002) reported that when a wheel rolls over a soft surface, it causes 

rutting or creates a compacted track. He indicated that the rolling resistance R, for such a 

surface is given by: 
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(2.53) 

 

where, p = vertical pressure on the surface, kc and kφ are soil sinkage moduli for cohesive 

and frictional materials, respectively, b = width of the wheel (related to the width of the 

contact surface area), and n = soil sinkage exponent.  

It was observed that the various pressure-sinkage models are mainly based on 

static loading conditions and do not account for dynamic loading conditions of the soils. 
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In addition, based on their application these models do not account for the number of 

vehicle passes, which are important to properly model rutting in geomaterials under 

vehicular loading.  

2.5.2   Horizontal Shear Stress-Displacement Relations 

The soil shear stress-displacement relationships are used to model the tractive 

force developed by tracks over a contact surface. Wong (2001) indicated that the 

maximum tractive force under a track may be determined by soil shear strength 

properties φ and c, and the contact area. Experimental data from different shear strength 

tests including shear box, shear ring, rectangular shear plate and rigid track are usually 

used to express the shear stress of a surface as a function of shear strength parameters. 

This implies that the shear stress mobilized at any point along the wheel-soil contact 

surface can be conveniently described by the Coulomb’s rule (see Equation 2.1).   

Based on considerable field data, Wong (2001) suggested three types of shear 

stress-displacement relationships for different soils. For loose sand and saturated clay, 

Wong suggested that the stress-displacement relationship proposed by Janosi and 

Hanamoto (1961) could be used to describe the characteristics of the soil materials. The 

relationship is expressed as follows: 

 

)-(1  tanp c  τ;  )-(1 τ τ ss -j/K-j/K
max ee φ+==  (2.54) 

 

where, τ = the shear stress, p =normal pressure, j = shear displacement, c = cohesion, 

φ = friction angle of the soil and Ks = shear deformation modulus. The value of Ks was 

found to be in the range of 1cm for firm sandy terrain to 2.5 cm for loose sand.  

For organic terrain with saturated peat beneath it, Wong (2001) noted that the 

shear stress-displacement relationship can be described as follows: 

 

)j/K-(1 exp )(j/K τ τ wwmax =  (2.55) 

 

where, Kw = shear displacement at the maximum shear stress τmax occurs. The values of 

Kw and τmax may be obtained directly from a plot of τ against j.  
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Based on field data collected for various types of organic terrain tested in some parts of 

Canada, the value of Kw was found to vary from 14.4 cm to 16.4 cm (Wong 2001). 

Wong (2001) reported that for compact sand, silt and loam soils, the shearing 

behavior can be characterized by the following relationship:  
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(2.56) 

 

where, Kr = ratio of the residual shear stress (τmax) to the maximum shear stress. A plot of 

shear stress against displacement can be used to obtain τmax. The filed data collected on 

various types of soils show that Kw varies from 2.7 cm to 7.1 cm, and Kr varies from 

0.38 cm to 0.72 cm. 

Wong’s (2001) proposed shear stress-displacement models are based on 

generalized field static data of specific soil types, and developed mainly to account for 

shear strength properties of the soil. Therefore, it may not be adequate to characterize soil 

and oil sand materials under dynamic loading conditions.  

2.6   Summary 

A general review of the existing laboratory test procedures and material 

characterization models including rutting or sinkage models for soils and oil sand 

materials was presented. The state-of-the-art testing devices which address some of the 

limitations of the existing soils/geomaterials laboratory testing equipment were described. 

These advanced testing devices have the capabilities for applying on the specimen, field 

stress conditions at various loading frequencies and temperatures in the laboratory.  

The review indicate that dynamic loading conditions of soils and oil sand 

materials under mobile construction and mining equipment have not been studied 

thoroughly in the laboratory. Therefore, limited data are available to characterize the 

dynamic behavior of soils and oil sand materials. New or improved laboratory test 

procedures are needed to address some of the existing shortcomings of current test 

procedures and characterization models.  
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The review also showed that field tests for soils and oil sand materials under off-road 

vehicle loading conditions were not commonly conducted possibly due to high cost of 

effectively conducting some of those tests. 

The detailed review of existing soil and oil sand material models showed that 

static loading conditions have mostly been used to characterize the behavior of these 

materials. It was found that confining pressure, instead of dynamic stress states was the 

main stress variable for modeling behavior of soils and oil sands. As a result, material 

dynamic properties including shear, dynamic and resilient moduli, damping ratio and 

permanent deformation characteristics have not been modeled properly. It was also 

observed that majority of the existing models including soil-vehicle interaction models 

were empirical based, and could be only used under specific test conditions. Therefore, 

they were only effective under the prevailing conditions under which they were 

developed. Studies that address some of these shortfalls of laboratory testing and 

characterization of soils and oil sand materials under large 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 to subject a representative material 

sample to conditions that closely simulate field loading conditions. Field loadings on an 

element of soil or oil sand could be static and/or dynamic. Static loading is mainly 

provided by the overburden weight and stopped vehicle load, whereas the dynamic 

loading could be originated from sources such as earthquakes, activities of mining and 

construction equipment, and traffic wheel loads. Typically, soil or oil sand element under 

haul truck or shovel experiences a combination of static and dynamic stresses. For 

example, the roll and bounce motion of the trucks, and the rocking motion of the shovels 

during construction and mining activities result in both static and dynamic loading in 

soils and oil sand materials. At any time the wheels impose varying magnitudes of 

vertical, radial, and shear stresses on the materials. The dynamic vertical stresses always 

become higher underneath the wheels where shear stresses do not exist. However, at 

some radial distance away from the wheel, there exist shear stresses which may be higher 

than the applied vertical stresses. Not only must laboratory testing procedures be able to 

reproduce these complex field conditions, but they should also be simple and repeatable 

for user agencies to perform. Moreover, test equipment selected for laboratory test 

procedures must have capabilities of applying the expected field loading conditions on 

specimens and should have loading systems that are capable of measuring the magnitude 

of the applied loads as well as recording accurate responses of the materials tested. The 

testing devices must also be simple enough for researchers and agencies to use routinely 

and quickly to acquire the necessary material parameters. 

 This chapter presents advanced triaxial test procedures developed to properly 

characterize fine-grained cohesive soils and oil sand materials under typical field loading 

conditions of construction and mining equipment. Prior to developing the test procedures, 

preliminary laboratory tests were conducted on four geomaterials, one type of fine-

grained soil and three oil sands to determine physical properties. Based on the 

preliminary test results and some data from previous studies on the fine-grained soil and 

oil sands, five different test procedures are developed for these geomaterials.  
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3.2   Factors Considered for Developing Laboratory Test Procedures  

Factors that affect engineering behavior of geomaterials such as compaction 

characteristics were taken into account for the developed laboratory test procedures. 

Other factors considered include loading and stress conditions, i.e., load pulse 

characteristics, loading frequency, temperature, and number of load applications. For the 

purpose of this study, it was important to also consider the field loading characteristics of 

large capacity off-road haul trucks and shovels. The subsequent subsections discuss all 

the factors considered in developing the laboratory test procedures for the fine-grained 

soil and three oil sand materials selected for testing in this study.  

3.2.1   Compaction Characteristics  

The main compaction characteristics for geomaterials are the maximum dry 

density and optimum moisture content. Compaction curves primarily dictate a target 

moisture range in designing experimental program. An extensive soil testing study 

conducted by Thompson and Robnett (1979) showed that for most silty and clayey soils, 

a change in gravimetric water content of up to 3 to 4% above the optimum water content 

is often enough to saturate the soil. It is well documented that density affects the strength 

and deformation characteristics of geomaterials.  

An increase in the soil density improves its strength and stiffness properties. The 

compaction characteristics of oil sand materials have also been extensively studied in the 

field and laboratory by Lord and Cameron (1985, 1988). Their investigation suggested 

that an optimal amount of bitumen content of oil sand materials is required to achieve 

maximum field density and optimum water content for construction purposes. This study 

uses compaction characteristics of the materials tested to 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 stress pulses from traffic loading in 

flexible pavements.  He reported that vehicle speed and depth beneath wheel load affect 

the duration and magnitude of the vertical stress pulse.   
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For low to moderate vehicle speeds, 24 to 72 km/h, the stress pulse is between 0.05 and 

0.4 sec, corresponding to frequency between 20 and 2.5Hz, i.e, MEPDG conversion of 

time (t in sec) to transform load pulse duration into frequency (f  in Hz)  using the 

relation t = 1/f .  Barksdale (1975) and Huang (1993) indicated that sinusoidal or 

haversine pulse shapes could be used to simulate actual stress states in pavement 

structure. Recently, Loulizi et al (2002) found that haversine or normalized bell-shaped 

equations may be used to represent the measured normalized compressive stress load 

pulse for a moving truck. Seed (1979) reported that typical duration of strong ground 

motion of earthquakes ranges from 5 to 40 seconds during which there are about 5 to 30 

significant shear stress cycles. The current repeated load triaxial test procedure 

(AASHTO T 307) recommends a haversine load pulse with load duration of 0.1-second 

and cycle duration of 1-second for a typical highway loading. However, for construction 

and mining activities, longer load durations would be required considering that loads are 

applied by slow moving wheels of the vehicles. Recently, Bejarano and Thompson 

(1999), Kim (2005), Kim and Tutumluer (2006) found that longer load duration produces 

larger permanent deformations in geomaterials than lower durations. Based on the above 

studies a practical pulse load characteristics are selected 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), and Sweere (1990) 

concluded that frequency has little to no effect on the modulus properties of granular 

materials. Also, no correlation was found between dynamic modulus and frequency when 

loading frequency was varied from 0.5 to 10Hz in a repeated loading hollow cylinder test 

performed on uniform sand samples (Sousa and Monismith 1987). However, the effect of 

frequency on different moisture conditions of fine-grained cohesive soils, and bitumen 

content in oil sand materials needs to be investigated.  

The main reason for including temperature effect in the test procedure is to 

investigate seasonal variation of temperature on the behavior of oil sand materials. As 

mentioned earlier, typical oil sands compose of high amount of bitumen content.  
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Similar to asphalt materials, the high percentage of bitumen content would make oil 

sands sensitive to both temperature and loading frequency. Therefore, it was essential to 

include temperature effects in the laboratory test procedures for oil sands. 

 

3.2.2.3   Number of Load Applications  

The number of load applications (repetitions) is one of the most important 

variables in repeated load test procedures. Barksdale (1972) concluded from laboratory 

tests that permanent deformation in granular soils accumulates linearly with the logarithm 

of number of load applications. Brown and Hyde (1975) noted that an equilibrium state 

of permanent deformation can be established after 1,000 load applications. Boyce (1976) 

reported a maximum of 10% decrease in the resilient strain between 200 and 1,000 load 

repetitions in granular soils. However, some authors, Morgan (1966), Barksdale (1972) 

and Sweere (1990) applied significant number of load applications to describe permanent 

deformation in granular materials. In this study, number load applications were one of the 

major factors considered in all the developed laboratory test procedures.  

3.2.2.4    Stress Magnitudes  

The applied stress magnitude is a significant factor among all the variables that 

affect the stress-strain behavior of soils and unbound materials. Morgan (1966) indicated 

from repeated load triaxial tests of granular materials that deviator stress and confining 

pressure relate to accumulation of axial strain in the specimen. Other researchers such as 

Hicks (1970), Smith and Nair (1973), Uzan (1985), and Sweere (1990) have all shown 

that resilient modulus of cohesionless soils increase considerably with an increase in both 

the confining and bulk stresses. Studies by Kim (2005) also indicated that higher stress 

ratios give higher permanent deformation accumulation in unbound granular materials. In 

this study, higher stress ratios corresponding to field loading of heavy construction and 

mining equipment were considered in the developed test procedures for realistic 

determination of soils and oil sand materials behavior in the laboratory.  
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3.2.3   Field Loading Characteristics of Large Capacity Off-Road Vehicles 

The loading characteristics and vehicle travel speeds of construction and mining 

equipment are often provided in manuals or handbooks of the equipment manufacturing 

companies, e.g. Caterpillar Inc., Komatsu, etc. The world’s largest haul truck for 

construction and mining activities is Caterpillar truck 797B. This equipment has a 

maximum nominal payload capacity of approximately 363 metric tonnes (400 tons) with 

maximum operating speed of 67 kph (42 mph). CAT 797B has tire dimension of 3.8 m 

(12.5 ft) in diameter, nominal width of 1.5 m, with tire pressure in the range of about 621 

to 690 kPa (90-100 psi). The gross vehicle weight of CAT 797B is 623,690 kg with an 

average of 104 000 kg loads on each of the six tires. On the other hand, Pawling and 

Harnischfeger shovel, P&H 4100 BOSS has nominal payload of about 91 metric tonnes 

(100 tons) with a bucket capacity that ranges between about 30 to 61 cubic meters. This 

series of shovels weighs about 1.4 million kilograms (~3 million pounds) with track 

length of about 3.51 m (11.5 ft). Joseph (2005) notes that a Caterpillar 797B truck would 

produce vertical stress of about 800 kPa with confining pressure between 250 and 300 

kPa.  Further, Joseph observed that the P & H 4100 BOSS shovels generate static ground 

loading of up to 220 kPa, and induce a ground confinement of about 70 kPa.  Therefore, 

developed laboratory test procedures will need to be mainly based on the loading 

characteristics of this equipment for proper characterization of fine-grained cohesive soils 

and oil sand materials. 

3.3   Materials and Preliminary Tests  

  Approximately, 455 kg (1000 lbs) of a fine-grained cohesive soil from 

Caterpillar Inc. (CAT) Demonstration Training Center in Edwards, Illinois was shipped 

to the University of Illinois Advanced Transportation Research and Engineering 

Laboratory (ATREL) for testing. In addition, three types of oil sand materials used in this 

study were obtained from Suncor Energy Inc. and Syncrude Canada Ltd. oil sand mines 

in Canada.  Suncor Energy Inc. provided two types, SE low and high grades with respect 

to the bitumen contents, whereas Syncrude Canada Ltd. provided one sample of the 

Aurora (AU) high grade oil sand.  All the three oil sand materials were also shipped by 

CAT in Peoria, Illinois, to ATREL in separate barrels for the laboratory tests.  
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3.4   Preliminary Laboratory Testing  

The main purpose of the preliminary laboratory tests was to obtain information on 

applicable laboratory loading conditions for the developed test procedures. Gradation and 

index properties tests were conducted to classify the fine-grained soil. The standard 

Proctor compaction tests were also conducted on the soil sample to identify the maximum 

dry density and optimum moisture content. The other preliminary test conducted on the 

soil sample was the specific gravity test.  Similarly, compaction and gradation tests were 

performed on the three oil sand samples. Other preliminary tests performed on the oil 

sand materials include bitumen content determination tests and strength and stiffness 

tests. Detailed test procedures and results of the preliminary tests are presented in the 

following subsections.   

3.4.1   Preliminary Tests for Fine-Grained Soil  

Index properties tests were first performed on the soil sample in accordance with 

AASHTO T89 and T90 specification to obtain Atterberg’s limits, i.e., liquid limit (LL), 

plasticity limit (PL) and plasticity index (PI).  This was followed by the specific gravity 

test, which was performed in accordance with AASHTO T 100 specifications. The 

specific gravity tests were conducted for determining the degree of saturation. Particle 

size analysis test was also performed on the soil sample according to AASHTO T88 to 

establish the grain size distribution of the material. Table 3.1 shows the test results for the 

physical properties of the soil. Figure 3.1 indicates the grain size distribution curve for 

the soil. Based on the Atterberg limits and gradation results, the soil sample was 

classified as CL according to Unified Soil Classification or as A-6 according to 

AASHTO classification. The soil sample is hereon referred to as CAT A-6 sample.  

  

       TABLE 3.1   Physical Properties of CAT A-6 Soil  

Atterberg limits, %  Gradation, % Specific 
Gravity LL PL PI  Sand Silt 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-6 Soil Sample.  

 

In addition, moisture-density tests were performed on CAT A-6 soil in accordance 

with AASHTO T 99 (standard Proctor) to establish the maximum dry density and the 

optimum moisture content of the sample. Compaction curve obtained from five standard 

Proctor tests was used to define a target moisture range in which the soil specimens were 

prepared for testing. Figure 3.2 shows the maximum dry density, optimum water content 

and the lines of equal degree of saturation at 80, 90, and 100%. The maximum dry 

density (MDD) obtained was 18.4 kN/m3 (117.1 pcf) at optimum water content (OWC) 

of 14.3 %. The degree of saturation at maximum dry density and optimum water content 

was found to be approximately 87%, and the degree of saturation at 3% above optimum 

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

 

3.4.3   Preliminary Tests for Oil Sand Samples 

The oil sand samples were initially tested for water and bitumen content by drying 

in the oven and burning the bitumen content in the ignition oven.  The water contents 

were determined in accordance with AASHTO T 265 (Laboratory Determination of 

Moisture Content of Soils) and the bitumen contents were determined using 

AASHTO T 308 test procedures (Determining the Asphalt Binder Content of Hot Mix 

Asphalt by Ignition Method). Table 3.2 shows the water, bitumen and fluid contents of 

the three oil sand samples. Based on the bitumen contents, the Suncor Energy low and 

high grades were designated as SE-09 and SE-14, respectively, and the Aurora high grade 

oil sand material was designated as AU-14. The water contents were obtained at the 

temperature of 110oC. To obtain the bitumen contents, an average of 1500g of each 

sample was placed in the ignition oven, which was preheated at the temperature of 482oC 

(900oF). The bitumen contents were obtained after ignition, i.e. when constant weight of 

the sample is achieved. An average maximum temperature achieved for ignition was 

about 526oC, 552oC, and 569oC for SE-09, SE-14 and AU-14, respectively. 
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      TABLE 3.2   Water and Bitumen Contents of Oil Sand Samples  

Oil  Sand 
ID 

Water Content 
(%) 

Bitumen Content 
(%) 

Fluid Content* 
(%) 

SE-09 1.4 8.5 9.9 

SE-14 3.2 13.3 16.5 

AU-14 2.2 14.5 16.7 

 
             *: Fluid Content = Water Content + Bitumen Content 
 

After separating bitumen from the oil sands through burning in the oven, washed 

sieve analysis tests were conducted on the sand ingredients to determine particle size 

distributions of the three oil sands using AASHTO T 27 test procedure.  Table 3.3 shows 

gradation properties, and Figure 3.3 shows the grain size distributions for the three oil 

sand materials. All the three oil sand samples are uniformly graded fine to medium sands 

with the smallest to largest size particles ranging from 0.6 mm to 2.36 mm and the fines 

contents, i.e., passing No. 200 sieve or 0.075 mm, ranging from 7% to 15%.  Similar 

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

 

     TABLE 3.3   Gradation Properties for Oil Sand Samples 

Oil  Sand ID D10 D30 D50 D60 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 

 

       Di = grain size (in mm) corresponding to i-percent passing by mass; 

       Cu = coefficient of uniformity; 

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

 

Field density levels and compaction properties of the oil sands were next studied 

in the laboratory using a gyratory compaction device.  Three replicate specimens for each 

oil sand sample were produced at room temperature and tested directly in the Superpave 

gyratory compactor. The number of gyrations to reach the specific 150-mm specimen 

height and the actual bulk (wet) density to achieve this height were recorded for the 

preparation of test specimens. During compaction, changes in bulk density of the 

specimen were recorded.  Figure 3.4 shows the bulk density levels varying with the 

number of gyrations for the three oil sand materials.  A considerably higher number of 

gyrations was needed to compact the lower bitumen content SE-09 oil sand (see Figure 

3.4) when compared to the higher grade ones.  The typical bulk densities achieved for 

SE-09 and SE-14 were 2,000 kg/m3 at 100 gyrations and 2,050 kg/m3 at 40 gyrations, 

respectively.  The density achieved for AU-14 was 2,050 kg/m3 at 25 gyrations.  These 

achieved densities were very close to field values reported by Joseph (2005) and 

computed from the following equations:    

 

(3.1a) Dry density (kg/m3) = 2,150 – 37*(% bitumen content) 

 

Bulk density (kg/m3) = 804 + 0.7*(dry density in kg/m3) 

 

(3.1b) 
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FIGURE 3.4   Gyratory Compaction Properties of Oil Sand Samples. 

 

One preliminary strength test was conducted on the gyratory compacted 

specimens of the three oil sands.  This test was of an investigative nature to determine the 

uniformity and strength profile with depth in the gyratory compacted specimens.  Two 

replicate specimens of each sample were used for the test. A dynamic cone penetrometer 

(DCP) was used to penetrate the specimen in the middle of the top circular face with the 

8-kg (17.6-lb) standard hammer dropped from 575-mm (22.6- in).  The strength profile 

expressed in terms of penetrations per blow is shown in Figure 3.5 for the oil sand 

samples. All three oil sand samples indicated similar penetration profiles with an initial 

high penetration on top of the specimen followed by much stiffer sample response at 

depths greater than 40 mm.  A penetration of 9 mm corresponds to approximately a 

California Bearing Ratio (CBR) of 25. 
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FIGURE 3.5   Strength Profiles of the Oil Sand Samples. 

 
The second test conducted on the gyratory compacted specimens was the standard 

resilient modulus test (AASHTO T307) to determine the variation of the modulus 

properties of the oil sands with deviator stress at 5 different confining stresses, 20.7, 34.5, 

69.0, 103.5, and 138.0 kPa (1 psi = 6.9 kPa).  Figure 3.6 presents the test results for the 

SE 09 oil sand. More of a stress-softening behavior can be observed from Figure 3.6 

especially at higher confining pressures.  This trend was very significant for the 14% 

bitumen content SE-14 and AU-14 specimens although not all the stress states could be 

applied.  Joseph (2005) reported considerably higher confining pressures under the 

loaded truck tires, as high as 500 kPa, for which the oil sands exhibited stress-softening 

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

 

3.5   Suite of Laboratory Test Procedures Conducted 

One of the main objectives of this study was to develop new laboratory test 

procedures to properly characterize field loading behavior of fine-grained cohesive soils 

and oil sand materials. For the various viscous, elastic and plastic material models to be 

developed, five different test procedures are developed for determining corresponding 

material properties for fine-grained soils and oil sand materials. The developed test 

procedures mainly are based on field loading conditions of the construction and mining 

haul trucks and shovels, existing laboratory tests, and the preliminary tests performed on 

the soil and oil sand samples used for this study. The test procedures conducted in this 

study include: (1) hydrostatic loading tests, (2) monotonic loading shear strength tests, 

(3) repeated load triaxial modulus and permanent deformation tests (4) pure shear loading 

tests, and (5) damping ratio tests.    

3.5.1   Experimental Design Parameters  

The selection of experimental design parameters for the developed test procedures 

was based on field and laboratory conditions.  
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The preliminary laboratory test results and field loading characteristics of the 

construction and mining equipment described in previous sections in this chapter were 

properly considered in the test procedures. Parameters included in the soil test program 

were applied stresses and loading frequency. Three moisture states from the standard 

Proctor tests, i.e., one moisture state chosen at the optimum moisture content, the second 

at 3% below the optimum for a dry soil condition, and finally, the third at 3% above the 

optimum for a wet/saturated condition, were key design parameters for the soil test 

program.     

The main experimental design parameters for the oil sand materials were applied 

stress levels, load duration (or loading frequency) and test temperature. The selection of 

these parameters was based on field conditions of oil sand mining pits.  Joseph (2005) 

reports that oil sand materials could experience extreme temperatures of +40oC and -40oC 

during summer and winter, respectively. This was found to be typical for oil sand 

materials within the top 1 to 3 meters from the ground surface. He indicated that oil sand 

is more problematic to construction and mining equipment during summer months than 

winter. Joseph (2005) also observed that oil sand materials become very soft at ambient 

temperature of 28oC (82.4oF). Based on these findings, laboratory tests for oil sand 

materials can reasonably be performed at two temperatures, 20 degrees Celsius (68oF) 

and 30 degrees Celsius (86oF), to account for spring and hotter summer periods, 

respectively.    

3.5.2   Significance and Use of Developed Test Procedures 

The developed test procedures are intended to provide the user with strength, 

modulus, damping and deformation properties needed for developing material behavior 

models for fine-grained cohesive soils and oil sands under field loading conditions of 

typical haul trucks and other construction, and mining equipment.   

The hydrostatic loading test procedure provides data to determine bulk modulus 

and volumetric strain properties of the materials. Material’s bulk modulus relates directly 

to the volume change of the material, and it may be used to model the volumetric 

deformation due to hydrostatic loadings. 
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The monotonic loading shear strength tests provide shear strength properties of 

the soil and oil sand materials. Geomaterials shear strength properties are important 

inputs to finite element models that incorporate Mohr-Coulomb failure criteria. The shear 

strength properties obtained from the developed test procedure may be used by 

equipment designers to model friction angle and cohesion of the ground surface affecting 

the design of tires/ tracks of construction and mining equipment.  

The repeated load triaxial test provides laboratory data to define permanent 

deformation characteristics and resilient behavior of materials tested. The deformation 

response of the soil and oil sand material under off-road haul trucks, shovels and other 

construction and mining equipment loading can be conveniently characterized by plastic 

(permanent) and elastic (resilient) strains. The material’s permanent deformation 

characteristics are important for developing characterization models to predict sinkage 

(rutting) potential, and the resilient characteristics may be used to characterize the 

stiffness behavior of the soil and oil sand.  

The newly developed pure shear test provides static and dynamic data in both 

axial and radial directions to evaluate shear modulus of soils and oil sand materials. The 

shear modulus values obtained from the developed test procedure can be used to 

characterize the shear stress induced in the materials by the wheel/track loading of 

construction and mining haul trucks and shovels.  

The damping properties test provides data to calculate damping ratio, dynamic 

modulus and phase angle of soil and oil sand materials. The material damping properties 

provide knowledge about its ability to reduce vibration. Damping ratio values may be 

used for tire mobility and vibration analysis of construction and mining equipment. The 

values of dynamic modulus and phase angle may be used as performance criteria of soils 

and oil sand materials over a range of loading frequencies and temperatures. Generally, 

dynamic modulus is used to characterize viscous and elastic properties of bituminous 

materials.   

3.5.3   Testing Equipment 

The Industrial Process Controls Limited (IPC)’s servo-pneumatic testing device,   

Universal Testing Machine (UTM) is suitable for the developed test procedures.  
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The IPC UTM is a closed-loop servo control loading system. The main part of the system 

consists of loading frame, triaxial cell, Control and Data Acquisition System (CDAS) and 

integrated software package and personal computer (PC). The IPC UTM has large 

loading frames that allow the use of a triaxial cell to test 150-mm diameter by 150-mm 

high specimens. The nature of the frame limits deflection and vibrations which could 

influence the accuracy of measurements especially when both axial and radial dynamic 

repeated loadings are applied on the sample at the same time. The UI-FastCell and the 

RaTT cell are two main cells selected for the developed triaxial test procedures. The 

selection of these advanced triaxial testing equipment was based on their unique 

capabilities described in Chapter 2.  

The CDAS directly controls the servo valve to apply the requested loading rate or 

waveform for testing. The CDAS is linked to the PC through a standard serial 

communications link. While the specimen is being subjected to loading forces, the CDAS 

captures data from the transducers and transfers these data, using the serial link, to the PC 

for processing, display and storage. The load and specimen deformation are measured by 

load cells and linear variable displacement transducers (LVDTs), respectively. The 

current UI-FastCell setup uses 20 kN capacity load cell whereas the RaTT cell setup is 

limited to 5 kN capacity load cell. Other testing equipment selected for the test 

procedures are the UTM-5P small triaxial cell and the 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 strength tests, all the triaxial tests were 

performed on 150 mm in diameter by 150 mm high test specimens. The fine grained soil 

specimens for the triaxial tests were prepared from split mold assembly whereas oil sand 

specimens were obtained from gyratory compaction machine (Figure 2.4). The triaxial 

shear strength test was performed on 50.8 or 71-mm diameter (approximately 2 or 2.8-in 

diameter) cylindrical specimens. The diameter to height ratio is 1:2. The direct shear tests 

were performed on square prismatic specimens of size 100 mm. The thickness of the 

prismatic sample is between 25 and 40 mm.  
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All the oil sand test specimens were conditioned at a minimum of six hours in an 

environmental temperature chamber at the desired temperatures. The following 

subsection presents sample preparation for fine-grained soils and oil sands. 

 

3.5.4.1    Fine-Grained Soil Specimen Preparation  

 The soil samples were oven dried and sieved through the 4.75 mm sieve 

(No.4 sieve) to break up larger aggregations to facilitate the distribution of water through 

the soil during mixing. The prepared samples were mixed with the required amount of 

water to bring the moisture content to the target value. Cylindrical specimens were 

prepared to fit in the confinement chamber of the UI-FastCell or RaTT cell. The soil 

sample was prepared at the required water content and maximum dry density using a split 

aluminum compaction mold specifically manufactured for use with the UI-FastCell. A 

latex membrane, 0.6-mm (0.025-in.) thick, was attached to the bottom platen with an 

o-ring and the platen was placed in an assembly of a split mold for compaction. The soil 

material mixed with the required amount of water was placed in the mold in three lifts, 

and each lift was rodded 25 times using a standard rod for concrete testing. A pneumatic 

vibratory compactor was used for compaction. Specimen density was controlled by 

measuring the weight of material and compacted thickness of each lift, referenced to the 

top of the mold. The surface of each lift was scarified up to a depth of approximately 

12-mm, and the next lift was placed, and compacted. After compaction, the final height 

and density of specimen were noted, and a loading platen was placed at the top of the 

specimen. The split mold was then removed and a second membrane (latex membrane) 

was placed on the specimen and secured to the top and bottom platens with o-rings. The 

specimen was placed centered in the UTM test frame, and the UI-FastCell or RaTT cell 

was lowered for testing to start.   

For triaxial shear testing, soil specimens were mechanically compacted in a mold 

by a standard Proctor compaction hammer in lifts of three to the target density. Similarly, 

the surface of each lift was scarified to effect compaction at required number of lifts 

(usually 3 or 5 lifts). After compaction, specimen density was calculated and the 

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

All specimens except for shear strength test specimens were prepared using IPC 

Servopac gyratory compactor. Cylindrical specimens were compacted at different density 

levels depending on the applied number of gyrations at the approximate density states in 

the field using the gyratory compactor. A 150-mm diameter filter paper was placed at the 

bottom of a gyratory compaction mold. The required amount of oil sand material to 

achieve the expected density is placed in the mold. Another filter paper was placed on top 

of the sample for compaction. Compaction was initiated by an integrated personal 

computer, and achieved by simultaneous action of static compression and shearing action 

resulting from the motion of specimen. During compaction, a vertical compression force 

was applied using servo controlled pneumatic actuator to initiate the gyratory motion. 

When the compaction process was completed, the specimen was ejected from the mold 

by a pneumatic system setup. The achieved specimen density was recorded in the 

computer program, and final compaction data were retrieved and stored in the form of 

readable ASCII test files on the PC. After compaction, specimens were placed in 0.6 mm 

thick latex membrane for testing. Following this, specimens are conditioned in the 

temperature chamber before testing at the desired temperature.  

The triaxial shear strength test specimens were mechanically prepared using the 

procedure described for soils triaxial shear strength testing in subsection 3.5.4.1. The 

direct shear test specimens were prepared from gyratory compacted specimens (see 

3.5.4.2). Using a masonry saw, the gyratory compacted specimens were cut to the 

required size for testing.  

3.5.5   Developed Test Procedures 

The suites of tests were performed to determine strength, modulus, and damping 

and deformation properties using hydrostatic, shear, and repeated/cyclic loading 

techniques. These test procedures were applicable to soils and oil sand materials, and 

other geomaterials subjected to construction and mining equipment loading conditions. 

The UI-FastCell and RaTT cell setups described in Chapter 2 were used to conduct the 

hydrostatic loading, repeated loading, pure shear loading and damping ratio tests.  
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The shear strength tests were performed with a conventional triaxial cell in UTM-5P 

loading system, and direct shear testing device described in Chapter 2. Specimen 

preparations for various test procedures are described in section 3.5.2. Overall, five 

different test procedures were followed in this study. Each test procedure is described in 

the following subsections. 

 

3.5.5.1   Procedure A - Hydrostatic Loading Test  

The hydrostatic loading test procedure provides data to determine the bulk 

modulus and volumetric deformation properties of soils and oil sand materials under 

isotropic (hydrostatic) loading. A pulsed wave shape with 60 seconds loading and 60 

seconds unloading is applied on the specimen. The complete applied stress states/path 

and the required measurements are as follows: 

• Applied stresses: 0 � 20.7 kPa 0 � 41.4 kPa � 0 � 69 kPa � 0 � 138 kPa 

� 0 � 276 kPa (static all-around stresses, σ1 = σ3 in triaxial states; 

1 psi = 6.9 kPa). Specimen undergoes load-unload-reload until the last load 

cycle is applied;  

• Properties measured: Continuous record of axial and radial strains, ε1 and ε3, 

in the vertical and radial directions, respectively. 

The sample’s bulk modulus (K) and volumetric strains (εv) may be computed 

using the following equation:  
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where,  

           ∆p = incremental hydrostatic pressure (stress), ∆εv = incremental volumetric 

strain.            

εv = ε1 + ε2 + ε3 = ε1 + 2ε3 for cylindrical specimen in triaxial tests and 

p = (σ1 + σ2 + σ3)/3 = (σ1 + 2σ3)/3 
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3.5.5.2   Procedure B - Shear Strength Test  

Shear strength tests are performed to determine friction angle φ and cohesion c 

properties. Both triaxial and direct shear tests are conducted in this study. The triaxial test 

is conducted under different constant confining pressures while vertical deviator stress is 

monotonically increased until the sample fails. For the direct shear test, at constant 

normal stresses, a horizontal stress (shear stress) is applied to the sample until it is 

sheared. The following are the loading conditions and measurements taken from this test 

procedure:  

• Confining pressure σ3 levels: 0, 20.7, 41.4, 69.0, 138.0, and 276.0 kPa 

(1 psi = 6.9 kPa). For direct the shear tests, higher normal stress of 552.0 kPa 

may be used to simulate high tire pressures of large capacity construction and 

mining trucks; 

• Displacement controlled test corresponding to a loading strain rate of 

approximately 1 % strain/minute (typical loading strain rate for soils strength 

testing); 

• Properties measured: Continuous record of strain, ε, in the vertical/horizontal 

direction, maximum deviator stress σd (or shear stress) attained at or until 

specimen failure; 

Initial modulus may be obtained from the stress-strain curve, and the shear strength 

properties, φ and c are generally computed from the Mohr-Coulomb criterion given by 

Equation 2.1. For the triaxial shear test the strength properties may conveniently be 

computed from the least squares regression equation in the form of σ1 = a + bσ3 (see 

Figure 3.7),  where, a and b are regression constants determined from curve fit in the 

experimental data. The values of φ and c are computed from Equations 3.3. 
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FIGURE 3.7   Relationship between Axial Stress and Confining Pressure. 
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3.5.5.3   Procedure C - Repeated Load Triaxial Test  

The repeated load triaxial test procedure for the fine-grained cohesive soil and oil 

sand testing is similar to the current AASHTO T307 test procedure used for determining 

resilient modulus of soils and aggregate materials or geomaterials. However, from the 

initial conditioning stage of the AASHTO T307 test  procedure, permanent deformation 

properties of granular materials are often obtained at only one stress state using equal 

confining and deviator stresses of 103.5 kPa (15 psi), or a total vertical stress (σ1) to 

horizontal confining stress (σ3) ratio of 2.  A haversine load pulse with 0.1-second 

loading and 0.9-second rest period is applied on the specimen for 1,000 load cycles.  

Thus, the AASHTO T307 test procedure is limited in terms of applied stress states.  In 

this study, newly developed repeated load triaxial test procedure for soils and oil sand 

materials considers higher stress states (stress ratios). Further, two different haversine 

load pulse durations of 0.1 and 0.5 seconds are also included in the laboratory testing 

program to consider the effects of different trafficking speeds of haul trucks and other 

construction and mining equipment on the soil and oil sand sinkage and rut development 

in the field. A major consideration in the developed test procedure is the ability to 

measure both resilient modulus and permanent deformation in the same test. In addition, 

each test specimen is subjected to only one stress state or loading condition.  
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The use of a new specimen for each stress state eliminates the effect of stress history on 

permanent deformation. The stress levels and other loading conditions applied on the 

specimen are as follows:   

• Confining pressure σ3 levels: 0, 20.7, 41.4, 138 and 276 kPa (1 psi = 6.9 kPa); 

• Vertical deviator stress σd levels: 20.7, 41.4, 69, 138 and 276 kPa; 

• Load pulse duration:  0.1 and 0.5 sec;  

• At different number of load applications, permanent deformations (δp) are 

recorded for each cycle and the corresponding plastic strains (εp) and elastic 

strains (εr) are computed; 

• The resilient modulus MR of the sample is computed as follows:  

 

r

d
R

ε

σ
M =  (3.4) 

 

3.5.5.4   Procedure D - Pure Shear Loading Test  

The pure shear tests are performed for obtaining the shear modulus of the 

materials as a function of the applied stress states.  The applied stresses due to 

construction and mining equipment loads acting on an element of soil or oil sand beneath 

a level ground surface can best be represented by using Mohr circles and stress paths as 

illustrated in Figure 3.8. An element of soil or oil sand under at-rest stress conditions 

(vertical and horizontal stresses, '
vσ and '

hσ ) and the subsequent cyclic ground shaking 

due to shear stress τ, are shown in Figure 3.7a.  The corresponding Mohr circles and 

stress paths are also plotted in Figures 3.8b and 3.8c, respectively.  Upon application of 

the pure shear loading, the radius of the Mohr circle representing at-rest conditions 

increases to result in a larger circle (shown by dashed line).  The center point of the new 

circle, however, does not move since the vertical and horizontal stresses remain constant.  

The stress path, therefore, moves vertically upward to point D. When the shear loading 

reverses direction in the next cycle, the stress path moves this time vertically downward 

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

 

This type of continuous rotation of principal stresses corresponding to field stress 

conditions on a soil or oil sand element can closely be simulated in the laboratory. For the 

application of the pure shear stresses, two alternating pulses of the same magnitude are 

applied at the same time in the vertical and radial directions.  Figure 3.9 shows the 

90-degree out of phase cyclic stresses, ∆σ/2, applied on the specimen by decreasing 

(or increasing) the lateral pressure by the same amount ∆σ/2, by which the vertical stress 

is increased (or decreased).  The corresponding Mohr circle is then made to expand and 

contract about a constant center point and the resulting stress oscillates by the magnitude 

of ∆σ/2 (= τcyc) for the compression and extension loadings.  The applied stress path is 

then in the vertical direction similar to that of the pure shear loading induced by a 

vertically propagating shear wave. The pure shear loading is indicated in Figure 3.8 by 

the vertically oriented stress path, ±τcyc, on a shear stress q (=σ1-σ3) - effective mean 

pressure p [= (σ1+2σ3)/3] plot. Figure 3.9 shows the specimen first loaded with a total 

normal stress for hydrostatic statue of σ3.  The stresses on the specimen are applied such 

that axial stress is equal to σ3 + ½σd and the radial stress is σ3 - ½σd.  
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Next, the specimen is loaded so that the axial stress is σ3 - ½σd and the radial stress 

becomes σ3 + ½σd. It can be observed that at any time, a cyclic normal stress of ½ σd are 

applied on the specimen simultaneously in the vertical and horizontal directions to 

achieve pure shear loading condition. 
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  FIGURE 3.9   Pure Shear Loading Applied on the Specimen. 

The loading conditions and measurements to obtain pure shear characteristics due 

to the applied static and dynamic field loading conditions are as follows:  

• Confining pressure levels: 20.7, 41.4, 69 and 138 kPa (1 psi = 6.9 kPa); 

• Shear stress levels: 20.7, 41.4, 69 and 138 kPa (a maximum value of 

applied σ3); 

• Loading frequencies: 2 and 10Hz;  

• At different stress levels strains in vertical and radial directions are recorded. 

The Shear modulus, G is calculated using the measured shear strain and the 

applied shear stress as follows: 

 

31 σ-σ τ =  
(3.5a)   
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where, τ = applied shear stress, σ1, σ3 = axial and radial (confining) stresses, respectively, 

γ = shear strain, ε1 and ε3 are axial and radial strains, respectively. 

3.5.5.5   Procedure E – Damping Property Test  

The main objective of this test procedure is to provide data to measure damping 

ratio of fine-grained cohesive soils and oil sand materials. Damping ratio is defined as the 

ratio of total energy dissipated per cycle by test specimen to the maximum strain energy 

stored by the sample during cyclic loading. The energy dissipated per cycle in a specimen 

is proportional to area of hysteresis loop as shown in Figure 3.10. The current test 

procedures used for determining damping ratio of soils are the cyclic triaxial 

(ASTM D3999) and the resonant column procedures (ASTM D4015). As mentioned 

earlier, these test procedures have limited loading conditions. For instance, in the cyclic 

axial tests for soils, a limited frequency range of 0.1 to 2Hz is suggested for the loading 

equipment. In the resonant column test procedure, material properties are obtained at 

limited small strains. However, soil and oil sand materials experience moderate to large 

strains under heavy construction and mining equipment in the field. Test procedures used 

for materials under such heavy equipment should be able to account for the large strains 

and other field loading conditions.  

The newly developed damping ratio test procedure for the fine-grained soils and 

oil sand materials is simple and considers high stresses and loading frequencies. Damping 

properties of oil sand materials are obtained at two different test temperatures to simulate 

prevailing field temperatures. In addition, the test configuration allows dynamic modulus 

and phase angle of tested materials to be computed. The new Mechanistic-Empirical 

Pavement Design Guide (NCHRP 1-37A 2004) uses the dynamic modulus as the stiffness 

parameter for hot-mix asphalt characterization. The dynamic modulus is defined as the 

absolute value of the complex modulus (see Equation 3.10), and the phase angle of the 

material is the amount by which strain response lags the applied stress.  
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The value of the phase angle is an estimate of the material’s viscous or elastic behavior 

under specified loading conditions. 

The loading conditions proposed for damping property tests are as follows.   

• Confining pressure levels: 0, 20.7, 41.4, 69, 138 and 207 kPa (1 psi = 6.9 kPa) 

• Vertical deviator stress levels of 41.4 kPa 

• Complete sine load waveform applied at the loading frequencies of 2, 5, 10, 

and 20Hz with no rest between the sinusoidal waves 

• At different stress levels strains in vertical and radial directions are recorded 

to compute damping ratio and dynamic modulus of the material. Damping 

ratio, D dynamic modulus *E  and phase angle δ are computed from the test 

data. 

 

 

 

FIGURE 3.10   Typical Hysteresis Loop used for Damping Ratio Computations. 
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The damping ratio and the dynamic modulus of the soil or oil sand material are 

computed from Equations 3.7 and 3.10, respectively. 

 

εσ ∆ x ∆

∆W

π

2
D =  (3.7) 

 

where, ∆W = area of the hysteresis loop = the amount of energy dissipated by the 

material during one cycle of loading at angular frequency ω. The angular frequency in 

rad/s is found based on the test frequency f, in Hz. 

∆σ = incremental axial stress, and ∆ε = incremental axial strain.  

The maximum applied peak stress (σ0) and maximum measured peak strain (ε0) 

values for a material subjected to a sinusoidal loading can be conveniently obtained by 

using a generalized mathematical curve fit function given in Equation 3.8.  The 

parameters used to compute the maximum values of stress and strain could also be used 

to calculate the phase angle of the materials.   

 

  t)(ωsin  c  t)(ω cos btaaF(t)  10 +++=  (3.8) 

22 cbAmplitude +=  (3.9a) 








= −

b

c
tanAnglePhase 1

 
(3.9b) 

 

The dynamic modulus of the material is computed by the following equation: 

0

0

ε

σ
    *E =  (3.10) 

 

where, *E  = dynamic modulus;  

σ0 = applied stress amplitude (peak stress);  

ε0 = measured strain amplitude (peak strain); 

ω = 2πf = angular frequency; f = 1/T = frequency,  

T = period, and a0, a1, b and c are regression constants.  
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3.6   Summary  

Five new and improved laboratory triaxial test procedures were developed to 

determine strength, modulus and damping properties, and permanent deformation 

characteristics of fine-grained soils and oil sand materials. The tests procedures were 

based on field loading characteristics of off-road haul trucks and shovels, and other 

construction and mining equipment. The results from preliminary laboratory test program 

performed on one fine-grained soil sample and three oil sand samples, and field loading 

and stress conditions were considered in the development of the test procedures. These 

advanced test procedures are simple and rational, and can reasonably simulate behavior 

of fine-grained cohesive soils and oil sand materials under typical field loading 

conditions of compaction, construction and mining equipment. Detailed sample 

preparation methods for suitable specimen sizes were suggested for all the test 

procedures. The test procedures utilize testing equipment and devices capable of 

simulating in the laboratory, wide range of stress conditions, i.e., low to high stresses 

experienced by the materials in the field. Detailed discussions were provided for the use 

and significance of the individual test procedures. Data obtained from these test 

procedures can conveniently be used to develop performance characterization models to 

account for distresses faced by off-road vehicles during 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 (isotropic) loading condition 

experiences an all-around uniform normal stresses and zero shear stresses. The bulk 

modulus is a material property that describes the resistance of the soil to volume change 

when the element is subjected to hydrostatic loading. In this study, bulk modulus is 

determined in the laboratory for one fine-grained cohesive soil and three oil sand 

materials using a newly developed hydrostatic compression test procedure. Details of the 

developed test procedure are described in Chapter 3. The results from the hydrostatic 

compression tests are analyzed, and used to develop empirical equations and material 

characterization models for the soil and oil sand samples.  

4.2   Testing Program and Procedure 

The hydrostatic loading test developed in section 3.5.4 (Procedure A) was used to 

conduct the entire laboratory testing on the soil and oil sand samples. A series of 

hydrostatic loading cycles described in test Procedure A were applied on CAT A-6 soil 

specimens at three moisture states: (1) dry of optimum w = 11.3%, (2) optimum 

wopt = 14.3% and (3) wet of optimum w = 17.3%. Tests on the oil sand materials were 

performed on SE-09, SE-14, and AU-14 samples with bitumen contents of 8.5%, 13.3% 

and 14.5%, respectively at temperatures of 20oC and 30oC. Two replicate specimens were 

tested for all the samples. Thus, a total of 6 hydrostatic compression tests were performed 

on the soil sample at the three water contents or moisture states whereas 12 tests were 

performed on the three oil sand samples.   

The UI-FastCell test setup was used for applying the hydrostatic stresses on both 

the soil and oil sand samples. A pulsed wave shape with 60 second loading and 60 second 

unloading was applied on the test specimens. The axial static loading was measured by 

the load cell, and the radial loading was measured by a pressure transducer. Both axial 

and radial strains were measured by two symmetrical LVDTs.  
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4.3   Test Data Analyses 

The applied hydrostatic stresses and measured volumetric strains obtained from 

hydrostatic compression tests are used to calculate bulk modulus. A plot of the applied 

isotropic compression stress against volumetric strain of soils gives a nonlinear curve 

(Terzaghi and Peck 1967, Vesic and Clough 1968, and Quabain et al., 2003). Vesic and 

Clough (1968) suggested that the soil’s elastic properties could conveniently be obtained 

from the nonlinear curve by straight line approximations that linearly relate increments of 

both the isotropic stress and volumetric strains. In this study, the straight line 

approximation concept was used for analyzing the test results of the samples. The bulk 

moduli (K) of the soil and oil sand samples were calculated from the ratio of the 

incremental hydrostatic stress (∆σ) to the incremental volumetric strain (∆εv). Equation 

4.1 is used to define the bulk modulus of the tested samples.  

    

vε
K

∆
σ∆=  (4.1) 

  

The volumetric strain εv is computed from the axial strain ε1 and the radial strain ε3 as 

εv = ε1+ 2ε3.  For triaxial compression tests, hydrostatic stress σ = σ1 = σ2 = σ3.  

 

4.3.1   Analyses of Fine-Grained Soil Test Results 

A total of about 270 stress-strain data sets for each test were analyzed for the bulk 

modulus of the soil sample at one moisture state. Each data set represents an average 

value from two replicate specimens. Figure 4.1 shows a plot of the applied hydrostatic 

stress against the total volumetric strain for CAT A-6 soil sample at the three moisture 

states. A polynomial regression curve was fit into individual data sets of the soil sample 

at optimum, dry of optimum and wet of optimum, and straight line approximation was 

used to obtain the incremental hydrostatic stresses and corresponding volumetric strains. 

The bulk modulus was then computed at each hydrostatic loading stress using 

Equation 4.1.  
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FIGURE 4.1   Hydrostatic Loading Test Results for CAT A-6 Soil at three Water Contents. 

 

Table 4.1 lists summarized test results of the soil sample at the three moisture 

states. As expected, the soil sample at dry of optimum gave the highest bulk modulus 

values whereas the lowest bulk modulus values were obtained at wet of optimum. The 

average bulk modulus value increases by 0.3 MPa from optimum to dry of optimum, and 

decreases by 0.92 MPa from optimum to wet of optimum. Thus, a change in water 

content of 3% below the optimum resulted in about 15% increase in the bulk modulus of 

the soil sample, whereas a change in water content of 3% above the optimum resulted in 

about 45% decrease in the modulus values. The high lubrication of soil particles at wet of 

optimum water content weakens the soil sample. Therefore, the modulus of the sample 

becomes low at wet of optimum compared to dry of optimum, or the soil becomes less 

sensitive at dry of optimum. 
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       TABLE 4.1   Test Results for CAT A-6 Soil at Three Moisture States  

 w =11.3%  wopt = 14.3%  w = 17.3% 
∆σ (kPa) 

 ∆εv (%) K (MPa)  ∆εv (%) K (MPa)  ∆εv (%) 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 Sample 
 

Figure 4.2 shows empirical equations of bulk modulus as power functions of 

hydrostatic stress for the soil sample at the three moisture states. The significantly high 

coefficients of correlation values (R2 > 0.99) indicate that the straight line approximation 

concept (Equation 4.3) used for the analyses performed well for the soil sample at all the 

three moisture states.  
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FIGURE 4.2   Correlations between Bulk Modulus and Hydrostatic Stress for CAT A-6 Soil 
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 270 stress-strain data points were 

obtained from testing one specimen. Thus, about 540 data points were analyzed for each 

oil sand sample at the two test temperatures. Note that each data set represents an average 

value from the two replicate specimens. Similar analysis performed to obtain the bulk 

modulus values of the CAT A-6 soil sample was used to determine the bulk modulus 

values of the oil sand samples (section 4.3.1). A polynomial function was fit into test data 

of the SE-09, SE-14 and AU-14, and the incremental hydrostatic stresses and volumetric 

strains obtained were used to calculate the bulk modulus values. Figures 4.3 and 4.4 show 

the variation of hydrostatic stress with volumetric strain for the three oil sand samples at 

20oC and at 30oC, respectively.  
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FIGURE 4.3   Variation of Hydrostatic Stress with Volumetric Strain for the Oil Sands at 
20oC. 
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FIGURE 4.4   Variation of Hydrostatic Stress with Volumetric Strain for the Oil Sands at 
30oC. 

 

Tables 4.2 and 4.3 list the test results for all the oil sand samples at 20oC and 

30oC, respectively. As expected, higher bulk modulus values were obtained at 20oC than 

at 30oC for all the oil sand samples. The SE-09 sample gives the highest bulk moduli 

while AU-14 sample gives the lowest values. At 20oC, the difference in magnitude 

between the average bulk modulus of SE-09 and AU-14 samples is 1.61 MPa, i.e., about 

26% difference, and the difference between SE-09 and SE-14 is 0.78 MPa, representing 

about 12.5%. The average bulk modulus of SE-14 and AU-14 samples are close to each 

other although the bulk modulus of SE-14 is a little higher than AU-14. Similar trend in 

bulk modulus at 20oC is observed for the samples at 30oC. That is, the SE-09 sample has 

the highest bulk modulus values whereas AU-14 sample has the lowest bulk modulus. 

However, it is interesting to note that the magnitude of the bulk modulus of SE-14 and 

AU-14 samples were comparable at the two test temperatures. The average bulk modulus 

of SE-14 at 20oC is about 1.2 times of the bulk modulus of AU-14 compared to about 1.3 

times at 30oC. The amount of bitumen content and the test temperature appear to be the 

factors that influenced the overall stiffness of the oil sand materials.  
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The AU-14 sample with high bitumen content has lower bulk modulus, whereas the 

SE-09 sample with low bitumen content has the highest bulk modulus. Also, for all the 

oil sand samples the average bulk modulus at 20oC was higher than the average bulk 

modulus at 30oC.   

 

      TABLE 4.2   Test Results for Oil Sand Samples at 20oC  

 SE-09  SE-14  AU-14 
∆σ (kPa) 

 ∆εv (%) K (MPa)  ∆εv (%) K (MPa)  ∆εv (%) 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 30oC  

 SE-09  SE-14  AU-14 
∆σ (kPa) 

 ∆εv (%) K (MPa)  ∆εv (%) K (MPa)  ∆εv (%) 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 performed on the oil sand test results to 

develop empirical equations for each sample at 20oC and at 30oC. Figures 4.5 and 4.6 

indicate the relationships between bulk modulus and hydrostatic stress at 20oC and at 

30oC, respectively, and the resulting correlation equations for the three oil sand samples. 

The high R2 values indicate that good approximations were achieved with Equation 4.1. 

Therefore, strong correlations exist between the bulk modulus and hydrostatic stress for 

all the oil sand samples tested at the two temperatures.  
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SE-09: K = 1.319σ0.3305

R2 = 0.979
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FIGURE 4.5   Variation of Bulk Modulus with Hydrost atic Stress for Oil Sands at 20oC. 
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FIGURE 4.6   Variation of Bulk Modulus with Hydrost atic Stress for Oil Sands at 30oC. 
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To evaluate other important loading conditions and physical properties that might 

affect the behavior of oil sand materials, the SAS statistical software was used to perform 

multiple regression analyses on the test data to include variables such as  temperature, 

bitumen content and three gradation properties (Cu, Cc and D50). However, the initial 

statistical analyses to determine variables affecting bulk modulus showed  that no 

significant correlation exist between the bulk modulus and all the three gradation 

properties (R2 < 0.2). Therefore, the gradation properties were not included in the SAS 

multiple regression analyses.   

The data set of each oil sand sample (SE-09, SE-14 and AU-14) was first 

analyzed separately, and a combined test data set of all the three oil sand samples was 

also analyzed to develop models of bulk modulus as dependent variable and hydrostatic 

compression stress (σ), temperature (T) and bitumen content (wb) as independent 

variables. Among other mathematical forms including linear, nonlinear, and hyperbolic, 

the power function was most suitable for modeling bulk modulus of the oil sand 

materials. The model parameters and the coefficient of correlations obtained for the 

individual oil sands (see Table 4.4a) indicated that a generalized bulk modulus models 

could be developed using the combined data sets of the three oil sand samples. Table 4.4a 

lists the bulk modulus (K) models and the model parameters obtained for each oil sand 

sample while Table 4.4b lists characterization models and parameters obtained for the 

combined test data set of the three oil sand samples. Note that additional variable 

(bitumen content) is included in the models when the combined data set is used.  

It can be seen that parameter A has the greatest influence on the bulk moduli of 

the samples as the hydrostatic stresses increase. Both Tables 4.4a and 4.4b show high R2 

for all the models. The difference in R2 values obtained as a result of subsequent 

inclusion of independent variables is an indication of the contribution of the variables. 

The change in R2 observed in models 2 and 3 indicates high dependency of bulk modulus 

on hydrostatic stress (see Table 4.4b). However, the improvement in the R2 value 

observed in model 3 indicates that there are significant contributions of temperature and 

bitumen content in the model. Recall that temperature and bitumen content are important 

factor that affect field loading behavior of oil sand materials. This suggests that model 3 

would be more practical to characterize the oil sands than models 1 and 2. 
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Model 3 was used to fit into the individual oil sand test data at 20oC and at 30oC. 

There is a very good fit overall, for all the three oil sand test data at the two test 

temperatures (see Figures 4.7 and 4.8). Therefore model 3 can be used for future studies 

on bulk modulus characterization of oil sand materials.   

 

      TABLE 4.4a   Bulk Modulus Characterization Models for Oil Sand Samples 

Model 1: 1kσ*AK =   

Model 2: 21 kk Tσ*AK =   

Model Parameters  
Model 

log A k1 k2 R2 RMSE* 

SE-09 Sample  

1 -0.0640 0.4005  0.859 0.058 

2 0.6204 0.4005 -0.4927 0.963 0.033 

SE-14 Sample  

1 -0.1446 0.4095  0.848 0.062 

2 0.6107 0.4095 -0.5437 0.968 0.031 

AU-14 Sample  

1 -0.4527 0.5116  0.833 0.082 

2 0.6356 0.5116 -0.7835 0.990 0.023 

  
  
 

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

Model 1: 1kσ*AK =   

Model 2: 21 kk Tσ*AK =   

Model 3: 321 kk
b

k Twσ*AK =   

Model Parameters 
Model 

log A k1 k2 k3 R2 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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FIGURE 4.7   Bulk Modulus Model 3 Performances for Oil Sand Samples at 20oC  
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FIGURE 4.8   Bulk Modulus Model 3 Performances for Oil Sand Samples at 30oC.  



 83 

4.4   Summary 

Hydrostatic triaxial compression tests were performed on one fine-grained 

cohesive soil and three oil sand materials in the laboratory using a newly developed 

hydrostatic loading test procedure. For the soil sample, the laboratory tests were 

performed to determine bulk modulus at water contents of 11.3%, 14.3% and 17.3%, 

representing dry of optimum, optimum and wet of optimum, respectively. Tests were also 

performed on three oil sand samples with bitumen contents 8.5%, 13.3% and 14.5% to 

determine bulk modulus at temperatures of 20oC and 30oC.  

Based on the test results, empirical equations of bulk modulus as a function of the 

applied hydrostatic stress were obtained for the soil and oil sand samples. In addition, 

material characterization models that consider all the field loading conditions were 

developed for the tested oil sand materials. The results from the bulk modulus models 

show that the oil sand samples can properly be characterized by temperature and bitumen 

contents. There was considerable improvement in the coefficient of correlation values 

when temperature and bitumen contents were included in the initial model, which has 

only hydrostatic stress as independent variable. Also, the model parameters obtained for 

individual oil sand samples suggested that all the data could be combined to develop one 

representative model for the three oil sand samples. The empirical equations and 

characterization models would be useful in evaluating behavior of fine-grained soils and 

oil sand materials in the field. The following are the summary of observations derived 

from the tests results: 

1. For the soil sample, the highest bulk modulus values were obtained at dry of 

optimum, and the lowest values were obtained at wet of optimum. It was found 

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

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

water content of 3% above the optimum resulted in about 45% decrease in the 

stiffness of the sample. 

2. Results of the oil sand tests gave higher bulk moduli at 20oC than at 30oC. 

Comparisons of the bulk modulus values indicate that at both test temperatures, 

SE-09 sample had the highest bulk modulus while the AU-14 sample had the 

lowest. 



 84 

 At 20oC, the difference in magnitude between the average bulk modulus of SE-09 

and AU-14 samples was about 26%, and the difference between SE-09 and SE-14 

was about 12.5%. The average bulk modulus of SE-14 and AU-14 samples was 

found to be comparable at the two temperatures although the bulk modulus of 

SE-14 was about 1.2 and 1.3 times of the bulk moduli of AU-14 at 20oC and 

30oC, respectively. The amount of bitumen content appeared to be the main factor 

that influenced the bulk modulus values of the oil sand materials. The SE-09 

sample, with lowest bitumen content, was found to be the sample with the highest 

stiffness, whereas the AU-14 sample with the highest bitumen 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 materials are usually determined from 

laboratory tests performed on prepared specimens or on in-situ undisturbed samples. For 

several decades, the triaxial compression and direct shear tests have been recognized as 

the standard laboratory tests for determining shear strength properties of soils and 

granular materials. The results from these tests are commonly used for analyzing the 

bearing capacity and stability of slopes and foundations of structures and pavements. 

These tests have also been successfully used during the past 40 years to determine shear 

strength properties of oil sands. For instance, Round (1960), Dusseault and Morgenstern 

(1978b) and Agar et al. (1987) conducted extensive studies on shear strength of 

Athabasca oil sands using both the triaxial compression and direct shear testing 

procedures.   

This chapter presents the results of both triaxial compression and direct shear tests 

performed to characterize one cohesive soil and three oil sand materials. The test 

procedures used for this study are similar to those of the traditional shear strength tests 

(ASTM D 2166, 2850, 3080 and 4767). However, in this study, the selected testing 

conditions are particularly based on the field loading conditions of large capacity off-road 

construction and mining equipment. In addition, advanced testing equipment and data 

acquisition systems were used to simulate close to field loading conditions of such large 

capacity equipment. Details of the new test procedure are presented in Chapter 3. The 

laboratory testing conditions and procedures used for analyzing the test results are 

presented in this chapter. The test results are used to develop Mohr-Coulomb failure 

models for each tested material. Detailed analyses and discussions of test results are also 

presented.  

5.2   Laboratory Testing and Test Conditions  

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

developed test procedure described in section 3.5.4 (Test Procedure B).  
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For the soil sample (CAT A-6), five triaxial strength tests were conducted at optimum 

(wopt = 14.3%), dry of optimum (w = 11.3%), and wet of optimum (w = 17.3%) to obtain 

the friction angle φ, and cohesion c properties. Each test was carried out on cylindrical 

specimens, 50.8mm (2 inches) in diameter and 101.6mm (4 inches) high and at five 

confining stress levels, i.e., 0, 20.7, 41.4, 69 and 138 kPa. The test specimens were 

monotonically loaded at a strain rate of 1% strain/min using the UTM-5P pneumatic 

testing system, and pressurized in a triaxial chamber with air pressure. The load was 

measured through the load cell, whereas, the deformations were measured using the 

actuator LVDT.     

For the oil sands, tests were conducted on three samples with bitumen contents of 

8.5% (SE-09), 13.3% (SE-14) and 14.5% (AU-14) using both triaxial and direct shear test 

procedures. The triaxial tests were performed on cylindrical specimens, 71 mm (2.8 in.) 

in diameter and 142 mm (5.6 in.) high, and at five confining stress levels, i.e., 20.7, 41.4, 

69, 138 and 276 kPa. Specimens were conditioned and tested at temperatures of 20oC and 

30oC, using the same loading conditions of the soil sample. Direct shear tests were 

performed on the oil sand samples to compare test results with the triaxial compression 

tests. The same test conditions for the triaxial tests were used to perform the direct shear 

except that confining stresses were increased to 552 kPa. Square prismatic specimens, 

100 mm size and 25-40 mm high, were prepared and tested in the Humboldt pneumatic 

direct shear test setup using a strain rate of 1% strain/min. The shear stress was measured 

through the load cell, whereas, the horizontal and vertical deformations were measured 

using horizontal and vertical LVDTs.  

 

5.3   Background for Analyses of Shear Strength Test Results  

Shear strength of a geomaterial is mobilized due to two components; cementing 

action or cohesion and grain interlock from applied loads (friction angle). Typical shear 

strength tests, either triaxial compression or direct shear require testing specimens at 

three or more confining stress levels to accurately develop a failure envelope. In triaxial 

tests, an all-round confining pressure is initially applied on the specimen before an axial 

monotonic load is gradually applied an increased to shear it.  
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On the other hand, in the direct shear test, the confining pressure is applied by a vertical 

load on the specimen followed by a gradual application of a horizontal shear load to shear 

the specimen.  

The Mohr-Coulomb equation has been successfully used to characterize shear 

strength behavior of soils or geomaterials within limited stress ranges. The results from 

such characterization provide parameters, which are employed in analyzing the stability 

of the tested materials. In this study, the linear Mohr-Coulomb model was used to analyze 

test data of both the soil and oil sand samples. The values of the Mohr-Coulomb strength 

properties were used to develop shear strength models for the individual samples at 

different moisture states or bitumen contents. The Mohr-Coulomb failure envelope is 

defined by Equation 2.1.  

For the triaxial tests, Mohr’s circles were first constructed using the applied 

confining stresses and the corresponding maximum shear stresses at failure. The Mohr-

Coulomb failure envelope was then constructed for determining the strength parameters 

for each sample tested. For the direct shear test data, the following procedure was used to 

obtain the shear strength parameters: 

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

stresses at failure; 

(b) Maximum shear stresses are graphed as a function of the applied normal 

stresses;  

(c) Friction angle and cohesion are determined from the graph in (b).  

For all the tests, where no clear peak is observed in the stress-strain plots, the 

deviator stress corresponding at 5 % axial strain was 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 soil sample at three different moisture 

states are reported in Table 5.1, and the effect of water content on shear strength 

properties, i.e., friction angle φ and cohesion c of CAT A-6 soil sample. Generally, higher 

shear strengths were obtained at dry of optimum states.  
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As expected, increasing confining pressure resulted in increasing deviator stress (shear 

stress) at failure for all the three moisture states. The results at w = 17.3% and confining 

stress of 138 kPa, were not included in the analysis due to difficulties encountered during 

testing.  This should not have significant effect on the shear strength properties since the 

remaining 4 tests are enough to obtain the strength properties.  Comparison of the test 

data shows that the differences in cohesion are higher than the differences in friction 

angle of the soil sample at the three moisture states (see Table 5.1). The highest 

difference in cohesion was found between dry of optimum and wet of optimum, i.e., 215 

kPa. At the same time, the difference in friction angle between the two moisture states is 

8.3 degrees.  Thus, a change in water content of 3% above or below the optimum water 

content resulted in considerable change in cohesion but a little change in the friction 

angle of the soil sample. This suggests that the strength behavior of CAT A-6 soil could 

greatly be influenced by increasing or decreasing the water content above or below the 

optimum. Higher c values are associated with high resistance of the soil material to 

shearing stresses, and higher φ values implies greater capacity of the soil to develop 

strength and resist permanent deformation in the field. The effect of water content on the 

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

 

       TABLE 5.1   Triaxial Shear Strength Test Results for CAT A-6 Soil 

Peak Shear Stress @ Confining Stress (kPa) Strength Properties Water  

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

w = 11.3% 971.6 1129.8 1355.9 1401.4 1629.6  42.0 250 

wopt = 14.3% 472.5 528.5 641.9 764.3 973.0  39.5 112 

w = 17.3% 121.7 152.8 141.2 299.5 -  33.7 35 

 
 

Figures 5.2 to 5.4 show the test results represented by Mohr circles at failure for 

five tests of CAT A-6 soil at w = 11.3%, wopt = 14.3% and w = 17.3%. The five tests are 

labeled as test numbers 1 through 5 in the figures. Figures 5.2 to 5.4 also show 

Mohr-Coulomb failure envelopes obtained for the sample at the three moisture states.  
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FIGURE 5.1   Effect of Water Content on Friction Angle and Cohesion Properties.  
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FIGURE 5.2   Mohr Circles and Failure Envelope for CAT A-6 Soil at w = 11.3%. 
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FIGURE 5.3   Mohr Circles and Failure Envelope for CAT A-6 Soil at wopt = 14.3%. 
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FIGURE 5.4   Mohr Circles and Failure Envelope for CAT A-6 Soil at w = 17.3%. 
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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 tests of the three oil sands are presented 

in Mohr’s circles. Tables 5.2 and 5.3 shows the test results for all the three oil sand 

samples at 20oC and at 30oC, and Figures 5.5 and 5.6 present the test results in Mohr 

circles. These figures indicate that the oil sand samples have essentially the same shear 

strength. Apparently, the oil sand materials did not densify as confining pressure 

increased, hence the shear strength did not increase. It is worth mentioning that none of 

the specimens tested failed by shear, rather all the test specimens bulged when the 

applied shear stress reached the peak value. This failure mode resulted in zero friction 

angles for all the oil sand samples, i.e., there is no or negligible interlock between the 

sand grains of the materials. The zero friction angles obviously are not reflective of the 

dense nature of the tested oil sand materials.   

Dusseault and Morgenstern (1978b) and Agar et al. (1983), reported that oil sand 

derives its strength from the dense interlocking grain structure it exhibits. Therefore, the 

test results obtained from this study show that there was no significant contact between 

the grains of the oil sands tested, which resulted in zero friction angle. In a related case, 

Dusseault and Morgenstern (1978b) abandoned triaxial tests in favor of direct shear test 

for Athabasca oil sands. One of the reasons was that sample uniformity and the required 

number of similar specimens to describe Mohr-Coulomb envelopes could not be obtained 

from triaxial testing.   

In this study, the direct shear tests were performed to verify the ambiguity in the 

triaxial test results obtained for the oil sand samples. However, the small cohesion values 

obtained for all the samples appear to reasonably agree with findings by Round (1960), 

Morgenstern and Dusseault (1978b) and Agar et al. (1987). Generally, no significant 

difference was found between cohesion of the three oil sand samples at 20oC and at 30oC. 

Cohesion was found to be relatively higher at 20oC than at 30oC for all the oil sands with 

the AU-14 sample giving the highest cohesion value of 24.8 kPa at 20oC. Note that in 

Figure 5.5c, the Mohr circles lying above the failure envelope (test # 1 and test #3) were 

not considered for determining the cohesion property of AU-14 sample.  
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      TABLE 5.2   Triaxial Shear Strength Test Results for Oil Sand Samples at 20oC 

 Peak Shear Stress @ Normal Stress (kPa)  Strength Properties 
Sample ID 

 20.7 41.4 69 138 276  φ ( Deg) c ( kPa) 

SE-09  32.5 26.7 35.5 33.9 27.0  0 15.7 

SE-14  40.6 43.9 43.9 41.6 50.9  0 22.3 

AU-14  62.7 51.1 69.0 41.3 41.9  0 24.8 

 

 

 

       TABLE 5.3   Triaxial Shear Strength Test Results for Oil Sand Samples at 30oC 

 Peak Shear Stress @ Normal Stress (kPa)  Strength Properties 
Sample ID 

 20.7 41.4 69 138 276  φ ( Deg) c ( kPa) 

SE-09  24.5 33.3 34.0 31.3 21.5  0 15.0 

SE-14  22.2 20.7 24.5 25.9 21.4  0 13.0 

AU-14  28.7 22.9 22.9 28.7 30.2  0 15.4 
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FIGURE 5.5   Mohr Circles for Oil Sand Samples at 20oC. 
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FIGURE 5.6   Mohr Circles for Oil Sand Samples at 30oC. 
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5.3.2.2   Analysis of Direct Shear Test Data  

The results for the direct shear tests for all three oil sand samples are reported in 

Tables 5.4 and 5.5.  In these tables, the maximum deviator stress at failure, the applied 

normal stresses, and shear strength properties are summarized for test temperatures of 

20oC and 30oC. Note that only 4 direct shear tests were performed for the oil sand 

samples at 30oC. There were insufficient oil sand samples to conduct the tests at all the 

six confining stresses.   

 

       TABLE 5.4   Direct Shear Strength Test Results for Oil Sand Samples at 20oC 

 Peak Shear Stress @ Normal Stress (kPa)  Strength Properties 
Sample ID 

 20.7 41.4 69.0 138.0 276.0 552.0  φ ( Deg) c ( kPa) 

SE-09 27.3 45.7 59.8 126.3 218.3 473.4  39.4 6.2 

SE-14 26.2 52.1 77.6 94.1 223.1 417.9  35.7 15.2 

AU-14 32.2 41.8 61.2 123.0 210.2 365.9  32.1 22.9 

  

 

      TABLE 5.5   Direct Shear Strength Test Results for Oil Sand Samples at 30oC 

 Peak Shear Stress @ Normal Stress (kPa)  Strength Properties 
Sample ID 

 69.0 138.0 276.0 552.0  φ ( 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 31.4 

 

Comparisons between the test results indicate that the oil sand materials exhibit 

higher friction angles at 20oC than at 30oC. On the other hand, the cohesion parameter 

was found to be higher at 30oC than at 20oC. Overall, the SE-09 sample has the highest 

friction angle and the lowest cohesion, whereas AU-14 has the lowest friction angle and 

highest cohesion. The SE-09 sample has the highest friction angle and the lowest 

cohesion at 30oC.  
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There is apparently no significant difference between friction angle and cohesion values 

of SE-14 and AU-14 samples. Both AU-14 and SE-14 samples have higher cohesion 

intercepts compared to SE-09 sample.  

As mentioned previously, high φ values implies ability of the geomaterial to 

develop strength under confinement and resist permanent deformation, and high c values 

means high resistance of the geomaterials to shearing stresses. Although, the differences 

between the test parameters are not large, the SE-09 sample is expected to have greater 

potential to resist field sinkage or permanent deformation when compared to SE-14 and 

AU-14 samples. The behavior of SE-14 sample appears to be close to the AU-14 sample. 

This could be expected since the difference between their bitumen contents is not 

significant. It appears bitumen content has effect on shear strength of oil sand materials. 

This effect could be explained in more detail if the characteristics of the bitumen were 

better known.  

Generally, the high friction angles and low cohesion exhibited by the three oil 

sand samples are in agreement with research findings of Round (1960) and Dusseault and 

Morgenstern (1978b). All these studies reported low or negligible cohesion and high 

friction angles for oil sand materials in direct shear tests. Typical “c” values for oil sand 

materials from direct shear tests under different test conditions are less than 20 kPa; 

whereas typical “φ” values range mostly between 30 and 60o (Round 1960, Dusseault and 

Morgenstern 1978b). These researchers also noted that oil sand with high quartz content 

or highly coarse-grained in nature have high shear strength properties.  

Based on the test results, shear strength models were developed for each oil sand 

sample using Mohr-Coulomb failure envelopes. Figures 5.7 and 5.8 show the Mohr-

Coulomb failure envelopes developed from the cohesion c and angle of internal friction φ 

for the three oil sand materials. It can be observed from Figures 5.7 and 5.8 that high 

normal stress has a significant influence on the shear strength properties of the oil sand 

samples.  
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FIGURE 5.7   Mohr-Coulomb Failure Envelopes for Oil Sand Samples at 20oC. 
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FIGURE 5.8   Mohr-Coulomb Failure Envelopes for Oil Sand Samples at 30oC. 
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5.4   Summary 

Shear strength tests to allow application of somewhat high confining or normal 

stresses were used to determine strength properties of one fine-grained soil and three 

types of oil sand samples. Triaxial compression tests were performed on the soil sample 

at optimum water content, wopt = 14.3%, dry of optimum, w = 11.3% and wet of 

optimum, w = 17.3%. Both triaxial compression and direct shear tests were performed on 

the oil sand materials with bitumen contents of 8.5%, 13.3% and 14.5% at test 

temperatures of 20oC and 30oC. Results from the two test procedures could not be 

effectively compared since the triaxial tests produced zero friction angles for all the oil 

sand materials. However, the results from the direct shear tests were comparable to other 

laboratory tests performed on similar oil sand samples. Based on the test results Mohr-

Coulomb failure models were developed to characterize the soil sample at each moisture 

state, and each of the three oil sand samples at the two test temperatures. The test results 

for both the soil and oil sand samples showed that the soil sample at dry of optimum and 

the oil sand sample with lowest bitumen content would have greater ability to resist 

potential rutting (sinkage) in the materials. This observation was evident from high 

friction angles obtained for the soil sample at dry of optimum and the oil sand sample 

with less bitumen content. The major findings derived from the shear strength tests are as 

follows:  

1. Both cohesion and angle of friction of the soil sample were higher at dry of 

optimum than optimum and wet of optimum water contents. Also, the shear 

strength properties were higher at optimum than wet of optimum water content. A 

change in water content of the soil sample by 3% below optimum resulted in 

about 1.06 times of friction angle and about 2.23 times of cohesion at dry of 

optimum. On the other hand, a change in water content by 3% above optimum 

resulted in 0.85 times of friction angle and about 0.3 times of cohesion at wet of 

optimum.   

2. The triaxial compression tests performed on the three oil sand materials gave zero 

friction angles. All specimens failed by specimen mid-height budging, which 

suggests that there were apparently no interparticle contacts between the sand 

grains in the oil sand samples.  
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The results obtained for cohesion intercept was rather reasonable and agreed with 

results reported in the literature for similar oil sand samples.  

3. Direct shear tests were performed to obtain friction angle and cohesion strength 

properties of the oil sand materials. The test results indicated that the oil sand 

samples had higher friction angles at 20oC than at 30oC, and lower cohesion 

values were obtained at 20oC. Generally, SE-09 sample had the highest friction 

angle and lowest cohesion, whereas AU-14 had the lowest friction angle and 

highest cohesion at the two test temperatures. The differences in friction angle 

and cohesion between SE-14 and AU-14 sample were insignificant. 
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CHAPTER 6   MODULUS AND PERMANENT DEFORMATION BEHAV IOR OF 

OIL SAND MATERIALS 

6.1   Introduction 

Deformation of geomaterials is generally divided into two parts: elastic 

(recoverable) and plastic (permanent) deformations. The plastic deformation measures 

the rutting potential of the geomaterial, whereas the elastic deformation the resilient 

behavior of the geomaterial. Current field studies on oil sand materials characterized total 

deformation behavior under heavy construction and mining equipment. However, it is 

important that the elastic and plastic deformations of oil sands are studied separately in 

order to adequately describe field loading responses of these materials under equipment 

wheel loads to develop various stiffness, sinkage and rutting models.  

In comparison to strength characteristics, less research has been devoted to 

resilient and permanent deformation behavior of oil sand materials in the laboratory.  One 

plausible reason is that oil sands behavior under haul trucks or shovels are still far from 

advanced. Another reason is the lack of laboratory test procedures or equipment capable 

of simulating field loading conditions, and providing data to characterize resilient and 

permanent deformation behavior of oil sands.  The repeated load triaxial test has been the 

well accepted test method in analyzing the elastic and plastic deformations in 

geomaterials. The current procedure applies typical highway loading conditions on 

samples to obtain data for resilient modulus and permanent deformation (AASHTO 

T307). In this chapter a newly developed repeated load triaxial test procedure, which 

applies higher stress ratios than the current AASHTO T307 test procedure, is used to 

characterize resilient modulus and permanent deformation 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 models for geomaterials are 

based on the applied stress states and the number of load repetitions.  
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Recently, Thompson (1984a), Lekarp, et al. (2000) have shown from laboratory studies 

that load pulse duration or frequency of loading linked to field trafficking speeds has a 

significant influence on the permanent deformation accumulation in geomaterials. Studies 

on rutting potential of paving and bituminous base mixes in general indicate that 

permanent deformation is closely related to asphalt content (Barksdale 1973, 1987). 

Vehicular loading characteristics are one of the major factors affecting permanent 

deformation in the field (Kim and Tutumluer, 2006).  

It is recognized that the considerable amount of bitumen in the oil sands, high 

applied loads from the mining equipment, seasonal changes in temperature, and the 

number of truck passes or load applications are major factors that control deformation 

behavior of oil sands (Joseph, 2005). The field loading characteristics of large capacity 

mining equipment is another major factor that could affect permanent deformation 

behavior of oil sands due to the large nominal payloads and high tire pressures. These 

mining equipment, particularly, haul trucks could produce high vertical stress to 

confining stress ratio of 3.20 in the field.  To date, no comprehensive laboratory test 

procedure discusses the individual permanent deformation behavior of oil sand materials. 

Instead, several research studies on oil sands have traditionally been focused on obtaining 

laboratory stress-strain test data to describe shear strength and elastic behavior of oil 

sands (Dusseault and Morgenstern 1978b, Agar et al. 1987, Samieh and Wong 1997, 

Morgenstern and Scott 1997, Wong 2001, 2003 and 2005)  

To study permanent deformation behavior of oil sands in the laboratory, typical 

loading conditions of mining equipment should be simulated using proper laboratory test 

procedures and testing equipment. Test results could be used for developing permanent 

deformation prediction models to better understand mobility and equipment sinkage 

related problems in oil sands. 

6.2.2   Resilient Behavior  

Resilient modulus is widely used as a key input property of pavement foundation 

geomaterials for pavement design. Under the repeated application of dynamic loads, the 

recoverable strains are used to evaluate the resilient properties of pavement foundation 

geomaterials.  
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Traditionally, resilient modulus (MR) used for the elastic stiffness of pavement materials 

is defined as the repeatedly applied wheel load stress divided by the recoverable strain 

determined after shakedown of the material.  

Field plate load tests conducted on oil sand materials have indicated that oil sands 

exhibit stress-softening type deformation behavior, that is, resilient modulus decreases 

with increasing deviator stress. Joseph (2005) reports that oil sand is currently used as 

subgrade materials for the construction of permanent and temporary roads in oil sand 

fields for hauling activities. According to Joseph, coarse-grained gravels and crushed 

limestone are used as layers above the oil sand subgrade materials, thereby providing a 

somewhat full pavement structure for the mining activities.  Joseph (2005) observed that 

during Summer, deformation and stiffness problems were prevalent in pavements with 

high-grade oil sand subgrade compared with those with low-grade oil sand subgrade 

materials. The low-grade oil sands performed significantly better as subgrade material 

than high-grade oil sands (Joseph, 2005). In this study, the elastic properties obtained 

from the repeated load tests are used to characterize modulus behavior of the three oil 

sand materials tested.  Nonlinear resilient modulus models are developed, and used to 

describe the resilient behavior of the oil sand materials. These models would support the 

on-going oil sand field studies to assess the possibility of utilizing different grades of oil 

sands as subgrade materials for mining road structures.  

6.3   Laboratory Testing  

The newly developed test procedure in section 3.5.5.3 (Procedure C) was used to 

conduct permanent deformation tests on the three oil sand samples. This test procedure is  

based on the field loading characteristics of the haul trucks and mining equipment for oil 

sands considers stress ratios ranging from 1.15 to as high as 7.67 and total vertical 

stresses (σ1) as high as 552 kPa (80 psi) (see Table 6.1).  Permanent deformation tests 

were conducted at two temperatures, 20oC and 30oC, to account for spring and hotter 

summer periods, respectively.  Further, two different haversine load pulse durations of 

0.1 and 0.5 seconds were also included in the laboratory testing program to consider the 

effects of different trafficking speeds of haul trucks and other mining equipment on the 

oil sand sinkage and rut development in the field.  
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The UI-FastCell integrated with IPC Universal Testing Machine (UTM) loading 

device, was used for applying stresses on the specimen. During testing, gyratory 

compacted oil sand specimens were subjected to different applied stress states and 

principal stress ratios (σ1/σ3) as listed in Table 6.1.  Each deviator stress σd (= σ1-σ3) and 

constant confining stress σ3 pair was applied on one specimen with the deviator stress 

repeatedly pulsed in the vertical direction for a total of 1,000 load cycles except for the 

replicate tests, which were performed at σd = 138 kPa (20 psi) and σ3 = 138 kPa (20 psi) 

only for a total of 10,000 load cycles and later used to check permanent deformation 

model performances. The specimen’s vertical displacement was determined by averaging 

readings of the two axial linear vertical displacement transducers (LVDTs).  Permanent 

deformations (δp) were recorded for each cycle and the corresponding plastic strains (εp) 

were computed.  A total of 36 tests were designed for each type of bituminous sand 

material, i.e., SE-09, SE-14, and AU-14, to establish a full factorial test matrix.  That is, 

nine applied stress states with the σ1 to σ3 stress ratios listed in Table 6.1 were repeated at 

20oC and 30oC, and two load pulse durations of 0.1 and 0.5 seconds with 0.9- and 

0.5-second rest periods, respectively.  

 6.4   Analysis of Permanent Deformation Test Results  

Permanent deformation test data obtained for all three oil sand materials showed 

that permanent strains typically accumulated as power functions with increasing number 

of load applications.  Figures 6.1a and 6.1b show the permanent strain accumulations for 

the three oil sand samples recorded at the applied confining stress of 41.4 kPa (6 psi) and 

deviator stress of 138 kPa (20 psi) for σ1/σ3 = 4.33. As expected, higher permanent 

deformations accumulated at 30oC when compared to the results at 20oC. Similar trends 

of higher permanent deformation accumulations were observed for the higher grade 

SE-14 with 13.3% bitumen content (wb) when compared to SE-09 results and for the tests 

conducted with the longer 0.5-second load pulse duration (Pd).  In regard to load pulse 

duration effects on permanent deformation, these εp test results were in very good 

agreement with the test data on granular base materials reported earlier by Kim and 

Tutumluer (2006).  
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As shown in Figures 6.1a and 6.1b, the AU-14 sample (wb = 14.5%) had the highest 

permanent strain accumulations, followed by the SE-14 sample (wb = 13.3%) and SE-09 

(wb = 8.5%).  These laboratory findings also agree very well with the observed field 

behavior of oil sand materials (Joseph 2005).  It should be noted that rheological 

properties of bitumen in the oil sands were not considered in detail.  However, because 

the three oil sands samples were obtained from the same deposit, it can reasonably be 

assumed that the rheological properties should be similar.  Further, no information was 

found from the most recent field study conducted on these oil sand materials in relation to 

the rheological properties of the bitumen (Joseph 2005).  

 

       TABLE 6.1   Applied Stress States in the Permanent Deformation Test Procedure  

Stress Statesa (kPa) 
Specimen 

Number 
Confining Stress 

(σ3) 
Deviator Stress (σd) 

Total Vertical Stress 

(σ1) 

Stress 

Ratio 

(σ1/ σ3) 

1 41.4 41.4 82.8 2.00 

2 41.4 138 179.4 4.33 

3b 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 

              a: 1 psi = 6.9 kPa 

              b: Specimens did not survive this high principal stress ratio  



 106 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 200 400 600 800 1000 1200

P
er

m
a

ne
nt

 A
xi

al
 S

tr
a

in
, %

Number of Load Applications

wb = 14.4%, pd = 0.5s 

wb = 14.4%, pd = 0.1s 

wb = 13.3%, pd = 0.5s 
wb = 13.3%, pd = 0.1s 

wb = 8.5%, pd = 0.1s 
wb = 8.5%, pd = 0.5s 

(a) Temperature = 20oC

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 200 400 600 800 1000 1200

P
e

rm
a

ne
nt

 A
xi

al
 S

tr
a

in
, %

Number of Load Applications

wb = 14.4%, pd = 0.5s 

wb = 14.4%, pd = 0.1s 

wb = 13.3%, pd = 0.5s 

wb = 13.3%,pd = 0.1s 

wb = 8.5%,pd = 0.1s 
wb = 8.5%,pd = 0.5s 

(b) Temperature = 30oC

 

FIGURE 6.1   Permanent Axial Strain Accumulations at Principal Stress Ratio, σ3/σ3 = 4.33  
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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 deformation were further 

investigated for the three oil sand materials tested at different load pulse durations and 

temperatures.  Figures 6.2a and 6.2b show permanent strains recorded at the 1,000th load 

cycle (@ N=1,000 cycles) graphed with the applied principal stress ratios (σ1/σ3) for the 

test temperatures of 20oC and 30oC, respectively.  Note that 1,000th load cycle permanent 

strains are generally higher at 30oC than at 20oC. Joseph (2002a) reported a similar 

situation from the field studies, where oil sands experienced higher permanent 

deformations under heavy mining equipment during summer than winter seasons. At low 

principal stress ratios, i.e., σ1/σ3 < 2.00, there was a gradual accumulation of permanent 

strain in the oil sand samples compared with the significantly higher accumulations when 

the stress ratio was greater than 2.00 (see Figure 6.2).  It appears that there is no 

significant difference in permanent strains between the two load pulse durations, and 

between the three oil sand materials when the stress ratio is below 2.00.  However, for 

principal stress ratios greater than 2.00 (σ1/σ3 = 7.67 in Table 6.1 could not be applied 

since specimens did not survive this high principal stress ratio), the effect of principal 

stress ratio on permanent strain accumulation becomes quite significant.  There is a clear 

difference in the trend lines of permanent strain accumulation between the two load pulse 

durations (Pd = 0.5 seconds and 0.1 seconds) supported by the exponential curve-fitting in 

the combined test data.  Overall, the permanent strains in the AU-14 sample were 

significantly higher at the large stress ratios than those of the SE samples.  At a principal 

stress ratio of 4.33, the 1,000th load cycle permanent strains in AU-14 were found to be 

about 1.8 to 2.5 times higher than those of the SE-14, and 3.0 to 3.5 times higher than 

those of the SE-09 for the two test temperatures, whereas at a principal stress ratio of 3.0, 

permanent strains in AU-14 were found to be in the range of 1.2 to 1.4 times higher than 

those of the SE-14 and 2 to 2.8 times higher than those of the SE-09.  There is a 

significant impact of applied stresses, especially the principal stress ratios, and the 

bitumen content on the permanent deformation behavior of naturally occurring 

bituminous sands.   
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FIGURE 6.2   Permanent Axial Strains Recorded at the 1,000th Load Cycle as a Function   
of Applied Stress Ratios. 
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6.4.1.2   Effect of Deviator Stress 

The effects of deviator stress on permanent deformation were studied at 

30 degrees Celsius and load duration of 0.5 seconds for the oil sand materials at different 

confining stresses (pressures). Note that from the previous discussions, permanent 

deformation in all the oil sand materials at 30oC and 0.5 seconds represents the worse 

condition. Figures 6.3 to 6.5 show typical effects of increasing deviator stress on 

permanent strain accumulation of the oil sand materials tested at three confining stress, 

41.4, 138, and 276 kPa. For all the three oil sand materials tested, the trend found 

between permanent strain and the number of load applications is that as the applied 

deviator stress increased, the magnitude of the axial permanent strain accumulation 

increased. The increase in strain was very significant at high deviator stress-low 

confining stress pair stress states. Thus, permanent strains are significantly lower at low 

confining stress (41.4 kPa) compared with the high confining pressures of 138 kPa and 

276 kPa. The permanent strains at deviator stress of 138 kPa are also lower than those for 

276 kPa. This implies that oil sand materials would experience considerable amount of 

permanent deformation under dynamic applied load of construction and mining 

equipment in the field. In other words, the wheel/track loads from haul trucks or shovels 

tracks will induce more sinkage and rutting as the vertical stress increases in the oil sand 

materials.  
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 (a) Confining Pressure = 41.4 kPa 
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(b) Confining Pressure =138 kPa 

FIGURE 6.3   Effect of Deviator Stress on Permanent Strain Accumulation in SE-09 
Sample: (a) Confining Pressure = 41.4 kPa, (b) Confining Pressure = 138 kPa and (c) 
Confining Pressure = 276 kPa. 



 111 

0.0

0.1

0.2

0.3

0.4

0 200 400 600 800 1000

Number of Load Applications

P
er

m
an

en
t 

A
xi

al
 S

tr
ai

n,
 %

σd = 276 kPa

σd = 138 kPa

σd = 41.4 kPa

 

(c) Confining Pressure = 276 kPa 

FIGURE 6.3   Effect of Deviator Stress on Permanent Strain Accumulation in SE-09 Oil 
Sample: (a) Confining Pressure = 41.4 kPa, (b) Confining Pressure = 138 kPa and (c) 
Confining Pressure = 276 kPa. 
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(a) Confining Pressure = 41.4 kPa 
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FIGURE 6.4   Effect of Deviator Stress on Permanent Strain Accumulation in SE-14 
Sample: (a) Confining Pressure = 41.4 kPa, (b) Confining Pressure = 138 kPa and (c) 
Confining Pressure = 276 kPa. 
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(c) Confining Pressure = 276 kPa 

FIGURE 6.4   Effect of Deviator Stress on Permanent Strain Accumulation in SE-14 
Sample: (a) Confining Pressure = 41.4 kPa, (b) Confining Pressure = 138 kPa and (c) 
Confining Pressure = 276 kPa. 
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(a) Confining Pressure = 41.4 kPa 
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FIGURE 6.5   Effect of Deviator Stress on Permanent Strain Accumulation in AU-14 
Sample: (a) Confining Pressure = 41.4 kPa, (b) Confining Pressure = 138 kPa and (c) 
Confining Pressure = 276 kPa. 
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(c) Confining Pressure = 276 kPa 

FIGURE 6.5   Effect of Deviator Stress on Permanent Strain Accumulation in AU-14 
Sample: (a) Confining Pressure = 41.4 kPa, (b) Confining Pressure = 138 kPa and (c) 
Confining Pressure = 276 kPa. 

 

6.4.1.3   Effect of Confining Stress  

The effect of confining pressure is also studied for the oil sand samples at a 

temperature of 30oC and load duration of 0.5 seconds. Figures 6.6 to 6.8 show the 

combined effects of confining pressure and deviator stress on permanent deformation at a 

temperature of 30oC and load duration, 0.5 seconds for the three oil sand materials. The 

figures show the rate of permanent strain accumulation at 1,000th load cycle for each of 

the three confining pressure levels 41.4, 138, and 276 kPa. Permanent strain 

accumulation rates (i.e., slope of the lines) generally decreased as the magnitude of the 

confining pressure increased. The observed rate of accumulation indicates that the oil 

sand samples would resist permanent deformation buildup under higher confinement in 

the field.  
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Thus, at low confining pressures, oil sand materials located directly under construction 

and mining equipment wheel/track would be more vulnerable for sinkage and rutting. 

Previous authors have reported similar behavior on pavement geomaterials under 

highway and aircraft wheel loads (Barksdale 1972, Lekarp et al. 2000, Kim 2005).  
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FIGURE 6.6   Effect of Confining Stress on SE-09 Permanent Deformation Development. 
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FIGURE 6.7   Effect of Confining Stress on SE-14 Permanent Deformation Development. 
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FIGURE 6.8   Effect of Confining Stress on AU-14 Permanent 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 32 different applied stress states 

(see Table 6.1 with the exception of σ1/σ3 = 7.67) were obtained from the experimental 

program for each oil sand material at two temperatures and two load pulse durations.  

Overall, 96 test results were therefore obtained for the three oil sands.  A single test data 

set consisted of about 250 stress-strain data points giving 8,000 data points for each 

material and therefore 24,000 data points for all the three oil sands.   

The phenomenological power model, expressed by εp (%) = A*Nb, was used to 

evaluate the permanent strain accumulation of the oil sand materials with number of load 

applications N.  Statistical regression analyses were performed using this power model to 

obtain the model parameters A and b.  Tables 6.2 through 6.4 present a summary of the 

model parameters obtained for individual tests conducted at 20oC and at 30oC. The power 

model adequately predicts the permanent strain accumulations from individual tests as 

observed from the generally high correlation coefficients (R2 values) also given in Tables 

6.2, through 6.4. The model parameters A and b were investigated to identify their 

dependence on the applied stress states, temperature, load pulse duration, bitumen content 

and three gradation properties (Cu, Cc and D50).  The parameter A accounts for the 

permanent strain accumulated at the first load cycle and parameter b describes the rate 

(slope) of permanent strain accumulation when linear graph of logarithm of εp is plotted 

against logarithm of N. This was recently affirmed by Kim and Tutumluer (2006). As 

indicated in Tables 6.2 through 6.4, parameter A generally increased with increasing 

deviator stresses, thus indicating higher immediate sinkage and permanent strain 

development under heavier wheel loading, whereas parameter b had a slight decreasing 

trend not affecting notably the rate of permanent strain accumulation with increasing load 

applications.    
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TABLE 6.2a   Permanent Deformation εεεεp =A*N b Model Parameters: SE-09 at 
Temperature 20oC, and Load Duration 0.1sec 

σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: SE-09 at 
Temperature 20oC, and Load Duration 0.5sec 

σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: SE-09 at 
Temperature 30oC, and Load Duration 0.1sec 

σ3 σd A b R2 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 42.5 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 Deformation εεεεp =A*N b Model Parameters: SE-09 at 
Temperature 30oC, and Load Duration 0.5sec 

σ3 σd A b R2 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 
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TABLE 6.3a   Permanent Deformation εεεεp =A*N b Model Parameters: SE-14 at 
Temperature 20oC, and Load Duration 0.1sec 

σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: SE-14 at 
Temperature 20oC, and Load Duration 0.5sec 

σ3 σd A b R2 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 44.7 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 Deformation εεεεp =A*N b Model Parameters: SE-14 at 
Temperature 30oC, and Load Duration 0.1sec 

     σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: SE-14 at 
Temperature 30oC, and Load Duration 0.5sec 

σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: AU-14 at 
Temperature 20oC, and Load Duration 0.1sec 

σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: AU-14 at 
Temperature 20oC, and Load Duration 0.5sec 

σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: AU-14 at 
Temperature 30oC, and Load Duration 0.1sec 

σ3 σd A b R2 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 Deformation εεεεp =A*N b Model Parameters: AU-14 at 
Temperature 30oC, and Load Duration 0.5sec 

σ3 σd A b R2 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 controlling permanent deformation/strain 

behavior of the oil sand materials, statistical correlation analyses were conducted to 

establish those noteworthy dependencies between the model parameters A and b and the 

applied stress states. Equations 6.1a to 6.1e and Figure 6.9 summarize the correlation 

results between the model parameters and the applied stress levels for the entire database 

of all oil sand material test results.  Generally, Parameter A in the power model 

εp = A*Nb is known to be primarily a function of applied stress states whereas b largely 

depends on the soil or geomaterial type (Bejarano and Thompson 1999). As shown in 

Figure 6.9, the strongest correlation obtained for parameter A was with the principal 

stress ratios (σ1/σ3) giving a considerably high correlation coefficient of R2 = 0.84. This 

indicates that parameter A is a function of stress ratios and its values increased 

exponentially with the increasing σ1/σ3 ratios.  High stress ratios would induce large 

permanent deformation in the oil sand materials, especially at the initial load application.  

A relatively strong correlation was also obtained between parameter A and the applied 

deviator stress but not with the confining stress σ3 (see Equations 6.1a and 6.1b).  On the 

other hand, weaker correlations were typically found between parameter b and the 

applied stress levels (see Equations 6.1c to 6.1e) indicating that applied stresses had little 

effect on parameter b. These are all in agreement with others who reported in general that 

confining stress had little impact on parameter A, and the applied stress states did not 

influence much the b parameter (Barksdale 1971, Garg and Thompson 1998).  

 

 σ 0.0003A 1.1667
d=    ;                 R2 = 0.54 (6.1a) 

0.6857
3σ 2.0719A −=    ;                R2 = 0.19 (6.1b) 

4581.0

3

1
σ

σ 0.2042b
−







⋅=    ;      R2 = 0.26 (6.1c) 

 σ  0.5091b -0.2636
d=   ;                R2 = 0.27 (6.1d) 

1338.0
3σ 0.0779b =      ;                R2 = 0.07 (6.1e) 
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FIGURE 6.9   Model Parameter A as a Function of Principal Stress Ratio, σ1/σ3. 

 

No significantly strong or noteworthy correlations, such as shown in Figure 6.9 

for parameter A, were obtained individually between parameters A and b and the other 

test variables, i.e., test temperature, load pulse duration and bitumen content. Detailed 

statistical analyses conducted using the SAS software package, however, indicated that 

parameter b had somewhat stronger correlations with bitumen content and load pulse 

duration than parameter A. On the other hand, parameter A could be more significantly 

linked to test temperature than parameter b suggesting that temperature, in relation to the 

applied stress states, could influence oil sand permanent deformation at the initial load 

application.  

6.5.3   Laboratory Validation of Permanent Deformation Models 

Additional laboratory tests were conducted on newly prepared specimens of all 

the three oil sand materials to check performances of the permanent deformation models. 

These tests were limited to only the 0.1-second load pulse duration, one applied stress 

state of 138 kPa (20 psi) equal confining and deviator stresses, and the two test 

temperatures of 20oC and 30oC.  
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This time, a total of 10,000 load cycles were applied on the replicate specimens in order 

to adequately validate the permanent deformation model performances for up to 1,000 

load cycles and further, check their prediction abilities at larger number of load 

applications.   

Figures 6.10a and 6.10b show both the experimental and model prediction results 

of permanent axial strain with number of load applications obtained at 20 and 30 degrees 

Celsius, respectively. Note that unlike in Figure 6.1, due to different stress states applied, 

AU-14 specimens did not yield the highest plastic strains.  In general, the close 

agreements between the laboratory measured and predicted results demonstrate the good 

repeatability of the test data and likewise good performances of the individually 

developed permanent deformation models for predicting plastic strains beyond 1,000 

cycles, for up to 10,000 load applications.   
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 (a) 20oC 

FIGURE 6.10   Permanent Strain Model Predictions for Additional Test Specimens: 
(a) Temperature = 20oC and (b) Temperature = 30oC.  
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(b) 30oC 

FIGURE 6.10   Permanent Strain Model Predictions for Additional Test Specimens: 
(a) Temperature = 20oC and (b) Temperature = 30oC.  

 

6.5.4   Unified Permanent Deformation Model Development 

 Since the overall objective was to develop a better basic understanding as well as 

to come up with practical predictive equations to estimate field sinkage and permanent 

deformation behavior of oil sands, the stress-strain data sets were combined to create 

individual databases of the three oil sand materials.  A close examination of the physical 

properties of the three oil sands; particle size distribution, density, and water content 

suggested that the individual databases could also be combined for analysis.  

The correlation coefficient R-square selection method in the SAS software was 

first used to determine which independent variables were potential candidates for the 

models.  The variables used in the selection include principal stress ratio, deviator stress, 

confining pressure, number of load applications, bitumen content, temperature, load pulse 

and three gradation properties (Cu, Cc and D50). It was found that permanent strain 

strongly depended on the principal stress ratio and the number of load applications.  
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There was relatively weak dependency of permanent strain on the applied deviator stress, 

temperature and bitumen content, and little or no correlation was found between the 

permanent strain and all the three gradation properties.  Therefore, principal stress ratio, 

number of load applications, applied deviator stress, temperature and bitumen content 

were selected as independent variables of the models. Various mathematical forms such 

as linear, nonlinear, logarithmic, and hyperbolic were investigated using multiple 

regression analyses. Considering the typical exponential growth of permanent strains 

with respect to number of load applications in the triaxial tests, the power or logarithmic 

functions were found to be most suitable for the models. Based on this result, five models 

were selected to study oil sand permanent deformation behavior.  

Table 6.5a lists three unified permanent strain models developed for each oil sand 

material and the model parameters obtained from multiple regression analyses. No 

significant differences were found among the model parameters for the three oil sands. 

Therefore, it was reasonable to combine the test data to develop a generalized model for 

oil sands. The combined data allowed bitumen content to be included as a variable in the 

analyses assuming similar bitumen properties among the three oil sands. Table 6.5b lists 

the generalized permanent strain models developed using the combined test data and 

gives the model parameters obtained from stepwise multiple regression analyses.  Note 

that high coefficient of correlation (R2) values were obtained for all the models, including 

models 1 through 3, thus indicating stress dependency had the predominant role in 

predicting permanent strain accumulation.  Since a comprehensive but yet practical 

model should also account for the additional effects of temperature and bitumen content 

in the oil sand, slightly improved models of 4 and 5 in Table 6.5b can be proposed for 

routine use in the estimation of field sinkage and permanent deformation behavior of oil 

sands. 

 

 

 

 

 

 



 130 

  TABLE 6.5a   Unified Permanent Strain Models Developed for Each Oil Sand Material 

 
Model 1     
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Model 4      λγ

d

β

3

1α
p Tσ

σ
σ NAε ⋅⋅





⋅⋅=   

 

Model Parameters 
Model  

Log A α β γ λ R2 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 Models Studied for Oil Sand Materials 
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Model 5   λη

b
γ

d
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3
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p TWσ
σ

σ .NAε ⋅⋅⋅
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Model Parameters 
Model  

Log A α β γ η λ R2 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 - 0.918 0.185 

5 -2.857 0.186 1.875 0.386 0.650 0.661 0.933 0.185 

 

6.5.5   Modified Permanent Strain Models Including Shear Strength 

Although the unified permanent strain models presented in Table 6.5b would give 

good prediction of rutting in the oil sand materials, it is important to incorporate the 

allowable shear strength property into these models to properly study the effect of shear 

strength in the field. Figure 6.11 shows Mohr-Coulomb representation of a typical stress 

state applied on a specimen during triaxial testing and the corresponding shear strength 

properties of the material. The Mohr-Coulomb envelope defines for the limiting 

maximum stress at failure or shear strength, τmax, and is given by τmax = c + σn*tanφ, 

where c and φ are the cohesion and friction angle, respectively, and σn is the normal 

stress acting on the failure plane.  Note that the failure plane makes an angle of 

(45o + φ/2) with the horizontal plane (see Figure 6.11).   
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FIGURE 6.11    Mohr-Coulomb Representation of Shear Strength and Applied Stress 
States.  
   

The applied stress states on the failure plane to compute a shear stress ratio of 

(τf /τmax) indicated in Figure 6.11 can be derived from the following equations: 
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where, σd = σ1-σ3 and, φ = friction angle in degrees. 

The triaxial compression test is one of the most common methods of determining 

friction angle φ and is the source of most of the existing data on friction angle of soils and 

granular materials. Other test methods including direct shear and plain strain test have 

also been successfully used to determine φ for soils and granular materials. For practical 

purposes, it is assumed that both triaxial compression and direct shear tests give similar 

values of friction angle.  
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A comparison of direct shear and conventional drained triaxial compression tests showed 

similar friction angles for residual soils derived from gneiss rock (Maccarini 1993).  

Accordingly, in this study, friction angles obtained from the direct shear tests were used 

in the shear stress ratio concept for modeling the permanent deformation behavior of the 

three oil sand materials. Note that undrained triaxial shear tests performed on the oil sand 

specimens did not result in shear failure in this study. 

During permanent deformation testing of an individual sample, a total of 8 

different stress states were applied on the specimens (see Table 6.1). These stress states 

are generally represented by Mohr circles that are positioned well below the Coulomb 

envelope.  For an individual stress state, the normal and shear stresses acting on the 

failure plane are also represented in Figure 6.11 as denoted by σf and τf, respectively.  

Therefore, at any applied stress state, a shear stress ratio of τf /τmax will have to give a 

certain fraction of the shear strength τmax of the material that is acting on the failure plane 

due to the applied total stresses.  A limiting value of this shear stress ratio is believed to 

control the permanent deformation behavior of the oil sands.  This is similar in concept to 

the subgrade stress ratio (ratio of deviator stress to unconfined compressive strength) 

approach proposed by Thompson (NCHRP 1-26, 1990) for controlling rutting behavior of 

subgrade soils. Anisotropic modular ratios of different types of aggregates have also been 

correlated with shear stress ratios using Mohr-Coulomb approach (Seyhan and Tutumluer 

2002).  

Note that it is fundamentally more correct to correlate permanent deformation to 

the shear strength properties using the test results obtained from the triaxial tests. A 

decrease in shear strength as a result of lower friction angle would result in higher shear 

stress ratio for the same stress level and vice versa. Thus, the shear stress ratio would be a 

good indicator of the oil sand performance under varying stress states. In addition, the 

shear stress ratio would also determine the maximum allowable working stress to control 

sinkage and rutting potentials. Therefore, a new set of characterization models for the 

permanent deformation behavior of oil sands were also developed to include shear 

strength.  Table 6.6 lists permanent strain models that incorporate shear stress 

ratio τf /τmax.  
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Stepwise multiple regression analyses were performed in the development of the 

modified permanent deformation models except that in this case, permanent strain had 

strong correlation with load pulse duration instead of deviator stress. It can be seen that 

the effect of principal stress ratio in the unified permanent deformation models is similar 

to the shear stress ratio formulated in the modified model. This is observed from the R2 

and RMSE trends for the two sets of models (Tables 6.5a and 6.6).  Thus, it can be 

concluded that an increase in the applied principal stress ratio is directly proportional to 

an increase in the applied shear stress ratio (τf /τmax) of the material.   

 

TABLE 6.6   Modified Permanent Strain Models Studied for Oil Sand Materials 
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Model Parameters 
Model  

Log A α β γ η λ R2 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 was calculated using the applied 

deviator stress and the corresponding recoverable strains.  
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The resilient modulus values computed from the 96th to 100th load cycles were averaged 

for each specimen at every stress state.  Tables 6.7 to 6.9 show the applied stresses and 

resilient modulus values obtained for the three oil sand samples at temperatures of 20oC 

and at 30oC. Resilient moduli for all the three samples were higher at 20oC than at 30oC. 

This trend is common to bituminous materials, which become stiffer at low temperatures 

than high temperatures. At the load duration of 0.1 seconds, the average resilient modulus 

of SE-09 sample at 20oC was about 28% higher than the resilient modulus at 30oC, and at 

0.5- seconds, the resilient modulus at of SE-09 sample at 20oC was about 31% higher 

than the resilient modulus at 30oC. For the SE-14 sample, resilient modulus at 0.1-second 

was about 26% higher at 20oC than the resilient modulus at 30oC, and at 0.5-seconds, the 

resilient modulus at 20oC was about 32% higher than the resilient modulus at 30oC. The 

AU-14 sample had the lowest differences in resilient modulus between 20oC and 30oC. 

At 0.1-second, the modulus was about 15% higher at 20oC than the resilient modulus at 

30oC, and at 0.5 seconds, the resilient modulus at 20oC was about 16% higher than the 

resilient modulus at 30oC. The data also indicate that there was virtually no difference 

between resilient modulus at 0.1 second and 0.5 second load durations for all the samples 

at the two test temperatures.  

The difference at 20oC and 30oC for the SE-09 sample was about 0.5% and 2.7%, 

respectively, whereas that of SE-14 samples was nearly zero percent at 20oC, and 2% at 

30oC. The AU-14 sample has the highest percentage difference of 4.7% and 5% at 20oC 

and 30oC, respectively.  This trend is in agreement with other studies (Boyce et al. 1976, 

Sousa and Monismith 1987, Sweere 1990) that reported the loading frequency or load 

duration has little to no effect on the modulus or stiffness properties of granular materials.  

Generally the SE-09 sample had the highest resilient modulus, and the AU-14 had 

the lowest.  The SE-14 also had higher resilient modulus values than AU-14, although at 

some stress states the moduli of the two samples were comparable. In general, the low 

grade oil sand material was stiffer than the high grade oil sands. This may explain why 

the low grade oil sand materials are the preferred subgrade materials for the haul roads in 

the mining fields.  
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      TABLE 6.7a   Resilient Modulus Test Results: SE-09 at Temperature = 20oC 

Load Duration = 0.1 seconds Load Duration = 0.5 seconds 

Applied Stress Applied Stress 

σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) 

40.4 42.5 98.1 39.8 44.7 97.4 

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 

278.0 229.2 292.1 278.0 272.8 285.2 

           

          

       TABLE 6.7b   Resilient Modulus Test Results: SE-09 at Temperature = 30oC 

Load Duration = 0.1 seconds Load Duration = 0.5 seconds 

Applied Stress Applied Stress 

σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) 

40.4 42.5 70.9 40.4 43.6 65.9 

40.4 136.4 65.5 40.4 141.9 72.2 

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-14 at Temperature = 20oC 

Load Duration = 0.1 seconds Load Duration = 0.5 seconds 

Applied Stress Applied Stress 

σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) 

40.4 43.1 70.9 40.4 44.7 86.1 

40.9 134.8 91.2 40.4 141.9 94.8 

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 44.7 251.7 

278.0 135.9 260.1 278.6 141.4 247.6 

277.5 223.7 262.6 278.0 272.8 249.6 

 

      

      TABLE 6.8b   Resilient Modulus Test Results: SE-14 at Temperature = 30oC 

Load Duration = 0.1 seconds Load Duration = 0.5 seconds 

Applied Stress Applied Stress 

σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(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 42.5 219.6 278.0 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 
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      TABLE 6.9a   Resilient Modulus Test Results: AU-14 at Temperature = 20oC 

Load Duration = 0.1 seconds Load Duration = 0.5 seconds 

Applied Stress Applied Stress 

σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(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 30.4 209.8 278.6 43.6 196.1 

278.6 133.1 197.9 278.6 140.8 194.3 

278.6 222.1 195.5 278.6 272.8 195.0 

 

 

  

      TABLE 6.9b   Resilient Modulus Test Results: AU-14 at Temperature = 30oC 

Load Duration = 0.1 seconds Load Duration = 0.5 seconds 

Applied Stress Applied Stress 

σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) σ3 (kPa) σd (kPa) 

Resilient 
Modulus 
(MPa) 

40.9 42.0 67.0 40.4 43.6 60.9 

40.4 136.4 47.1 40.4 141.9 45.1 

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 

277.5 222.6 189.5 278.0 272.8 178.5 
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6.7   Effects of Stress States on Resilient Behavior  

Based on the average values of resilient modulus at the two load durations 

(0.1 and 0.5 seconds), analyses were performed to characterize the three oil sand samples 

at the two test temperatures. Figures 6.12 through 6.14 show graphically the variations of 

resilient moduli of  SE-09, SE-14 and AU-14 samples with the applied deviator stresses 

at each of the three confining pressure levels (41.4, 138, and 276 kPa) . At constant 

confining pressure, an increase in deviator stress resulted in little or no change in the 

resilient modulus values for all the three oil sands materials. Only the AU-14 sample at 

confining stress of 41.4 kPa shows a clear decrease in resilient modulus with increasing 

deviator stress. These general trends support the findings from the field that oil sand is a 

stress softening material (Joseph 2002). Also, these results verify the AASHTO T 307 

preliminary tests performed on the SE-09 sample, which showed stress softening 

behavior of the material (section 3.4.3). As expected, resilient moduli generally increased 

with increasing confining stress for all the three oil sand 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. 
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6.8   Resilient Modulus Model Development 

Resilient modulus models, such as the Hicks and Monismith K-theta model 

(1971), Uzan model (1985), Witczak-Uzan universal model (1992), MEPDG model 

(NCHRP 1-37A, 2004) and Thompson and Robnett model (1979) consider the effects of 

stress dependency for modeling the nonlinear behavior of geomaterials. These models are 

commonly used to estimate the resilient modulus of soils and granular materials as a 

function of stress state, and handle very well the modulus or stiffness increase/decrease 

with increasing applied stresses in these geomaterials. The K-theta model considers the 

effects of bulk stress in axisymmetric analysis and the Witczak-Uzan universal and 

MEPDG models include an octahedral shear stress component instead of deviator stress, 

which makes them also applicable to three-dimensional finite element analysis. On the 

other hand, the bilinear or arithmetic model, (Thompson and Robnett 1979), and MEPDG 

model (NCHRP 1-37A, 2004) are used to characterize resilient behavior of fine-grained 

subgrade soils. In this study, the resilient responses of the oil sand samples were 

characterized by analyzing the characteristics of the regression model parameters of the 

K-theta, the universal, and the MEPDG models. It can be seen from Figures 6.11 to 6.13 

that only the high stress regimes of the bilinear model (Thompson and Robnett 1979) 

were considered in the tests. Therefore, the bilinear model would not give complete 

behavior including those at lower stress states.  

The nonlinear model parameters, k1, k2 and k3 were determined by first, 

expressing the resilient modulus models in logarithmic relationships to transform the 

power functions into linear expressions having separate terms (Equations 6.4, 6.5, and 

6.6). Multiple linear regression analyses were then performed to determine the model 

parameters, which were used to develop the resilient modulus prediction models for the 

three oil sand materials. 
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MEPDG Model: 
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where,  

            MR = resilient modulus, 

               θ = bulk stress = σ1 + σ2 + σ3, 

             σ1 = major principal stress, 

             σ2 = σ3 for triaxial test on cylindrical specimen, 

             σ3 = minor principal stress or confining stress in the triaxial cell 

            τoct = octahedral shear stress, 

                 2
32

2
31

2
21 )σ(σ)σ(σ)σ(σ

3

1 −+−+−=  

                 )σ(σ
3

2
31 −=  for cylindrical specimen in triaxial tests, 

             Pa = normalizing stress atmospheric pressure = 101.3 kPa (14.7 psi), and 

  k1, k2, k3 = model parameters obtained from regression analyses. 

Tables 6.10 to 6.12 show the overall summary of model parameters (ki) obtained 

from the analyses of the different nonlinear resilient modulus models selected for the 

study. Strong correlations were obtained for the three models as observed in the R2 values 

for all the three models. However, relatively low R2 values (R2 < 0.9) were observed for 

AU-14 oil sand sample in the K-theta model. The R-square values improved when both 

the Universal and MEPDG models were used for the analyses. The overall R2 values 

were comparatively higher in the Universal model than the K-theta and the MEPDG 

models. Also, higher k1 values were generally achieved at 20oC compared with 30oC. The 

model parameter k1 is proportional to the elastic property of the materials, whereas k2 and 

k3 contribute to the terms that involve bulk stress and octahedral shear stress, 

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

Model Parameters Oil Sand 
ID 

Temperature 
oC k1 (MPa) k2 

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 

Model Parameters Oil Sand 
ID 

Temperature 
oC k1 (MPa) k2 k3 

R2 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 Parameters of the MEPDG Model 

Model Parameters Oil Sand 
ID 

Temperature 
oC k1 (MPa) k2 k3 

R2 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 further investigated at a selected 

temperature of 20oC for the three oil sand samples. The results of measured and predicted 

resilient moduli are presented in Figures 6.15, through 6.17 for the SE-09, SE-14 and 

AU-14 samples. Overall, the K-theta model predicted resilient modulus quite well for all 

the three oil sand materials, especially the low grade oil sand material (SE-09). Also, the 

Universal model predicted resilient modulus better in SE-09 than SE-14 and AU-14 

samples even though performances of the models were better in the SE-14 sample than in 

the AU-14 sample. The explanation to the relatively weak performances of the selected 

models is that they perform better with stress-hardening granular materials such as clean 

sands, gravels, and crushed limestone compared to the stress-softening oil sand materials. 

Recall that, at constant confining pressure, resilient moduli of all the oil sand materials 

were statistically the same when the applied deviator stress was increased. It is reasonable 

to suggest that the amount of bitumen in the oil sand materials affected the model 

predictions. However, since the properties of the bitumen 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 Sample Resilient Modulus Models. 
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FIGURE 6.16   Performances of the SE-14 Oil sand Sample Resilient Modulus Models. 
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FIGURE 6.17   Performances of the AU-14 Oil sand Sample Resilient Modulus Models.  
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6.9   Summary 

A newly developed repeated load triaxial test procedure was used to conduct tests 

on three types of oil sands with bitumen contents of 8.5%, 13.3% and 14.5% by weight at 

two temperatures and two load pulse durations. Results from the tests were used to 

develop phenomenological power models εp = A*Nb, for characterizing permanent strain 

accumulation in the oil sand materials. The statistical analyses showed that there was a 

strong correlation between model parameter A and the principal stress ratio (σ1/σ3), 

which could give the immediate sinkage at the first load application as function of the 

applied stress states/ratios.  Using additional replicate test data, it was demonstrated that 

the developed permanent deformation models could reasonably predict permanent strain 

accumulations in the oil sand materials. When all the test data from the three oil sands 

were combined, unified permanent deformation models were successfully developed to 

account for applied principal stress states/ratios, temperature, bitumen content and oil 

sand gradation properties. In addition, the unified models were modified to include shear 

stress ratio to properly study the effect of shear strength in the field. Overall, the 

developed permanent deformation models can provide essential guidelines and practical 

predictive equations for estimating field sinkage and rutting potentials of oil sand 

materials under off-road haul trucks, shovels and other mining equipment.  

The test results were also used to develop the parameters for the K-theta, the 

universal and the MEPDG models to characterize the resilient modulus behavior of the 

oil sand materials. Good model predictions of resilient modulus value in the low grade 

SE-09 sample did not result in favorable results for the high grade SE-14 and AU-14 

samples.  

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

1. The applied stress states have significant influence on permanent deformation 

accumulation in the three oil sand materials. As the deviator stress increased both 

the magnitude and the accumulation rate of the permanent deformation increased 

in all the three oil sand materials. Also, permanent strain accumulation rates 

generally decreased as the magnitude of the confining pressure increased. The 

accumulation of the permanent strains becomes higher as the confinement levels 

decreased and the applied principal stress ratios (σ1/σ3) increased. This implies 
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that permanent strains accumulated in the oil sand materials relate directly to 

deviator stress and inversely to confining pressure as reported by Morgan (1966) 

for granular materials.  

2. Bitumen content, test temperature, and load pulse duration, all influenced 

permanent strain accumulation in the oil sand materials. At the same stress ratios, 

higher permanent deformation accumulations were observed in the high grades 

AU-14 and SE-14 samples than low grade SE-09 sample. Higher permanent 

deformations were also accumulated at 30oC and load pulse duration of 

0.5 seconds compared to the results at 20oC and 0.1 second load pulse duration. 

3. Resilient modulus increased with increasing confining pressure in all the oil sand 

samples. However, there was no significant effect of deviator stress on resilient 

modulus. The behavior of the oil sand samples appeared stress softening, 

especially in the high grade AU-14 sample in which resilient modulus generally 

decreased with increasing deviator stress. The resilient moduli of the three oil 

sand materials were generally higher at 20oC than at 30oC. This behavior is also 

observed in most bituminous materials in which stiffness gets higher at lower 

temperatures compared to high temperatures. There was statistically little or no 

significant difference between resilient modulus values at load pulse duration of 

0.1 and 0.5 seconds. The was found to be in agreement with other researchers 

who reported that loading frequency or pulse duration had little or no effect on the 

resilient modulus of granular materials. 

4. The K-theta model appears to give better predictions of resilient modulus for all 

the three oil sand materials. In addition to the K-theta model, only the universal 

model gave good prediction of resilient modulus for the 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 characteristics by the extent of 

distortion in soils and other geomaterials under applied loads. Cyclic triaxial test has been 

the most commonly used one for measuring shear modulus in the laboratory. In this test, 

the radial stress is typically held constant while deviator stress is applied cyclically on the 

sample. The shear modulus obtained from the cyclic tests is evaluated from modulus of 

elasticity by assuming a representative Poisson’s ratio for the soil. Results from cyclic 

triaxial tests have been mainly used to develop several empirical correlations of modulus 

and shear strain for soils. The most realistic shear loading, however, occurs when both 

varying confining and dynamic stresses are applied simultaneously on the sample. 

Obtaining such a loading condition in the laboratory would enable close simulation of the 

roll and bounce and rocking motions of construction and mining trucks and shovels in the 

field. 

This chapter investigates the shear modulus characteristics of the fine-grained 

cohesive soil and three oil sand materials in the laboratory using a newly developed pure 

shear test procedure. The developed pure shear test procedure applies varying confining 

and dynamic stresses simultaneously on the specimen to determine shear modulus. 

Conventional type cyclic triaxial tests are also conducted on the oil sand samples to 

compare test results with the results obtained from the pure shear test procedures. The 

results of both tests are used to develop characterization models to correlate shear 

modulus with factors affecting field loading conditions. In addition to shear modulus, 

phase angles of the tested materials are also obtained from the test data. 

7.2   Laboratory Testing 

Pure shear tests were performed on the soil and three oil sand samples using 

Procedure D described in detail under section 3.5.8. In addition, cyclic tests were 

performed on the oil sand materials using the standard ASTM D3999 test procedure for 

determining shear modulus of soils using cyclic triaxial apparatus.   
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Specimens of the soil and oil sand samples were prepared in accordance with the sample 

preparation methods described in section 3.5.4. The laboratory testing involved applying 

varying frequencies of continuous sinusoidal load to the test specimen, and measuring 

shear stress and shear strain responses to directly obtain shear modulus properties. Table 

7.1 summarizes the test program and testing conditions used to perform the pure shear 

tests. The cyclic triaxial tests were only performed at selected loading frequency of 2Hz 

and temperature of 20oC for comparison purposes.  

The UI-FastCell test setup was used to apply stresses on the soil specimens, and 

the RaTT cell setup was used for testing the oil sand specimens. The RaTT cell was 

specifically selected for the oil sand testing because of its temperature chamber and 

temperature transducer required for testing bituminous materials. A full factorial test 

matrix comprising 27 tests were conducted for the soil sample at three moisture states and 

one loading frequency.  For the three oil sand samples, a total of 108 tests were 

conducted at two test temperatures and two loading frequencies.  

 

 TABLE 7.1   Shear Modulus Test Program and Loading Conditions 

Soil Tests 

Sample ID                      : CAT A-6 

Loading Frequency (f)   : 5Hz 

Test Temperature (T)     : 22oC (room temperature) 

Confining Stress (σ3)     : 41.4, 69 and 138 kPa 

Cyclic Stress (τcyc)         : 20.7, 41.4, 69 and 138 kPa   

Water Content (w)         : w = 11.3%, 14.3% and 17.3%.                      

Oil Sand Tests 

Sample ID                      : SE-09, SE-14 and AU-14 

Loading Frequency (f)   : 2 and 10Hz 

Test Temperature (T)     : 20 and 30oC 

Confining Stress (σ3)     : 41.4, 69, and 138 kPa 

Cyclic Stress (τcyc)         : 20.7, 41.4, 69 and 138 kPa 

Bitumen content (wb)     : wb = 8.5% (SE-09); wb = 13.3% (SE-14) and wb = 14.5% (AU-14) 
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7.3   Test Data Analyses  

The raw test data obtained included applied axial and confining stresses, and the 

measured specimen axial and radial strains. The applied shear stress and corresponding 

shear strain were computed from Equations 3.5a and 3.5b, and the shear modulus was 

computed from Equation 3.6.  

To obtain the maximum shear stress and shear strain values, a generalized 

mathematical curve fit function given in Equation 3.8 was used to fit the sinusoidal 

loading test data obtained from the tests. Figures 7.1a and 7.1b are two typical plots of 

the raw test data.  The figures represent typical test results for an oil sand sample at a 

loading frequency of 2Hz and 5 load cycles. In these figures shear stress and the 

corresponding shear strain are graphed with elapse time. The curve fit function presented 

in Equation 3.8, was used to perform least squared error regression analysis with 

Microsoft Excel Solver to calculate the amplitude of the sinusoidal pulse (Equation 3.9a) 

that represents peak (maximum) shear stress and strain. The parameters for computing 

the amplitude of the shear stress and shear strain curves 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 Sample at 2Hz Frequency and 5 Load 
Cycles: (a) Shear Stress; (b) Shear Strain. 
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FIGURE 7.1b   Raw Test Data for One Oil Sand Sample at 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 obtain shear modulus and phase 

angle at the optimum water content (wopt = 14.3%), and dry of optimum (w = 11.3%) and 

wet of optimum (w = 17.3%) moisture states. A single data set contains 250 stress-strain 

data points for one specimen. A total of 2,250 set of data points from 9 tests was obtained 

for the soil sample at each moisture state.  

Table 7.2 lists a summary of the soil test results at the three moisture states. The 

shear modulus values at w = 17.3% are extremely low compared with the values at 

w = 11.3% and 14.3%. An average shear modulus measured at the optimum was found to 

be about 8 times the shear modulus at the wet of optimum moisture state. Also, the 

average shear modulus at dry of optimum moisture state is about 3.5 times the shear 

modulus at the optimum. Thus, a change in water content of 3% above or below the 

optimum resulted in a significant change in shear modulus of the soil sample. The shear 

modulus properties decrease with increasing applied cyclic stresses (see Table 7.2).  
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This trend was expected of CAT A-6 soil sample since fine-grained cohesive soils exhibit 

stress softening behavior under cyclic loading.   Generally, the phase angle was lower at 

dry of optimum and higher at wet of optimum. At constant confining stress, the phase 

angle was found to increase with increasing cyclic stress.  

 

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

Stress States (kPa)  Shear Modulus (MPa)  Phase Angle (Deg) 

σ3 τcyc  
w = 

11.3% 
wopt = 
14.3% 

w = 
17.3% 

 
w = 

11.3% 
wopt = 
14.3% 

w = 
17.3% 

40.4 20.7  118.3 50.5 7.5  13.8 21.4 31.4 

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 31.4 

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 soil with Shear Strain 

Figures 7.2 to 7.4 show variations of shear modulus properties with shear strains 

at different confining pressures for CAT A-6 soil at the three different water contents. 

Shear modulus typically decreases with increasing shear strain. At low shear strains, the 

shear modulus is extremely high compared to the low values at high strains. Also, the 

shear moduli generally decrease as the confining stresses decrease. A rapid decrease in 

shear modulus is observed at the high confining stress (σ3 = 138 kPa) compared with the 

lower confining stresses. This behavior was observed at all the moisture states. This is an 

indication that high confining stresses significantly affect on shear modulus of the soil 

sample at various moisture levels.   
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FIGURE 7.2   Variation of Shear Modulus with Shear Strain:  CAT A-6 Soil at w = 11.3%. 
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FIGURE 7.3   Variation of Shear Modulus with Shear Strain: CAT A-6 Soil at 
wopt = 14.3%. 
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FIGURE 7.4   Variation of Shear Modulus with Shear Strain: CAT A-6 Soil at w = 17.3%. 

 

7.4.2   Characterization of Pure Shear Modulus of CAT A-6 Soil 

The maximum shear modulus Gmax and the shear modulus ratio G/Gmax or 

normalized shear modulus have generally been used to characterize the shear deformation 

characteristics at different strain levels (Hardin and black 1968, Seed and Idriss 1970, 

Kramer and 1996). At low strain levels below 0.001%, it is assumed that the soil shear 

modulus is equal to Gmax, i.e., G/Gmax is equal to one. In this study, the shear modulus 

reduction concept is used to characterize the soil material at the three moisture states. 

Several empirical equations have been proposed to compute of Gmax of soils. However, 

these equations are based on strain levels less than 0.001%.  

Assuming that the minimum shear strain is a good approximation for obtaining 

the maximum shear modulus from the test data, the maximum shear modulus G′  

obtained among all soil pure shear tests was used to normalize the shear moduli of the 

CAT A-6 soil sample at the various moisture states ( G′  = 273.9 MPa ). Based on this 

approach, regression analyses were performed to develop relationships between the 
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normalized shear modulus and shear strain (γ). Figure 7.5 is a plot of normalized shear 

modulus against shear strain, and Equations 7.1 to 7.3 are empirical equations developed 

for the soil sample at the three moisture states. As seen from the graph, there is a large 

scatter of the results at w = 17.3%, although the R2 value is comparable to the R2 value at 

w = 11%. As expected, there is a general trend of shear modulus reduction as the shear 

strain increases at all the moisture states of the soil. Also, according to Equations 7.1 to 

7.3, G/G′  at all the three moisture states always decreases as γ increases.  
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FIGURE 7.5   Normalized Shear Modulus against Shear Strain 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 tests conducted on each oil sand 

sample generated about 4,500 data points at two loading frequencies at one test 

temperatures. Therefore, for the two test temperatures, a total of 9,000 data points 

obtained from the test matrix were used to analyze the properties of each oil sand sample. 

The analysis results include shear modulus and phase angle properties and the 

characterization models developed to describe the behavior of the oil sand materials. 

Tables 7.3 and 7.4 summarize the test results for SE-09, SE-14 and AU-14 oil sand 

samples at the two loading frequencies and two test temperatures. The shear moduli of 

SE-09 samples are generally higher than those of SE-14 and AU-14 samples at all the 

loading conditions. There is no significant difference between the shear modulus values 

of SE-14 and AU-14 although the shear moduli for SE-14 are generally higher than those 

of AU-14 samples. On the other hand, the phase angles of AU-14 and SE-14 samples are 

the highest and the phase angle of the SE-09 sample is the lowest. 

Comparisons of the test results in these tables show that shear modulus is 

generally lower at 30oC than at 20oC for all the oil sand samples. Also, shear moduli were 

found to be lower at 2Hz than at10Hz for all the oil sand samples. The analyses of the test 

results show the average shear modulus at 20oC was about 1.5 to 2 times of the shear 

modulus at 30oC for the oil sand samples tested at the two loading frequencies. On the 

other hand, average shear modulus at 10Hz was about 2 to 3 times of the shear modulus 

at 2Hz for all the oil sand samples tested at the two test temperatures. Thus, the effect of 

reducing loading frequency is similar to the effect of increasing the test temperature. This 

behavior is typically observed for bituminous materials, in which stiffness increases at 

low temperatures and decreases at low frequencies. As listed in Tables 7.2 and 7.3, the 

shear moduli decrease with increasing applied cyclic stresses.  This observation also 

supports the stress-softening behavior reported earlier in Chapter 6 for the oil sand 

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

Stress States (kPa)  Shear Modulus (MPa)  Phase Angle (Deg) 

σ3 τcyc  SE-09 SE-14 AU-14  SE-09 SE-14 AU-14 

40.4 20.7  86.2 51.2 37.3  31.7 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 31.4 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 Oil Sand Samples at 10Hz and 30oC 

Stress States (kPa)  Shear Modulus (MPa)  Phase Angle (Deg) 

σ3 τcyc  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 

40.4 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 33.5 

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 40.4  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 49.9 32.3  40.4 41.5 44.7 
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TABLE 7.4a   Stress States and Test Results for Oil Sand Samples at 2Hz and 20oC 

Stress States (kPa)  Shear Modulus (MPa)  Phase Angle (Deg) 

σ3 τcyc  SE-09 SE-14 AU-14  SE-09 SE-14 AU-14 

40.4 20.7  41.6 15.8 15.9  31.4 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  37.5 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 Oil Sand Samples at 2Hz and 30oC 

Stress States (kPa)  Shear Modulus (MPa)  Phase Angle (Deg) 

σ3 τcyc  SE-09 SE-14 AU-14  SE-09 SE-14 AU-14 

40.4 20.7  23.4 14.5 7.3  29.8 31.5 30.9 

40.4 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 15.4 11.7  33.0 32.7 36.2 

69.0 69.0  15.8 13.0 9.9  40.3 37.4 37.0 

138.0 20.7  219.6 129.5 124.6  22.8 20.1 18.8 

138.0 40.4  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 Strain  

Figures 7.6 through 7.8 show the variations of shear moduli with shear strains 

measured at different confining pressures for the oil sand samples. In general, the shear 

modulus decreases as shear strain increases. At high confining stress (σ3 = 138 kPa), the 

reduction in shear modulus is very rapid compared to the shear modulus reduction at the 
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low confining stress σ3 = 40.4 kPa. Similar trends are observed for all the oil sand 

materials tested at different temperatures and different loading frequencies. A close 

observation at the modulus reduction curves shows that there is no significant modulus 

reduction when the shear modulus is less than 50 MPa. All of these trends occur at 

σ3 = 40.4 kPa (low confining stress). Particularly, at 30oC the modulus reduction curves 

for all the samples at σ3 = 40.4 kPa are almost flat or no change in shear modulus values 

occur with increasing shear strains. Thus, confining stress has considerable impact on the 

relationship between shear modulus and shear strain. The modulus reduction at the 

confining stress of 69 kPa appears to follow the same pattern for the three oil sand 

samples at all the loading conditions. 
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FIGURE 7.6a   Variation of Shear Modulus with Shear Strain: SE-09 at 10Hz and 20oC. 
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FIGURE 7.6b   Variation of Shear Modulus with Shear Strain: SE-09 at 10Hz and 30oC. 
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FIGURE 7.6c   Variation of Shear Modulus with Shear Strain: SE-09 at 2Hz and 20oC. 
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FIGURE 7.6d   Variation of Shear Modulus with Shear Strain: SE-09 at 2Hz and 30oC. 
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FIGURE 7.7a   Variation of Shear Modulus with Shear Strain: SE-14 at 10Hz and 20oC. 
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FIGURE 7.7b   Variation of Shear Modulus with Shear Strain: SE-14 at 10Hz and 30oC. 
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FIGURE 7.7c   Variation of Shear Modulus with Shear Strain: SE-14 at 2Hz and 20oC. 
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FIGURE 7.7d   Variation of Shear Modulus with Shear Strain: SE-14 at 2Hz and 30oC. 
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FIGURE 7.8a   Variation of Shear Modulus with Shear Strain: AU-14 at 10Hz and 20oC. 
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FIGURE 7.8b   Variation of Shear Modulus with Shear Strain: AU-14 at 10Hz and 30oC. 
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FIGURE 7.8c   Variation of Shear Modulus with Shear Strain: AU-14 at 2Hz and 20oC. 



 165 

0

50

100

150

0.01 0.1 1 10

S
he

a
r 

M
o

du
lu

s,
 M

P
a

Shear Strain, %

σ3 = 138 kPa

σ3 = 40.4 kPa

σ3 = 69 kPa

 
FIGURE 7.8d   Variation of Shear Modulus with Shear Strain: AU-14 at 2Hz and 30oC. 

 

7.4.4   Characterization of Pure Shear Modulus of Oil Sand Materials 

7.4.4.1   Oil Sand Shear Modulus Reduction Curves  

The shear modulus reduction curves have been used to model the relationship 

between a shear modulus and maximum shear modulus at a given strain level for soils, 

mostly at the low strain levels (< 0.001%). The modulus reduction concept used to model 

the CAT A-6 soil sample (section 7.4.2) is also employed for the oil sand samples.  

Figures 7.9 through 7.12 show the plots of normalized shear modulus G/G′against the 

shear strain γ for the oil sand samples at different loading frequencies and temperatures. It 

can be seen that data points for all the three oil sand samples fall within the specific range 

of a general trend, and there is little effect of temperature and loading frequency on the 

G/G′  – γ relations at low shear strains.  
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FIGURE 7.9   Normalized Shear Moduli of Oil Sands Samples against Shear Strain at 10Hz 
and 20oC. 
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FIGURE 7.10   Normalized Shear Moduli of Oil Sand Samples against Shear Strain at 2Hz 
and 20oC. 
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FIGURE 7.11   Normalized Shear Moduli of Oil Sand Samples against Shear Strain at 10Hz 
and 30oC. 
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FIGURE 7.12   Normalized Shear Moduli of Oil Sand Samples against Shear Strain at 2Hz 
and 30oC. 
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Based on the observed similar trends and the regression constants shown in 

Figures 7.9 through 7.12, the combined data was used to perform regression analyses for 

the three oil sand samples.  Figure 7.13 shows the normalized shear modulus (G/G′ ) 

curve with G′= 298.0 MPa for combined test data, and Equations 7.4 through 7.7 are 

empirical correlations obtained from the regression analyses for the tested oil sand 

materials. A look at the shear strain exponents indicates that the stiffness of the three oil 

sand samples would be reduced more rapidly at 30oC and 2Hz than at 20oC and 10Hz. In 

other words, stiffness of the materials will be low at high temperature and low frequency.  
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FIGURE 7.13   Normalized Shear Moduli against Shear Strain for Combined Data of Oil 
Sand Materials. 
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7.4.4.2   Development of Shear Modulus Characterization Models  

Shear modulus models for soils have been primarily based on the modulus 

reduction curves. Although, these models have performed satisfactorily, they are mostly 

independent of stress and other loading conditions experienced by the soil material in the 

field. In this section, shear modulus models are developed for the three oil sand materials 

based on the applied stresses, the materials physical properties and testing conditions 

suspected to influence behavior in the field. An initial statistical analysis performed to 

determine variables that relate strongly with the shear modulus reveals that there was 

virtually no correlation between the oil sand gradation properties (Cu, Cc and D50) and 

shear modulus (R2 < 0.1). Also, shear modulus was found to be highly dependent on 

octahedral stress compared with instead of the applied cyclic and confining stresses. 

Similar to other characterization models developed in previous chapters, the power 

function was found to be most suitable for the oil sands shear modulus models. 

Combined data sets obtained at all the loading conditions were used to study four 

models for characterizing the oil sand materials. As indicated earlier, a total of 9,000 data 

sets for each oil sand sample were used to develop the models. The SAS statistical 

software was used to perform multiple regression analyses on the data sets to obtain the 

model parameters.  Table 7.5 lists the results of the analysis results, and the four shear 

modulus models studied for the oil sands. The differences in R2 values indicate that the 

octahedral shear stress has a significant effect on the shear behavior. For instance, the R2 

value was improved by more than 200% when the octahedral shear stress term was 

included in model 2, compared to less than 15% increase when bitumen content and 

temperature were included in the models (see models 3 and 4). However, model 4 

appears to be more realistic since it includes all the loading conditions necessary to 

describe shear modulus behavior of the oil sand materials in the field.  
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     TABLE 7.5   Regression Models Studied for Pure Shear Modulus of Oil Sand Materials 

Model 1  
:  θ A  G  1k⋅=  

Model 2  
:   θ A  G  21 k

oct
k τ⋅⋅=  

Model 3  :  w θ A  G  321 k
b

k
oct

k ⋅⋅⋅= τ  

Model 4  
:  Tw θ A  G  4321 kk

b
k
oct

k ⋅⋅⋅⋅= τ  

Model Parameters 

Model log A k1 k2 k3 k4 R2 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 -1.183 0.865 0.147 

     

7.5   Comparison of Cyclic Triaxial and Pure Shear Test Results 

As mentioned earlier, cyclic triaxial tests were also performed to compare test 

results to the newly developed pure shear tests. Specimens for the cyclic tests were 

subjected to the same stress conditions as the pure shear test specimens at the temperature 

of 20oC and the loading frequency of 2Hz. A total of about 17,500 data points were 

obtained from the cyclic tests performed on the three oil sand samples. 

Tables 7.6 compares shear modulus properties measured from cyclic triaxial (G) 

tests with those from the pure shear tests (Gps). The shear moduli measured from the 

cyclic triaxial tests are higher than shear moduli measured from the pure shear tests. The 

average shear modulus from the cyclic triaxial test was about 1.8 to 2.7 times higher than 

the average value obtained from the pure shear test considering the data from all the three 

oil sand samples. 

Note that the major difference between the cyclic triaxial and pure shear test 

procedures is such that in the pure shear tests, the confining stress is cycled in phase with 

the axial shear stress and the axial specimen deformations are generally larger due to the 

lack of a constant all-around confinement on the specimen. Therefore lower shear moduli 

are expected from the pure shear loading tests.  
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The test results of pure shear loading would better simulate haul trucks and shovel field 

loads, which at any time impose varying magnitudes of vertical, horizontal, and shear 

stresses in the oil sand materials during mining activities.  It would be more conservative 

to characterize these materials by pure shear modulus since in the field oil sands 

experience induced dynamic loading in all directions.  

Table 7.7compares the phase angles measured from pure shear tests to those 

obtained from cyclic triaxial tests. The phase angles obtained from the pure shear tests 

were higher in magnitude than those obtained from the cyclic triaxial tests. These results 

also suggest that oil sand materials become more viscous or less stiff under pure shear 

loading than cyclic triaxial loading conditions.   

 

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

Stress States (kPa)  G (MPa)  Gps (MPa) 

σ3 τcyc  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 Shear and Cyclic Triaxial Tests 

Stress States (kPa)  δ (Deg)  δps (Deg) 

σ3 τcyc  SE-09 SE-14 AU-14  SE-09 SE-14 AU-14 

40.4 20.7  31.3 33.5 35.7  31.4 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 45.4 

69 69  33.6 35.3 36.3  41.9 41.3 48.9 

138 20.7  24.1 23.4 25.3  23.5 23.6 20.6 

138 40.4  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  32.5 33.7 34.1  49.6 58.4 58.7 

 

Figures 7.14 through 7.16 show variations of shear moduli with shear strain 

obtained from the cyclic triaxial tests for the oil sand samples at the applied confining 

stresses.  Similar trends in the results of the pure shear tests for the oil sand materials 

were obtained by the cyclic triaxial tests (see section 7.4.2.1), ie., there is a rapid 

reduction of shear modulus at high shear strains and confining stress of 138 kPa.   
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FIGURE 7.14   Variation of Shear Modulus with Shear Strain: Cyclic Triaxial (SE-09). 
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FIGURE 7.15   Variation of Shear Modulus with Shear Strain: Cyclic Triaxial (SE-14). 

 
 

0

50

100

150

200

250

0.01 0.1 1

S
he

a
r 

M
o

du
lu

s,
 M

P
a

Shear Strain, %

σ3 = 138 kPa

σ3 = 69 kPa

σ3 = 40.4 kPa

 
FIGURE 7.16   Variation of Shear Modulus with Shear Strain: Cyclic Triaxial (AU-14).   
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7.5.1   Correlating Shear Modulus from Cyclic Triaxial and Pure Shear Tests 
 

Figures 7.17 to 7.19 show the correlations between the shear modulus properties 

obtained from pure shear and cyclic triaxial tests for all the three oil sand samples. Each 

data point in the figures represents the results of specimens tested at the same stress states 

for the two test procedures. Regression curve fits and 45-degree lines (lines of equality) 

are drawn in the data points to display the correlations between the shear modulus values 

obtained from cyclic triaxial and pure shear tests. It can be observed that the cyclic 

triaxial test predicts shear modulus by about 53 to 92% more than the pure shear test. It 

appears that there is close agreement only when shear modulus is quite low, i.e., less than 

50 MPa. The test data in this region represent moduli under high cyclic stresses.  
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FIGURE 7.17   Comparison of Shear Moduli from Cyclic Triaxial and Pure Shear Tests for 
SE-09 Sample. 
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FIGURE 7.18   Comparison of Shear Moduli from Cyclic Triaxial and Pure Shear Tests for 
SE-14 Sample. 
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FIGURE 7.19   Comparison of Shear Moduli from Cyclic Triaxial and Pure Shear Tests for 
AU-14 Sample. 
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7.5.2   Characterization Models for Shear Moduli from Cyclic and Pure Shear Tests 

Material characterization models were developed using both cyclic triaxial and 

pure shear data for selected testing conditions. Multiple regression analyses performed on 

pure shear test results in section 7.4.2 were also employed under this section. Table 7.8 

compares the developed models and model parameters obtained from the cyclic and pure 

shear test data. The analyses show that pure shear modulus highly depends on octahedral 

shear stress. In contrast, the cyclic shear modulus depends more on bulk stress. This 

observation can be seen in the differences in R2 values for models 1 and 2, and suggests 

that specimens experience higher dynamic loading in all directions under pure shear tests 

compared to only vertical dynamic stresses applied during cyclic triaxial tests. A 

comparison of R2 values for the proposed models for both pure shear and cyclic triaxial 

tests indicate that model 3 would perform better than models 1 and 2. Moreover, the 

inclusion of bitumen content makes model 3 most suitable for describing behavior of the 

oil sand materials.  

 

      TABLE 7.8a   Shear Modulus Models Developed from Pure Shear Test 

Models for Pure Shear Modulus  

Model 1 :  θ A  G  1k⋅=   

Model 2 :   θ A  G  21 k
oct

k τ⋅⋅=   

Model 3 :  w θ A  G  321 k
b

k
oct

k ⋅⋅⋅= τ   

Model Parameters 
Model 

log A k1 k2 k3 R2 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 Developed from Cyclic Triaxial Tests 

Models for Cyclic Shear Modulus  

Model 1 :   A  G  2k
octτ⋅=   

Model 2 :   θ A  G  21 k
oct

k τ⋅⋅=   

Model 3 :  w θ A  G  321 k
b

k
oct

k ⋅⋅⋅= τ   

Model Parameters 
Model 

log A k1 k2 k3 R2 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, regression analysis was also performed 

on the cyclic test results of the oil sand samples to develop correlations between 

normalized shear modulus and shear strain. Note that similar correlations have been 

developed for pure shear tests under the same testing conditions as the cyclic triaxial tests 

(Equations 7.4 to 7.7). Figure 7.20 shows normalized shear modulus graphed with shear 

stress with regression equation for the combined data of the three oil sand materials. 

Equation 7.8 is an empirical correlation between the normalized shear modulus and shear 

strain for the combined data.   
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FIGURE 7.20   Normalized Shear Modulus for Oil Sand Samples - Cyclic Triaxial Test. 

 

7.6    Summary 

Shear modulus and phase angle properties of one fine grained-cohesive soil and 

three oil sand samples were investigated in the laboratory using a newly developed pure 

shear test procedure. The fine-grained soil sample was tested at three moisture states; 

optimum water content, wopt = 14.3%, dry of optimum, w = 11.3% and wet of optimum, 

w = 17.3% with one loading frequency, and the oil sand samples with bitumen contents 

of 8.5%, 13.3% and 14.5%, were tested at two temperatures and two load frequencies. 

Results from these tests were used to develop regression equations and material 

characterization models for the soil and oil sand samples. The test results for the soil 

samples were used to obtain relationships between normalized shear moduli as a function 

of shear strain at the different water contents. For the oil sand samples, strong 

correlations were obtained between normalized shear moduli and shear strain at the test 

temperatures and loading frequencies. The various material characterization models 

developed for the oil sand samples indicate that the shear properties obtained from pure 

shear tests depend primarily on octahedral shear stress instead of bulk stress.  
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The coefficient of correlation values improved when temperature and loading frequency 

were also included in the model.   

The standard cyclic triaxial test procedure was used to perform tests on the three 

oil sand samples at selected loading conditions to compare test results with the developed 

pure shear test. For the three oil sand samples, the average shear modulus measured by 

the cyclic triaxial procedure was in the range of 80 to more than 100% higher than 

average shear modulus measured by pure shear test procedure. Generally, the pure shear 

tests yielded higher phase angle values for all the oil sand samples than the cyclic triaxial 

tests. A combination of varying magnitudes of static and dynamic confining stresses 

applied in the pure shear test compared to constant confining stresses applied in the cyclic 

triaxial tests is suggested as the cause of the difference in the shear moduli values. 

Results from the cyclic triaxial tests were also used to develop material characterization 

models for the oil sand samples. For the cyclic triaxial tests, the material models show 

that shear modulus largely depends on bulk stress instead of octahedral shear stress. The 

following are the general conclusions drawn from the tests:  

1. The average shear modulus of the soil sample at dry of optimum was about 3.5 

times higher than at optimum water content, whereas the average shear modulus 

measured at the optimum was found to be about 8 times the shear modulus at wet 

of optimum moisture state. The phase angle at optimum was higher than dry of 

optimum and lower than wet of optimum. As observed in the previous chapters, 

an increase in water content of 3% above or below optimum had significant 

effects on the dynamic characteristics of the soil sample. 

2. For the oil sand samples, the shear modulus values were generally lower at 30oC 

than at 20oC, and higher at 10Hz than 2Hz. This was expected since bituminous 

materials are less stiff at high temperatures and low loading frequencies. The SE-

09 oil sand sample had the highest shear moduli and lowest phase angle values 

whereas the AU-14 sample had lowest shear moduli and highest phase angle 

properties. The shear modulus and phase angle values of SE-14 were comparable 

to AU-14 sample. However, the shear modulus of SE-14 sample 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 for studying dynamic properties 

such as damping ratio and dynamic modulus. The dynamic properties of the fine-grained 

cohesive soil and the oil sand materials were investigated under cyclic loading conditions 

in the laboratory for off-road construction and mining equipment. Damping ratio is a 

parameter used as a measure of the energy dissipated when a geomaterial is subjected to 

cyclic dynamic loading.  On the other hand, dynamic modulus, obtained from the ratio of 

applied cyclic peak stress to the corresponding strain, is widely used to characterize 

behavior of bituminous materials. This chapter investigates damping ratio and dynamic 

modulus properties in an attempt to develop simple models to characterize the fine-

grained soil and the three oil sand materials using a newly developed damping property 

test procedure presented in Chapter 3.   

Laboratory tests on the soil sample were performed at three moisture states and 

three loading frequencies, and the oil sand tests were performed at two temperatures and 

three loading frequencies. The test data are then used to develop various characterization 

models for the soil and oil sand materials. 

8.2   Laboratory Testing  

Laboratory tests were performed on the soil and oil sand samples in accordance 

with the damping property test procedure (Procedure E) described in section 3.5.8. The 

tests involve applying various frequencies of continuous sinusoidal loading to the test 

specimen and measuring stress and strain responses to obtain damping ratio and dynamic 

modulus values. The test program and testing conditions are summarized in Table 8.1. 

The UI-FastCell test setup was used for applying stresses on the soil sample, and the 

RaTT cell setup was used for the oil sand samples. As mentioned in Chapter 7, the RaTT 

cell setup with an environmental chamber was used for the oil sand testing to apply 

loading at two temperatures. A full factorial test matrix comprising 45 tests were 

conducted for the soil sample at three moisture states and three load frequencies. The 

three moisture states were optimum, wet of optimum and dry of optimum water contents.  
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For the three oil sand samples a total of 72 tests conducted at test temperatures of 20oC 

and 30oC, and three loading frequencies constituted the test matrix.  

 

 TABLE 8.1   Damping Ratio Test Program and Loading Conditions 

Soil Tests 

Sample ID                      : CAT A-6 

Test Temperature (T)     : 22oC (room temperature) 

Loading Frequency (f)   : 2, 10 and 20Hz 

Confining Stress (σ3)     : 0, 41.4, 69 and 138 kPa 

Deviator Stress (σd)       : 41.4 kPa   
Water Content (w)         : optimum (wopt = 14.3%); wet of optimum (w = 17.3%); and dry of 
                                         optimum (w = 11.3%)                      

Oil Sand Tests 

Sample ID                      : SE-09, SE-14 and AU-14 

Test Temperature (T)     : 20 and 30oC 

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

Confining Stress (σ3)     : 41.4, 69, and 138 kPa 

Deviator Stress (σd)       : 41.4 kPa 

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

8.3   Data Analysis Procedure 

The damping property raw test data include the time of loading, the applied 

stresses and the corresponding axial strains to evaluate damping ratio and dynamic 

modulus properties of the materials tested. Figures 8.1a and 8.1b show typical variations 

of axial stress and axial strain with time, at the loading frequency of 2Hz and 5 load 

cycles for an oil sand sample. Figure 8.2 also shows a typical plot of axial stress against 

axial strain that result in a hysteresis loop. The generalized mathematical curve fit 

function presented in Equation 3.8 was used to fit the raw test data to obtain parameters 

for computing damping ratio and dynamic modulus of the oil sand materials. Using 

Microsoft Excel Solver, a least squared error regression analysis was performed to 

determine the peak stresses and strains.  
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Dynamic modulus of the materials was calculated as the ratio of the peak stress to peak 

strain. The parameters for computing the amplitude of the stress and strain curves could 

also be used to determine phase angle of the materials. Phase angle is a measure of the 

viscous or elastic properties of viscoelastic materials.  

The peak stress and strain values, and the area enclosed by the hysteresis loop 

(see Figure 8.2) were used for determining damping ratio of the materials. In this study, a 

generalized formula to compute an area of a polygon with n vertices was used to 

determine the area of the hysteresis loop. The formula is expressed as follows: 

 

)y x- y(x Σ 
2
1

  Area i1i1ii

n

1i
++

=
=  (8.1) 

 

The hysteresis loop is closed by replacing xn+1 by x1, and yn+1 by y1. An average of 

the area determined from 5 hysteresis loops representing five load cycles was generally 

used for the computations. The damping ratio of the soil and oil sand samples at different 

loading conditions were computed using Equation 3.7. The results for the analyses are 

presented hereafter.  
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FIGURE 8.1a   Variation of Stress with Time for Typical Test Results of Oil Sand Material. 
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FIGURE 8.1b   Variation of Strain with Time for Typ ical Test Results of Oil Sand Material. 
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FIGURE 8.2   Typical Stress-Strain Hysteresis Loop for 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 were obtained from 15 different test 

conditions at one moisture state. A single data set contains 250 stress-strain data points. 

Data analysis were performed for CAT A-6 soil at optimum (wopt = 14.3%), dry of 

optimum (w = 11.3%) and wet of optimum (w = 17.3%). The dependency of damping 

ratio and dynamic modulus test results on the test loading conditions are listed in Tables 

8.2 through 8.4 as obtained at the three moisture states. There is no significant difference 

between the damping ratio and dynamic modulus of the sample at loading frequencies 2, 

10, and 20Hz when the moisture content is the same. The soil material is not viscoelastic, 

therefore the behavior was expected. However, at different moisture states, there was 

significant difference between the damping ratio and dynamic modulus of the soil 

sample. Damping ratio was found to be higher at wet of optimum and lower at dry of 

optimum.  i.e., damping ratio increases with increasing water content in the CAT A-6 soil 

sample. This is reasonable since more energy dissipation is expected in the soil sample at 

the wet condition than in the dry state. On the other hand the dynamic modulus or 

stiffness of the sample was higher at dry of optimum and lower at wet of optimum. The 

average damping ratio of the soil sample at the optimum moisture was about 16% lower 

than the damping ratio at wet of optimum and 33% higher than at dry of optimum. On the 

other hand, the average dynamic modulus at the optimum moisture was about 40% higher 

than the dynamic modulus at wet of optimum and 31% lower than dry of optimum. The 

phase angle of the soil at optimum was generally lower than phase angle at wet of 

optimum and higher than dry of optimum. These properties did not change as the bulk 

stress increased. Note that the applied dynamic stress was constant at all the loading 

conditions.  Therefore, the effect of bulk stress was the same as the effect of the applied 

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

Loading 
Frequency (f) 

Bulk Stress 
(kPa) 

Dynamic 
Modulus (MPa) 

Damping 
Ratio (%) 

Phase Angle 
(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 Results for CAT A-6 Soil at wopt = 14.3% 

Loading 
Frequency (f) 

Bulk Stress 
(kPa) 

Dynamic 
Modulus (MPa) 

Damping 
Ratio (%) 

Phase Angle 
(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 31.7 

 

       



 186 

    TABLE 8.4   Summarized Damping Ratio Test Results for CAT A-6 Soil at w = 17.3% 

Loading 
Frequency (f) 

Bulk Stress 
(kPa) 

Dynamic 
Modulus (MPa) 

Damping 
Ratio (%) 

Phase Angle 
(Deg.) 

2 40.9 9.7 21.5 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 35.5 
2 175.6 33.5 20.8 34.0 
10 171.9 36.0 20.6 33.0 
20 170.3 39.4 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 31.3 

 

 

8.4.1.1   Damping Ratio Variation with Axial Strain  

Figure 8.3 show the variation of damping ratio of CAT A-6 soil with axial strain 

obtained at three moisture states. As the axial strain increases, damping ratio remains 

constant for the soil sample tested at all three moisture states.  Thus, no correlation 

appears to exist between damping ratio of the soil sample 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 Ratio and Phase Angle 

Figure 8.4 shows the effect of loading frequency on damping ratio of CAT A-6 

soil sample tested at w = 11.3%, wopt = 14.3% and w = 17.3% under different confining 

stresses.  At one constant confining pressure damping ratio did not change when loading 

frequency increased. This observation was valid at all the three moisture states, which is 

in agreement with Vucetic and Dobry (1991) who found damping ratio was insensitive to 

the changes in the rate of loading (loading frequency) of the soil materials.   

Figures 8.5 through 8.7 suggest that no correlation exist between the loading 

frequency and phase angle of the soil sample at all the three moisture levels. Like the 

damping ratio, the phase angle of the soil sample is higher at w = 17.3% and lower at 

w = 11.3%. It can be concluded that water content had a major influence on phase angle, 

whereas an increase in confining stress had no effect on phase angle at all the moisture 

states.  
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FIGURE 8.4   Effect of Loading Frequency on Damping Ratio for CAT A-6 Soil Sample. 
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FIGURE 8.5   Effect of Loading Frequency on Phase Angle for CAT A-6 at w = 11.3%. 
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FIGURE 8.6   Effect of Loading frequency on Phase Angle for CAT A-6 at wopt = 14.3%. 
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8.4.1.3   Effect of Loading Frequency on Dynamic Modulus  

As mentioned previously, dynamic modulus does not change as loading frequency 

increases from 2 to 20Hz, although there appears to be a slight increase in dynamic 

modulus at confining pressure of 138kPa. Figures 8.8 through 8.10 show the effect of 

loading frequency on the dynamic modulus of the CAT A-6 soil sample at w = 11.3%, 

wopt = 14.3% and w = 17.3%. For the same loading frequency, the magnitude of the 

dynamic modulus decreases with an increase in water content, i.e., dynamic modulus is 

higher at w = 11.3% than w = 17.3% at all the loading frequencies.  
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 FIGURE 8.8   Effect of Loading Frequency on Dynamic Modulus at w = 11.3%. 

 



 191 

0

20

40

60

80

100

120

0 5 10 15 20 25
Load Frequency, Hz

D
yn

a
m

ic
 M

o
du

lu
s,

 M
P

a

Confining Stress = 138 kPa Confining Stress = 69 kPa
Confining Stress = 41.4 kPa Confining Stress = 20.7 kPa
Confining Stress = 0 kPa  

FIGURE 8.9   Effect of Loading Frequency on Dynamic Modulus wopt = 14.3%. 

 

0

20

40

60

80

100

0 5 10 15 20 25

Load Frequency, Hz

D
yn

a
m

ic
 M

o
du

lu
s,

 M
P

a

Confining Stress = 138 kPa Confining Stress = 69 kPa
Confining Stress = 41.4 kPa Confining Stress = 20.7 kPa
Confining Stress = 0 kPa  

FIGURE 8.10   Effect of Loading Frequency on Dynamic Modulus at w = 17.3%. 



 192 

8.4.1.4   Effect of Bulk Stress on Dynamic Properties of CAT A-6 Soil   

Figure 8.11 shows the variation of dynamic modulus with bulk stress for 

CAT A-6 soil at w = 11.3%, wopt = 14.3% w = 17.3%. The data points represent average 

dynamic modulus values obtained for loading frequencies of 2, 10, and 20Hz at the same 

confining or bulk stress. Recall that no significant difference was observed between the 

dynamic modulus values for the three loading frequencies at the same bulk modulus. 

Therefore, it is not unreasonable to use the average values to investigate the dynamic 

modulus behavior of the soil sample. Figure 8.11, shows that dynamic modulus of the 

soil sample is highly dependent on bulk stress at all the three 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 8.11, simple correlation analyses were 

conducted to establish dependency of the dynamic modulus and on bulk stress.  
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Generally, it was found that the logarithmic function was the best fit to describe the 

relationship between dynamic modulus and the applied bulk stress of the soil sample for 

the three moisture states. Equations 8.2 to 8.4 summarize the equations developed from 

regression analysis for the dynamic modulus. 

 

*E  = 56 ln (θ) -195               : R2 = 0.96 (8.2) 

*E  = 35 ln (θ) -121               : R2 = 0.94 (8.3) 

*E  = 24 ln (θ) -84                :  R2 = 0.93 (8.4) 

 

where, θ = bulk stress, *E = dynamic modulus. 

These equations show the qualitative effect of bulk stress on the dynamic modulus 

of when the soil sample is at optimum and 3% below or above the optimum water 

content. Note that these equations are valid when bulk stress is greater than 40.4 kPa 

(6 psi). 

8.4.2   Analysis of Oil Sands Test Results 

The test data for the damping properties consist of about 6,000 data points for one 

oil sand sample obtained from 12 stress-strain conditions and 2 test temperatures. Thus, a 

single data set for one oil sand sample at one test temperature comprises of 250 

stress-strain data points. The analyses included damping ratio, dynamic modulus and 

phase angle computations and material characterization models developed to describe the 

behavior of oil sand materials.  

Tables 8.5 through 8.7 summarize the test results for SE-09, SE-14 and AU-14 oil 

sand samples tested at the two test temperatures and three loading frequencies. Detailed 

discussions of the effects of applied total stress or bulk stress, and other loading 

conditions, such as temperature and frequency, on the dynamic properties of the oil sand 

materials are presented in subsequent subsections. The damping ratios of all the oil sands 

tested were generally higher at 30oC than at 20oC, while the dynamic moduli were higher 

at 20oC than at 30oC. The AU-14 sample had the highest damping ratios and the SE-14 
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sample had the lowest damping ratios. On the average, the damping ratios of AU-14 were 

about 47% higher than those of SE-09 at both test temperatures. On the other hand, the 

average dynamic moduli of SE-09 sample were about 2.5 times of the average dynamic 

moduli of the AU-14 sample. No significant differences were found between damping 

ratio and dynamic modulus of the AU-14 and SE-14 samples. The major differences 

between the modulus values occurred at a confining pressure of 138 kPa when the SE-14 

had typically lower moduli. At the same time, the phase angles of the AU-14 sample 

were comparable to those of SE-14 sample. Generally the phase angles of the AU-14 

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

 

 TABLE 8.5   Damping Property Test Results for SE-09 Oil Sand Sample 

Temperature  = 20oC  Temperature  = 30oC 
f (Hz) 

θ (kPa)  E* (MPa) D (%) δ (Deg.)  θ (kPa)  E* (MPa) D (%) δ (Deg.) 

2 164.4 54.1 26.0 30.3  164.3 19.8 32.7 36.2 

5 164.1 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 

2 248.4 171.2 13.4 14.9  248.2 77.3 23.8 22.1 

5 248.1 189.7 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 

5 457.6 308.1 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 

5 666.2 411.5 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 

 

θ = bulk stress,  E* = dynamic modulus, D = damping Ratio, and δ = phase angle.  
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 TABLE 8.6   Damping Property Test Results for SE-14 Oil Sand Sample 

Temperature  = 20oC  Temperature  = 30oC 
f (Hz) 

θ (kPa)  E* (MPa) D (%) δ (Deg.)  θ (kPa)  E* (MPa) D (%) δ (Deg.) 

2 164.6 15.9 33.0 39.4  172.0 8.6 35.3 42.4 
5 164.2 27.2 34.3 40.9  165.9 12.1 35.1 42.8 
10 164.4 43.5 33.1 42.7  166.6 16.3 36.5 45.3 

2 248.2 52.2 25.6 31.0  253.8 12.6 29.8 33.7 
5 247.9 66.6 27.2 33.0  249.4 20.5 32.4 34.7 
10 249.0 93.3 26.2 32.2  251.2 32.1 33.6 35.8 

2 459.1 161.8 14.2 15.6  463.2 35.6 23.8 23.5 
5 458.5 176.8 16.0 18.9  459.6 54.2 24.4 24.4 
10 458.2 206.9 16.7 20.5  458.7 111.6 21.7 29.7 

2 668.9 263.3 9.8 12.6  671.9 91.1 18.5 18.3 
5 667.9 286.7 11.3 14.4  667.4 124.8 17.6 18.3 
10 666.1 343.2 11.9 18.4  667.8 240.8 14.2 18.8 

 

 

 TABLE 8.7   Damping Property Test Results for AU-14 Oil Sand Sample  

Temperature  = 20oC  Temperature  = 30oC 
f (Hz) 

θ (kPa)  E* (MPa) D (%) δ (Deg.)  θ (kPa)  E* (MPa) D (%) δ (Deg.) 

2 173.9 12.9 35.6 40.4  172.0 11.1 40.7 42.0 
5 174.1 25.1 36.6 42.1  173.1 12.4 40.5 44.2 
10 173.1 45.0 35.7 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 22.5 37.2 39.0 
10 253.7 106.9 27.6 32.6  254.5 36.7 38.0 38.5 

2 462.1 184.5 14.1 16.3  461.9 63.4 22.5 25.4 
5 462.0 217.2 15.2 17.0  461.6 86.9 23.2 29.4 
10 462.0 241.2 16.0 16.0  461.2 139.7 23.2 30.1 

2 670.4 296.4 9.5 11.0  670.3 161.4 18.5 16.1 
5 670.1 316.6 11.8 12.5  669.0 180.7 19.7 17.7 
10 668.8 334.3 13.7 12.0  666.4 252.6 16.3 17.3 

 

θ = bulk stress,  E* = dynamic modulus, D = damping Ratio, and δ = phase angle. 
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8.4.2.1   Effect of Loading Frequency and Bulk Stress on Damping Ratio  

A summary of the effects of loading frequency and bulk stress on damping ratio 

of the three oil sand materials is presented in Tables 8.5 to 8.7. Bulk stress was used in 

the analysis since the deviator stress was kept constant during the testing. At a constant 

bulk stress, there was little or no difference between the damping ratios measured at the 

three loading frequencies 2, 5 and 10Hz. This observation is clearly presented in Figures 

8.12 to 8.14. The figures also show the effect of loading frequency on damping ratio of 

SE-09, SE-14 and AU-14 oil sand samples at 20oC and at 30oC. At a constant confining 

stress there is no apparent difference between damping ratio values obtained at the three 

loading frequencies. Therefore, it was reasonable to use average values to study the 

combined effect of bulk stress and bitumen content on damping ratio for the three oil 

sand materials. Figures 8.15a and 8.15b show the effect of bulk stress and bitumen 

content on damping ratio for the oil sand materials tested at 20oC and at 30oC.  

The trends observed in these figures show that damping ratios of the oil sand 

materials decrease in proportion with bulk stress. As bulk stress increases, damping ratio 

typically decreases in all the three samples at both test temperatures.  The probable 

explanation is that the oil sand materials become stiffer as bulk stress increases to result 

in less energy dissipation. Moreover, under constant confining stress and loading 

frequency, damping ratio of the oil sand materials at 20oC was lower than at 30oC. This is 

expected because at 20oC, the oil sand material, being viscoelastic, would dissipate less 

energy compared to 30oC. The AU-14 sample (wb = 14.5%) generally had higher 

damping ratios while SE-09 sample (wb = 8.5%) had the lowest damping ratio. Also, the 

AU-14 generally had higher damping ratios than SE-14 sample (wb = 13.3%) did 

although the difference appeared to be minimal. Generally, it appears that the amount of 

bitumen content had an effect on the damping ratio of the oil sand materials.  
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FIGURE 8.12   Effect of Loading Frequency on Damping Ratio for SE-09. 
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FIGURE 8.13   Effect of Loading Frequency on Damping Ratio for SE-14. 
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FIGURE 8.14   Effect of Loading Frequency on Damping Ratio for AU-14. 
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FIGURE 8.15   Effect of Bulk Stress on Damping Ratio for Oil Sand Samples. 
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8.4.2.2   Damping Ratio Variation with Axial Strain of Oil Sand Samples  

Figures 8.16 through 8.18 show damping ratio as a function of axial strains 

recorded at 20oC and at 30oC for the oil sands. In these figures, the regression equations 

are provided for each oil sand sample at the two test temperatures. The correlations were 

obtained from the combined data for each oil sand at 20oC and at 30oC. The results 

indicate that strong relationships generally exist between damping ratio and axial strain 

(high R2 values in the range of 0.7 to 0.92). Generally, damping ratio increases with the 

increase in axial strain. Considerable scatter exists in the data, especially after 0.1% axial 

strain, but the effect of strain on damping ratio is still apparent.  

At axial strains less than 0.1%, there is a rapid increase in damping ratio for the 

three oil sand materials. However, at axial strains greater than 0.1%, the damping ratio 

values become essentially constant for all the materials. These trends suggest that there 

could be major difference between damping ratio of oil sand material at specific strain 

values. However, no definite conclusion for the observed trends can be made. It appears 

energy dissipation might be constant at high strain levels, 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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FIGURE 8.17   Damping Ratio Varying with Axial Strain for SE-14 Oil Sand Sample. 
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FIGURE 8.18   Damping Ratio Varying with Axial Strain for AU-14 Oil Sand Sample. 
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8.4.2.3   Effect of Loading Frequency on Dynamic Modulus 

Figures 8.19 to 8.21 show the measured dynamic modulus results for the three oil 

sand samples as a function of loading frequency at 20°C and at 30°C. For the same 

loading frequency, the magnitude of the dynamic modulus in general decreases with an 

increase in temperature. Also, at the same test temperature, the magnitude of the dynamic 

modulus generally increases with an increase in the loading frequency although in some 

instances the increase appears not to be significant. For example, such an increase was 

rather high in the SE-14 and AU-14 materials at 30oC and high confining stress states. An 

average increase of 40% in dynamic modulus was observed in the SE-09 sample when 

the loading frequency increases from 2 to 10Hz. Under the same conditions, there was 

more than 70% increase in the dynamic modulus values for both SE-14 and AU-14 

samples. Clyne, et al. (2003) reported a similar effect on the stiffness of bituminous 

materials at increasing loading frequency.  
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FIGURE 8.19   Effect of Loading Frequency on Dynamic Modulus for SE-09. 
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FIGURE 8.20   Effect of Loading Frequency on Dynamic Modulus for SE-14. 
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FIGURE 8.21   Effect of Loading Frequency on Dynamic Modulus for AU-14. 
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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 bulk stress on dynamic modulus 

observed at the three loading frequencies and two test temperatures. The dynamic moduli 

of the oil sand samples generally increase in proportion to the bulk stress. This is typical 

of geomaterials in which stiffness increases with increasing confining or bulk stress. As 

such, the dynamic moduli of all the oil sand materials at 20oC were higher in magnitude 

than the values at 30oC. This is consistent with general research findings on asphalt 

materials, which show high dynamic modulus values measured at low temperatures when 

compared to the low values at high temperatures.  
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FIGURE 8.22   Effect of Bulk Stress on Dynamic Modulus for SE-09. 
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FIGURE 8.23   Effect of Bulk Stress on Dynamic Modulus for SE-14. 
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FIGURE 8.24   Effect of Bulk Stress on Dynamic Modulus for AU-14. 
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8.4.2.4   Effect of Loading Frequency on Phase Angle  

Figures 8.25 through 8.27 show the variations of phase angles of the three oil sand 

materials with loading frequency at various confining stresses at 20°C and at 30°C. For 

all the three oil sand materials, loading frequency has in general, little effect on the phase 

angle. Under the same test conditions, the phase angles of all the oil sand materials are 

higher at 30°C than at 20oC. This is also observed in asphalt mixtures with higher phase 

angles obtained at higher temperatures than lower temperatures. Generally, at the same 

loading frequency, the phase angle values of the oil sands are much larger at lower 

confining stresses.  
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FIGURE 8.25   Effect of Loading Frequency on Phase Angle for SE-09. 
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FIGURE 8.26   Effect of Loading Frequency on Phase Angle for SE-14. 
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FIGURE 8.27   Effect of Loading Frequency on Phase Angle for AU-14. 
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8.4.3   Characterization Models for the Oil Sand Materials   

8.4.3.1 Statistical Analyses and Model Development 

All the 6,000 data points generated for each oil sand sample at the two test 

temperatures were used for developing material characterization models. To model the 

dynamic behavior under the test conditions described in this chapter, there was a need to 

include all the important controlling variables in the model development. The main 

variables considered for the model development included the applied stress states, the test 

loading conditions and three gradation properties (Cu, Cc and D50) of the oil sand 

materials. However, it was found that both dynamic modulus and damping ratio have 

little correlation with all the three gradation properties (R2 < 0.1). Therefore, the applied 

stress states, temperature and bitumen content were mainly used for modeling the oil 

sands. A close examination of the test results obtained for the three oil sand materials at 

the different test conditions indicate that the individual databases of the three oil sand 

materials could be combined for the analyses. The SAS software package was used to 

perform nonlinear multiple regression analyses to establish characterization models for 

the oil sand materials.   

Tables 8.8 and 8.9 summarize the dynamic modulus and damping ratio models 

developed for the oil sands and gives the model parameters obtained from the stepwise 

multiple regression analyses. All the models produced significantly high correlation 

coefficients (R2) from the analyses. The inclusion of temperature and bitumen content in 

model 3 made it more comprehensive for field loading conditions and improved the 

goodness of the regression fit. As a result, model 3 has been selected to be more suitable 

for investigating the behavior of oil sand materials. 
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      TABLE 8.8   Regression Models Studied for Dynamic Modulus of Oil Sand Materials 

Model Dynamic Modulus (MPa)   

1  θ A  E 1k* ⋅=    

2  wθ A  E 21 k
b

k* ⋅⋅=    

3 321 kk
b

k* Twθ A  E ⋅⋅⋅=    

Model Parameters  
Model 

Log A k4 k5 k6 R2 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 Damping Ratio of Oil Sand Materials 

Model   Damping Ratio (%)   

1  ε A  D  4k
1⋅=    

2 54 kk
1 θ ε A  D  ⋅⋅=    

3 654 kkk
1 Tθ ε A  D  ⋅⋅⋅=    

Model Parameters  
Model 

Log A k4 k5 k6 R2 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 Oil Sand Samples 
 

The master curve-sigmoidal function analytical approach for estimating dynamic 

modulus of asphalt materials at different temperatures and loading frequencies was 

explored to analyze the oil sand test data. Since the current oil sand research focused on 

determining material properties at temperatures of 20oC and 30oC and loading 

frequencies of 2, 5, and 10Hz, the master curves were based on only the selected 

temperatures and loading frequencies.  



 217 

At different confining stresses, master curves were obtained to determine dynamic 

modulus of the oil sand materials at the test temperatures using temperature shift factors. 

Separate master curves were constructed for individual oil sand samples using the two 

test temperatures and three loading frequencies at different confining stresses. A 

nonlinear least square regression technique was used to fit the data with sigmoidal 

function defined in Equation 8.5. Using the time-temperature superposition principle, test 

data were then shifted horizontally relative to the temperature 30oC.  Detailed 

construction of master curves and corresponding shift factor has been well documented in 

the Mechanistic-Empirical Pavement Design Guide (NCHRP 1-37A 2004).  

 

 f log  - 
*

re1
 E log γβ

αδ
+

+=  (8.5) 

 

where, 

         modulus dynamic E * = ;  

           fr = reduced frequency defined in Equation 8.6; 

          δ + α  = minimum modulus value; 

           β, γ = parameters describing the shape of the sigmoidal function.  

Note that δ in Equation 8.5 is not related to phase angle.  The parameter γ influences the 

steepness of the function (rate of change between minimum and maximum) and β is the 

horizontal position of the turning point. Parameters δ and α depend on aggregate 

gradation, binder content, and air void content, whereas β and γ depend on the 

characteristics of the asphalt binder and the magnitude of δ and α  (NCHRP 1-37A 

2004). 

 

f
f

  a(T)or  a(T) log  f log  f log r
r =+=  (8.6) 

    

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

temperature and T = test temperature.  
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Using Equation 8.6, the reduced frequency at the reference temperature can be 

calculated for any frequency at any temperature. The dynamic modulus can then be 

calculated from Equation 8.5 using the reduced frequency. The shift factor defines the 

amount of shift at a given temperature. In this study, The Williams-Landel-Ferry (WLF) 

equation for master curve construction was used to determine the shift factors for the 

master curves. The WLF equation was used because of the moderate test temperatures, 

i.e., 20oC and 30oC for this study. The WLF equation is expressed as follows: 

 

ref2

ref1
T

T - T  C
)T-(T C

 -  a log
+

=  (8.7) 

 

where, C1 and C2 are constants, Tref = the reference temperature and aT = the shift factor, 

which is expressed as a function of temperature of interest, T. 

Table 8.10 summarizes the sigmoidal model parameters for the three oil sand 

samples and Figures 8.28 through 8.30 show master curves developed for the three oil 

sand samples at different confining stresses. At the various confining stresses, the upper 

range of the sigmoidal function approaches asymptotically to the maximum value of the 

dynamic modulus of the oil sand materials. On the other hand, at higher loading 

frequencies, the dynamic modulus starts to approach a limiting equilibrium value in all 

the oil sand materials. Thus, the sigmoidal function captures the effects of loading 

conditions of the oil sand materials. The shift factors 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 Curves for the Oil Sands   

σ3 (kPa) δ α β γ 
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 Dynamic Modulus Master Curves 

SE-09  SE-14  AU-14 Confining 
Stress (kPa) 20oC 30oC  20oC 30oC  20oC 30oC 

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 8.28   Master Curves for SE-09 Oil Sand Sample. 
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FIGURE 8.29   Master Curves for SE-14 Oil Sand Sample. 



 221 

0

100

200

300

400

1 10 100 1000

D
yn

a
m

ic
 M

o
du

lu
s,

 M
P

a

Reduced Frequency, Hz

σ3 = 207 kPa

σ3 = 138 kPa

σ3 = 69 kPa

σ3 = 41.4 kPa

 

FIGURE 8.30   Master Curves for AU-14 Oil Sand Sample. 

 

8.5    Summary 

A newly developed damping property test procedure was used to investigate 

damping ratio, dynamic modulus and phase angle of one fine-grained cohesive soil and 

three oil sand samples in the laboratory. The fine-grained soil samples were tested at 

optimum, dry of optimum and wet of optimum, and at three loading frequencies. The test 

results were used obtain empirical equations of damping ratio and dynamic modulus of 

the soils as functions of bulk stress and axial strain. The oil sand samples had bitumen 

contents of 8.5%, 13.3% and 14.5%, and they were tested at two temperatures and three 

load frequencies. For the oil sand samples material characterization models were 

developed for damping ratio and dynamic modulus using the applied bulk stress, axial 

strain, temperature, and bitumen content as the independent variables. Also, the 

sigmoidal function for asphalt materials was employed to develop models for the oil sand 

samples. High coefficient of correlation values obtained for the models developed for the 

oil sand samples implied that the models would perform well in the field.  

The following conclusions can be drawn from this chapter:  
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1. The average damping ratio of the soil sample tested at optimum content was about 

16% lower than the average damping ratio at wet of optimum, and 33% higher 

than the average damping ratio at dry of optimum. On the other hand, the average 

dynamic modulus at optimum was about 40% higher than the average dynamic 

modulus at wet of optimum, and 31% lower than dry of optimum. The average 

phase angle of the soil at optimum was generally lower than the average phase 

angle at wet of optimum and higher than dry of optimum.  

2. The damping ratios of all the oil sand samples were generally higher at 30oC than 

at 20oC, while the dynamic moduli were higher at 20oC than at 30oC. The AU-14 

sample had the highest damping ratio, and the SE-14 sample had the lowest 

damping ratio. On the average, the damping ratios of AU-14 were about 47% 

higher than those of SE-09 at both test temperatures. On the other hand, the 

average dynamic moduli of SE-09 sample were about 2.5 times of the average 

dynamic moduli of the AU-14 sample. No significant differences were found 

between damping ratio and dynamic modulus of the AU-14 and SE-14 samples. 

At the same time, the phase angles of the AU-14 sample were comparable to 

those of SE-14 sample. Generally the phase angles of the AU-14 sample were the 

highest, and the phase angles of SE-09 were the lowest.  

3. There was essentially no significant effect of loading frequency on damping ratio, 

phase angle and dynamic modulus of the soil sample at all the moisture states. 

Thus, the single most important parameter that affected the behavior of the soil 

sample was water content. Similarly, for the oil sand samples, there was little or 

no significant effect of loading frequency on damping ratio and phase angle. 

However, as loading frequency increased, the dynamic modulus of the oil sand 

samples increased. The test temperature and bitumen content of an oil sand had a 

major influence on the dynamic modulus and damping ratio 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, and other construction and 

mining equipment are often faced with rutting and sinkage, and other mobility 

(trafficability) problems during routine operations on certain fine-grained cohesive soils 

and naturally deposited oil sands. The existing laboratory test procedures and material 

characterization models are inadequate to address the dynamic loading behavior of these 

materials. A better understanding and proper modeling of strength and deformation 

behavior of the fine-grained soils and oil sand materials under static and dynamic 

loadings would result in less rutting and sinkage, and improved trafficability.    

This research focused on developing laboratory test procedures to better 

characterize behavior of fine-grained soils and oil sand materials under field loading 

conditions of large capacity off-road construction and mining equipment. Overall, five 

newly developed and improved test procedures were established as a suite of tests to 

determine strength, stiffness and damping properties as well as permanent deformation 

characteristics of one fine-grained soils and three oil sand materials. Each test procedure 

was used to establish a comprehensive laboratory testing program to determine the 

engineering properties of the fine-grained soil sample, CAT A-6 soil, at moisture state 

chosen at the optimum moisture content, 3% below the optimum, and 3% above the 

optimum, and the three types of oil sand materials, SE-09, SE-14 and AU-14 with 

bitumen contents of 8.5%, 13.3% and 14.5% by weight, respectively. The test results 

provided extensive database of friction angle and cohesion strength properties, bulk 

modulus, shear modulus, resilient modulus, dynamic modulus, damping ratio, and 

permanent deformation properties for the soil and oil sand samples.  Each database was 

analyzed to develop material property correlations and characterization models that 

incorporated loading conditions such as applied stress states, loading frequencies, test 

temperatures and oil sand bitumen contents as variables. Generally, the majority of the 

relationships established between the soil properties and the loading conditions were of 

empirical nature. The main reason is that only one sample of fine-grained soil was tested 

at this stage. On the other hand, material characterization models that considered field 

loading conditions were developed for three different oil sand samples having different 
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bitumen contents and sand types. The characterization models will be useful for 

describing field behavior of oil sand materials.  

The newly developed and improved test procedures successfully applied static 

and dynamic stress states representative of field loading of off-road construction and 

mining equipment and provided static and dynamic material properties for one 

fine-grained soil and three types of oil sand materials. The range of material properties 

determined suggest that the test procedures could potentially serve as guidelines for the 

future development of standard test protocols for fine-grained cohesive soils and oil sand 

materials under typical loading conditions of construction and mining equipment. 

Moreover, the material property correlations and models developed may be used as 

practical predictive equations to estimate the strength and stiffness properties of 

fine-grained soils and oil sands, and predict the amount of rutting and sinkage in oil sand 

materials under typical field loading conditions.  

The following lists specific findings and conclusions drawn from the study. 

• A comprehensive literature review indicated that the dynamic behavior of 

fine-grained cohesive soils and oil sand materials under construction and mining 

equipment have not been studied extensively in the laboratory. Research on these 

materials has traditionally focused on obtaining laboratory stress-strain test data to 

describe shear strength and elastic behavior of oil sands.  Based on the data 

collected in these studies, confining pressure, peak stress or strain, friction angle 

and cohesion are the material properties used for modeling the strength and elastic 

behavior.  

• The single most important parameter that affected strength, stiffness and damping 

behavior of the soil tested (CAT A-6 soil) was moisture content. The strength and 

stiffness properties generally increased for the 3% dry of optimum condition and 

decreased for the 3% wet of optimum. There was essentially no significant effect 

of loading frequency on damping ratio, phase angle and dynamic modulus of the 

soil sample at the three moisture states. The damping ratio values of the CAT A-6 

soil increased with increasing moisture content. 

• Bitumen contents of the oil sand materials in general affected stiffness and 

permanent deformation properties. The Suncor Energy low grade oil sand sample 
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(SE-09) with bitumen content of 8.5% was found to be the stiffest sample, 

whereas the Aurora high grade oil sand sample (AU-14) with bitumen content of 

14.5% generally appeared as the softest. The amount of bitumen content appears 

to be the main factor that explains the difference observed in the permanent 

deformation trends for the oil sands. The SE-09 sample, with the lowest bitumen 

content, had the lowest permanent strain accumulation, whereas AU-14 sample 

with the highest bitumen content generally had the highest accumulation of 

permanent strain. The effect of bitumen content on the material properties of the 

Suncor Energy high grade oil sand sample (SE-14) with bitumen content of 

13.3% appear to be similar to Aurora high grade oil sand sample.  

• The test temperature, loading frequency and applied stress states significantly 

affected the laboratory determined material properties of the oil sands. The 

modulus generally decreased with increasing temperature and decreasing loading 

frequency, whereas damping ratio increased with increasing temperature. 

However, there was little or no significant effect of loading frequency on damping 

ratio and phase angle of the oil sand materials. Also, no significant effect of 

temperature was found on the shear strength properties of the oil sand samples. 

The applied stress states had significant influence on permanent deformation 

accumulation in the three oil sand materials. As the deviator stress increased, both 

the magnitude and the accumulation rate of the permanent deformation increased 

in all the three oil sand materials. Also, permanent strain accumulation rates 

generally decreased as the magnitude of the confining pressure increased. Thus, 

permanent strains accumulated in the oil sand materials related directly to 

deviator stress and inversely to confining pressure. Applied principal stress ratios 

(σ1/σ3) more significantly influenced permanent deformation and the rate of 

accumulation than the applied deviator and confining stresses. The permanent 

strains became larger as the confinement levels decreased and the principal stress 

ratios increased.  

• The oil sand materials and fine-grained cohesive soils appeared to have similar 

stress softening modulus behavior. The shear modulus and resilient modulus 

generally decreased as the applied deviator stress increased. On the other hand, 
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the stiffness trends of oil sand materials under different temperatures and loading 

frequencies were typical of asphalt materials.   

• The newly developed pure shear loading test procedure provided lower shear 

modulus values than the results obtained from the standard cyclic triaxial test 

procedure. Therefore, pure shear test appears to be more conservative for 

characterizing shear modulus compared with the standard cyclic triaxial test. 

• Since cylindrical test specimens did not undergo shear failures in triaxial testing, 

the direct shear test procedure was more applicable for determining shear strength 

properties of oil sand materials than triaxial shear testing. 

9.2   Recommendations for Future Research    

 Based on the findings of this research study, the following recommendations are 

made for further research:                  

1. For fine-grained soils, the study was limited to one type of soil sample. It is 

important to include different types of cohesive soils and develop additional 

characterization models to evaluate their field loading behavior. Further 

laboratory studies can consider fine-grained cohesive soils at different density 

levels to evaluate density effect on dynamic material properties. There is a need to 

perform permanent deformation tests to predict sinkage or rutting potential in the 

soils.  

2. There is a need to investigate the rheological properties of bitumen in oil sand 

materials. Particularly, further study to determine viscosity of the three oil sand 

materials at the test temperatures is recommended. Results from such a study can 

provide additional verification of stiffness behavior exhibited by the oil sand 

materials. It will also provide additional knowledge on the effect of bitumen 

contents on the material properties of the oil sands. 

3. The effectiveness of the developed laboratory test procedures should be validated 

through expanded test program to include additional soil and oil sand samples. 

For instance, the laboratory test program could be performed under several 

loading conditions to verify the repeatability of test results. In particular, 

temperature effect on oil sand behavior need further study.   
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4. Further validation and verification of the models can be accomplished using the 

results of additional laboratory tests and field test, which can be performed on 

fine-grained soils and oil sand samples obtained from several construction and oil 

sand mining fields.  

5. Further studies are recommended for shear strength testing of oil sand materials 

using triaxial testing condition. This time, samples could be tested at different 

loading rates to observe the shear strength properties.  
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