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Abstract

Tremendous volumes and diversity of mine wastes are produced and exist world wide. A large
portion of these mine wastes result from ore benefication and are transported hydraulically to
surface impoundments. These slurried wastes (tailings) may broadly be classified as segregating
or nonsegregating, each exhibiting contrasting behavior following deposition. The local or
regional geotechnical integrity of these deposits may be limited, creating characterization
difficulties and result in problematic dry landscape reclamation. Two tailings deposits of
contrasting dimensions, depositional behavior, geotechnical and material properties, which

sample the spectrum of tailings facilities were investigated

Characterization of weak tailings deposits requires non-traditional techniques. Three site
investigation systems developed to characterize weak deposits included a Plate Load Test
apparatus, a Cone Penetration Test apparatus, and a Spectral Analysis of Surface Waves system.

Each system was light weight and afforded mobilization to the weak tailings sites using only

human effort.

Mechanisms to economically enhance the surface stability and dry landscape reclamation of these
weak deposits is available. The mechanisms explored are broadly defined as natural surface
enhancement processes and include freeze-thaw consolidation, evaporation, evapotranspiration,
and fibre reinforcement of vegetative root systems. Chronological performance monitoring from
1989 to 1996 at a coal tailings facility indicates that these processes are active and have resulted
in considerable strength and surface stability enhancement. In addition to highlighting the impact
of the various natural enhancement processes, site characterization correlations are confirmed and

presented which assist future tailings investigations. Furthermore, extension of a fibre



reinforcing model showed success in prediction of increase in bearing capacity offered by

vegetative root systems

The geotechnicu! integrity of dry landscapes encountered in natural “undisturbed” environments
is diverse. Dry landscape reclamation of tailings facilities must satisfy the end-land use, maintain
equivalency and behave harmoniously with the regional landscape.  Site characterization
equipment employed to initially characterize and monitor reclamation progress, coupled with

engineering of natural surface enhancement processes are mechanisms to achieve this goal.
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Chapter 1

Introduction

1.1. INTRODUCTION

Tailings refer to any solid form of mine or mill waste, including rock-sized stripping wastes,
underground mine muck, and finely ground mill wastes. Staggering quantities of tailings are
generated world wide in all facets of the mining industry including the hard rock, coal, potash and
oil sands industries. Brumund (1988) reported US EPA data which states annual mine waste
generation rates :n ihe order of 1.4 billion tons. These volumes are in addition to the estimated 31
billion tonnes of mine wastes and 13 billion tonnes of tailings generated in the U.S. between 1910
and 1981 (Testra 1994). Mine wastes generated in Canada support these volumes. The oil sands
operations in rorihern Alberta, through annual production of 85 million barrels of high quality
synthetic crude (Sheeran 1993) generate 160 million m° of fluid tailings with a solids content of
40 to 60 % by mass (Suthaker 1995). The Highland Valley Copper mine located in central
British Columbia, producing an estimated 160,000 tonnes of copper and 2300 tonnes of

molybdenum per annum, generate about 113 million m’ of slurried tailings (Hanson 1992,
Dawson 1994).

The slurried form of processed mine wastes resulting from the benefication of ore is
conventionally hydraulically transported and deposited in surface impoundments. Considering
the diversity of ore deposits, and processing and disposal methods, a well established distinction

is forwarded regarding the behavior of the slurried tailings streams. These streams may be



broadly classified as segregating and nonsegregating. Segregation refers to the tendency of the
soiid fraction (or part of it) to settle and create a concentration gradient within the mass, whereas
nonsegregating behavior exhibits a uniform distribution of solids throughout the mass. The
demands of hydraulic transport and the geotechnical and chemical composition of slurried tailings
streams, often prescribe segregating behavior. Hydraulic sorting often transpires following
deposition of segregating mixes resulting is distinct regions within the storage facility. Although
hydraulic sorting may be advantageous from a containment and stability viewpoint, regional
material contrasts within the storage facility may exasperate dry landscape reclamation concerns.
Such reclamation concerns have positioned the oil sand industry to evaluate the properties of
nonsegregating tailings (NST)' to capture/contain, with the aid of coagulating agents, a greater

proportion of the mature fine tailings produced from their segregating tailings streams.

Both the heterogeneous or “homogeneous” tailings deposits eventually require reclamation
initiatives to achieve the lease-closure landscape requirements. Depending on the regional
landscape conditions, the lease-closure landscape requirements imay involve a marriage of wet
and dry landscape reclamation philosophies, which require geotechnical and environmental
(geo-environmental) considerations prior to activation. The geo-environmental concerns include
achieving a lease-closure landscape which is self sustaining, geotechnically stable, maintenance
free, and exists harmoniously with the regional landscape. In addition to these engineering issues,
the reclamation philosophies must also satisfy economical constraints. Often promotion and
engineering of mechanisms to satisfy the geo-environmental concerns are also economically
practicable. In the case of dry landscape reclamation of fine processed mine wastes which exhibit
limited strength and surface stability, such mcchanisms include the adoption and engineering of

natural processes to enhance strength and stability.

Promotion and optimization of climatic dependent structural enhancement processes is viewed as
achieving environmental and economical harmony. Locations in Australia (and other arid
cliinates) boast evaporation fluxes in excess of 4 m per annum (Swarbrick 1992). Evaporative
dewatering mechanism with thin layered disposal of Australian coal tailings to achieve volume

reduction and strength gain is encouraged (Williams and Morris, 1990).

' “NST* 45 recently been revised to *CT™ - Consolidated Tailings,.._., ..., Composite Tailings .. oo se)



Climatic sponsored structural enhancement processes have been recognized in Canada as well.
Freezing of saturated high void ratio fine tailings during winter months, followed by spring and
summer thaw, encourage structural enhancement including consolidation/voiume reduction and
strength gain. Optimization avenues investigated or currently under investigation include
chemical addition, layer thickness control, drainage measures, and waste stream combination.
Evaporation and freeze-thaw processes not only help address future reclamation concerns, but
through volume reduction processes release land for continued tailings storage, and potentially

reduce external process water demands through effective capture of the freeze-thaw release water.

Evaporation and freeze-thaw consolidation represent two of the key natural processes explored in
this thesis which enhance the surface stability and dry landscape reclamation of fine processed
mine wastes. An additional mechanism discussed herein includes dewatering through
evapotranspiration, and the reinforcing effects of vegetation and respective root systems. These
three key processes are highlighted as a result of the detailed site investigation activities
undertaken at the Coal Valley tailings impoundment, located 200 km west and 90 km south of
Edmonton, Alberta, and the Suncor Nonsegregating Tailings (NST) Cells, developed on the

Suncor Inc. lease located approximately 500 km north of Edmonton.

Significant contrasts with respect to these deposits, in addition to their geological origin and
geotechnical properties are forwarded. Firstly, the Coal Valley tailings facility represents the
product of a segregating material. Hydraulic sorting dominated the deposition and extreme
heterogeneity and regional contrasts exists within the impoundment. Secondly, the horizontal and
vertical dimensional limits of the Coal Valley impoundinent are one to two orders of magnitude
greater than those of the Suncor NST Cells. Furtheniiore, the age and resulting reclamation

maturity of the Coal Valley tailings deposit is several years advanced than that of the NST Cells.

Highlighting the natural processes which enhance the bearing capacity and surface stability of
these deposits is one facet of the research initiative. The development of lightweight geotechnical
equipment for efficient and detailed site characterization of the deposits was critical. Three

systems which required only human effort for mobilization at the weak tailing sites included a



Plate Load Test (PLT) apparatus, a Cone Penetration Test (CPT) apparatus, and a Spectral
Analysis of Surface Waves (SASW) system.

The relatively unprecedented nature of the application of these site investigation techniques on the
very weak and compressible soils resulted in the exploration and resolution of a variety of issues.
These issues include site investigation problems, detailed interpretation of the results,
confirmation of existing correlations, ard establishment of unique correlations and findings. The
analysis conducted in the succeeding chapters and appendices will enhance our understanding of

the performance of these deposits, and advance the state-of-art of investigation and analysis.

1.2. RESEARCH BACKGROUND AND OBJECTIVES

This thesis topic originated initially in 1991 as an M.Sc. research project. The Coal Valley mine
owned by Luscar Sterco (1977) was proceeding with reclamation activities on their tailings
facility. Due to operation constraints, previous tailings reclamation activities at Coal Valley
included placement of significant thicknesses of capping material, in excess of 6 m, to satisfy the
minimum 1.3 m “initially” required in their Development and Reclamation Approval. The short
haul distance between the mining and tailings regions afforded these thicknesses in the past,
however, mine development towards the lease boundaries and resulting extensive haul distances
economically discourages this practice today. Maintaining environmental commitments, Coal
Valley pursued an altemative reclamation/research approach to achieve a dry landscape condition
commensurate with the desired equivalent pre-mining land capability. The reclamation research
initiative by Coal Valley included selective thin capping, seeding, planting and fertilization

practices on the retired tailings impoundment which had reached capacity in 1989.

Taking advantage of this reclamation program, the M.Sc. research scope included the limited
geotechnical investigations of the Coal Valley tailings impoundment, follcwed by a review of the
natural surface processes which were enhancing the shear strength, bearing capacity and surface
stability of this deposit. Chapters 2 and 3 represent the early findings of this research initiative.

In 1993, the research scope was expanded to a Ph.D. level. The resulting objectives of this



subsequent staged research initiative, which were discussed briefly above, are summarized as

follows:

o Development/modification of geotechnical site investigation equipment which is light

weight requiring only human efforts for mobilization, and can be employed at tailings

sites exhibiting limited surface stability.

° Conduct chronological performance monitoring of the reclamation activities at the Coal

Valley tailings impoundment.

L Expand the scope of the tailings deposits investigated to include a contrasting ore deposit,

tailings product, and tailings deposition facility. The Suncor NST Cell deposits were

selected to satisfy this requirement.

. Highlight the contribution of natural surface processes to enhanced dry landscape

reclamation bearing capacity and surface stability of tailings.

As a result of the unique characteristics of the tailings deposits investigated and the

complimentary nature of the geotechnical site investigation tools, additional assets beyond the

initial research scope were achieved, including:

. Development of a “preliminary” model to predict the increase in shear strength and

bearing capacity offered by vegetative root systems on compressible tailings.

. Establishment/confirmation of a variety of cone factors to predict field vane shear

strengths, and bearing capacity of root reinforced soils.

The results of this expanded scope are included in Chapters 4 through 8, with detailed field

results, discussicn, and analysis provided in Appendices A through F.



1.3. ORGANIZATION OF THESIS

This thesis is organized into a series of six fundamental chapters (Chapters 2 through 7), wiih the
final chapter providing a selective summary and conclusions. Detailed successive appendices
provide investigation results, analysis, and discussion. Each of the chapters has either been
published or is awaiting publication in conferences proceedings and/or journals. The chapters
have been organized in a relative chronological fashion with each being unique in focus. Some
similarities are observed within the later chapters and the reader will observe the successively

enhanced analysis sponsored through extended research.

Chapter 2 introduces the Coal Valley Tailings deposit highlighting the various regions within the
facility, and the heterogeneous nature of the deposit at the various sites investigated along the
beach portion of the impoundment. This chapter presents the results of the plate load tests
conducted in 1991, and introduces the processes which have enhanced the surficial shear strength

and bearing capacity of the tailings since initially undergoing reclamation activities in 1989.

To complement the investigations along the beach portion of the Coal Valley Tailings
impoundment, Chapter 3 introduces the process of freeze-thaw which is found to consolidate and
enhance the shear strength of fine grained high void ratio saturated slurries. The contribution of
freeze-thaw to the gradual strength gain of the saturated silt and clay sized particles within the

pond portion of the impoundment is presented.

As the scope of the research was expanded from an M.Sc. to a Ph.D. level, so too did the
methodologies of characterization. A key problem inherent in characterization of weak tailings
facilities is the development of suitable methods to efficiently investigate the geotechnical
properties of these materials. Chapter 4 presents the equipment (PLT, CPT, and SASW)
developed/modified which was employed to investigate tailings deposits including the Coal Valley
and Suncor NST facilities, which exhibited limit=d strength and surface stability. Provided the
tailings can support human traffic, the modified equipment transcends the requirement of placing

access ramps for utilization of traditional truck-mounted equipment.



Chapter 5 presents results of some of the latest investigations, and introduces the correlation of
the CPT with the Field Vane Shear test results. A theoretical model which predicts the increase

in shear strength of soils as a result of root reinforcement is introduced.

Chapter 6 represents results of the extended chronological site investigation activities at Coal
Valley, including a +letailed summary and comparison of the 1991 and 1994 PLT's. The topics
of evaporation, evapotranspiration and fibre reinforcement of vegetative root systems are
discussed in greater detail than that found in Chapter 2. The theoretical model predicting the

increase in shear strength of root reinforced soils is extended to predict the increase in bearing

capacity of root reinforced compressible tailings.

Chapter 7 includes an update of the investigations conducted within the pond portion of the Coal
Valley tailings impoundment previously presented in Chapter 3. The main contribution of this
chapter is the presentation/summary of the key processes which may be employed to
geotechnically enhance the surface stability of weak tailings deposits with the goal of attaining a

suitable dry landscape reclamation condition.

Prior to reading the final concluding chapters, the reader is encouraged to review the issues which
are presented in Appendices A through F. Appendix A summarizes the index tests and field vane
shear tests which were conducted at the two tailings facilities investigated in this research.
Appendix B includes a complete summary of the plate load test data at these sites. Due to the
very weak nature and otherwise unique nature of the tailings deposits investigated, a variety of

interesting issues surfaced during analysis of the CPT soundings. These issues are discussed in
detail in Appendix C.

The SASW technique was employed to determine the shear wave velocity profiles at the tailings
sites with the results presented in Appendix D. Appendix E provides a limited literature review
and sequentially outlines the steps selected to predict the increase in shear strength and bearing
capacity offered by vegetative rooi systems. The unprecedented nature of these investigations
necessitated the need for confirmation of field results through consideration of published

correlations. The detailed and complimentary nature of these field investigations also provide



insight into new correlations which enhance prediction of soil behavior. These correlations.

comparisons and calculations are included in Appendix F.

Chapter 8 subsequently includes a brief discussion of the inethods, models, and investigation
techniques which may help guide the utilization of natural surface enhancement processes to

achieve a dry landscape.

Based on the previous chapter and appendix findings, Chapter 9, provides a synopsis of the key
topics discussed, conclusions gathered, and provides recommendations for future research

pursuits.
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Chapter 2

Influence Of Natural Surface Processes On Reclamation Of The Coal Valley
Tailings Impoundment’

2.1. INTRODUCTION

The Coal Valley mine, owned and operated by Luscar Sterco (1977) Ltd., is located
approximately 96 km south of Edson, Alberta, in the foothills of the Rocky Mountains. Yearly
production of 1.8 million clean tons of coal results in two waste streams, a coarse dry crushed
rock and a fine saturated slurried tailings (Figure 2.1). During one stage of mineral extraction
and waste stream deposition, an 18.2 hectare impervious impoundment was constructed to

contain the fine saturated slurried tailings. This impoundment reached its capacity in 1989 and

has been undergoing reclamation.

During deposition of the slurried tailings stream into the impoundment, coarser particles settled
more readily while the finer particles were transported to the pond. This segregation resulted in
three distinct zones which potentially require different reclamation schemes. These zones are the

coarse tailings zone located near the previous discharge point, the fine tail zone located at the

' Published Paper:
Stahl, R.P., and Sego, D.C., 1992. Influence of Natural Surface Processes on Reclariation of the Coal
Valley Tailings Impoundment. Second International Conference on Environmental Issues and

Management of Waste in Energy and Mineral Production, Calgary, Alberta, September I-4,
pgs. 389-400.



pond, and an intermediate zone located between the two extremes. Each zone represents unique

problems and challenges for reclamation.

Previous reclamation practices at the Coal Valley mine have included capping the coarser tailings
with 3 to 6 m of waste rock to satisfy operational requirements, although only 1.2 m was required
by regulation. Greater capping thicknesses were required for softer, saturated fine tailings as the
material squeezed under the loads imposed during placement of cap rock. Capping thicknesses in

excess of 1.2 m directly affect production costs and thus profits at the mine.

This paper presents some of the natural processes which can assist during the reclamation of both
coarse and intermediate tailings. These include freeze-thaw consolidation, desiccation drying,
evapotranspiration, and fibre reinforcement of vegetative root systems. Incorporating natural

processes during reclamation may lead to more efficient practices, and potentially reduce the

short term and long term reclamation costs.

2.2. DEPOSITION HISTORY

A plan and section of the existing impoundment illustrating the approximate coarse and fine
tailings zones is shown in Figure 2.2. The locations of the plate load tests sites, the various test
boreholes, as well as the present soil capping locations are shown. The impoundment, which
initially existed as a series of smaller interconnected cells, was filled with saturated tailings by
single point discharge located at the northern end of the impoundment. This discharge location
remained stationary during filling of the impoundment. The fine saturated tailings slurry, which

entered the impoundment at approximately 35 % solids, had a grain size distribution as shown in

Figure 2.1.

Following tailings discharge, many of the coarser particles settled readily from suspension while
the remaining slurry was carried further along the beach. It is noted that tailings deposition is a

dynamic process and the reader is referred to Kupper (1991) for a detailed description of its
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complexity. In general, however, as distance from the discharge point increases, finer particles
tend to settle out of suspension. The remaining fine silt and clay size particle are transported to
the main decant pond and eventually settle under quiescent conditions while the decant water
treated and released. Due to the location of the tailings discharge pipe and the geometry of the
impoundment, small ponds housing fine silt and clay size particles formed along some of the
edges of the perimeter dyke. These pond locations are variable and represent potentially weak,
highly compressible areas. Nonetheless, most of the tailings were deposited in an above water

tailings beach with the mean particle size decreasing with distance from the discharge point.

23. RECLAMATION OF COARSE TAILINGS

2.3.1. Shallow Stratigraphy

The shallow subsurface stratigraphy at each of the five plate ioad sites are shown in Figure 2.3.
Site 1 is nearest the previous discharge point, approximately 98 m away, and Site 4 is located
furthest away, approximately 302 m from the discharge point. Sites 1 through 3 may be
described as interlayered silty sand and sandy silt wiih the occasional sand layer. Site 2, located
approximately 162 m from the tailings discharge location, does not display increased fines
(material passing the #200 sieve) within the stratigraphy compared to Site 1. However, Site 3
jocated 250 m from the discharge location, was characterized by a gradual increase in fines

content of both the sandy and silty layers, as well as the absence of relatively clean sand layers.

Site 4 which is the test site located closest to the existing pond (Figure 2.2) shows a significant
increase in fines content, with the profile described as sandy and clayey silt. A coarser silty sand

layer is observed near the surface, however, the silt remains the dominant material.

Site 5 is located approximately 216 m from the discharge point, in the area of soil capping.
Based on its location, its shallow stratigraphy would be expected to be a transition between Sites
3 and 4. Surprisingly, Site 5 is composed of uniform sandy and clayey silt layers with no coarse
sand layers present. This profile supports the hypothesis that the pond at one time during the



depositional history had advanced along the southern end of the impoundment, or a small
detached pond had occupied the Jocation around Site 5.

2.3.2. Plate Load Tests

2.3.2.1. Theory

One of the early sets of bearing capacity equations intended for shallow foundations was
proposed by Terzaghi in 1943. Extensions to Terzaghi’s bearing capacity equations have been
made over the years by Meyerhof, Hansen and Vesic among others (Bowles 1988, Vesic 1975).
The most general bearing capacity equation reported by Hansen and Vesic, which is similar to

Meyerhof's equation, is as follows:

(a) (b) (c)

Qunr = ('Tvcscdcicgcb; + quqsqdq’ngE + 'O-SBNysydyiygy by‘ [2.1]

This general equation for the ultimate bearing capacity, qur has three contributing components.
The first component (a) is termed the cohesion component and was developed from the theory of
plasticity. The second component (b) is the surcharge component which compensates for any
surcharge loading above the elevation of the base of the footing. The third component (c) is the
self weight component of the material beneath the footing. This component is highly nonlinear
and a function of the friction angle and is the dominant term for shallow foundations on dense
sands and gravels. The general equation above has comporents "s, d, i, g. and b" to account for

footing shape, footing depth, inclination of load, sloping ground, and tilting footing respectively.

This bearing capacity equation was developed from solutions of rigid-plastic solids of the
classical theory of plasticity. The material is assumed to suffer no deformation prior to shear
failure, with plastic flow and constant shear stress after failure. Hence, the capabilities of [2.1]
and other theoretical bearing capacity equations for predicting ultimate load, or conversely

material properties, are limited to incompressible soils or the general shear failure mode.
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There exists predominantly three modes of foundation failure as shown in Figure 2.4. (after Vesic
1973, 1975); general shear failure, local shear failure, and punching shear failure. The latter
failure mechanism will be discussed herein as it describes the failure mechanism observed at the
surface of the tailings. Punching shear commonly occurs in very loose compressible soils, with a
failure pattern or ultimate load difficult to distinguish. Increasing load results in vertical
compression of the soil beneath the footing. Vertical shear around the footing perimeter develops
through continued penetration. The ultimate load or first failure is difficult to distinguish with
any certainty, but is commonly taken as the point ¥ break of the load-settlement plot. For very
loose compressible soils where the ultimate load may not be easily distinguished, it is

recommended to carry the load to settlements of at least 25% of the footing width (Vesic 1975).

The failure mechanism for incompressible soils and described in [2.1] is not applicable for
compressible soils which fzil in local or punching shear. Consequently, Terzaghi proposed the
use of the bearing capacity equation for the general shear mode of failure, with reductions in the
cohesion and friction angle values to account for soil compressibility. This proposal is not
supported by laboratory or field tests, and displays -~ incompatibility in bearing capacity upon
transition from general shear to local or punching shear. Vesic (1973) and Ismael and Vesic
(1981) proposed the use of compressibility factors in the bearing capacity equation. The
compressibility factors are a function of the rigidity index which depends on the Poisson's ratio

and elastic modulus of the soil.

Length limitations inhibit a detailed discussion of the compressibility factors for the coal tailings.
The following discussion will center on the relative plate bearing pressures at the individual sites

and not on specific material properties.

2.3.2.2. Plate Load Testing Description

The plate load apparatus used at the Coal Valley Tailings Impoundment is shown in Figure 2.5.
This system had an uitimate load capacity in excess of 10 kN, and was designed for ease of

transporting by hand.
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The punching shear failure mechanism discussed above was observed with all tests. The plate
punched into the ground with vertical shear developing around the plate perimeter. The Load-
Settlement and Pressure-Settlement curves from Site 1 (Figure 2.6) display the general failure

pattern observed at all sites. This pattern is characteristic of that for punching shear as shown in
Figure 2.4.

The objective of the tests at each site was to determine the bearing capacity of the natural
tailings. The relative contributions of freeze-thaw dewatering, desiccation drying,
evapotranspiration and fibre reinforcing effects of the vegetative root system on bearing capacity
were also sought. The nomenclature and boundary conditions for the plate load tests are shown
in Figure 2.7. Four tests were typically conducted at each site, two on a bare tailings surface and
two on a vegetated surface (rooted tailings). At Sites 2 and 3, tests were also conducted
approximately 22 cm below the tailings surface. At Site 4, a test could only be conducted a
maximum of 12 cm below the tailings surface due to the proximity of the water table. Site 5 was
selected to determine the effect of the loosely placed 0.3 m soil capping material on both the

bearing capacity of the capping surface as well as the tailings beneath the capping layer.

All the plate load tests (except one) were conducted at a displacement rate in the order of 0.1

mm/sec. At the coarser grained sites, this rate was deemed slow enough for drained conditions.

At Sites 4 and 5, this loading rate likely resulted in a partially undrained test.

2.3.2.3. Tests Results

A summary of the plate load test results on the surface of the tailings are best shown in Figure
2.8. The relative bearing capacity of all plate load tests relative to the results at Site 1 (Site 1
referenced at 100%) are presented. The bearing pressures at the respective 10 % and 20 %

relative settlements are used for the comparison.

The bearing pressure at Site 2 for both relative settlement levels on both rooted and unrooted
tailings increased from that at Site 1 (Figure 2.8). This is due to the presence of the almost
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continuous 37 cm thick surficial sand layer at Site 2, compared to the 11 cm thick compressible

surficial silt layer at Site 1.

The gradual increase in fines in the shallow stratigraphy at Site 3 compared to that at Site 1 is
reflected in the reduced plate load test results. The lower strength is likely due to the highly
compressible silt within the stratigraphy, as well as the closer proximity of the water table which

reduces the effective shearing resistance of the soil

The tests at Site 4 were conducted as close to the free water surface as feasible. The higher silt
content at this site, and the proximity of the water table is reflected in the plate load results.
Tests conducted at the surface of both the rooted and unrooted tailings displayed significant

reductions in bearing pressure compared to the previous 3 sites.

The plate load tests on the tailings surface at Site 5 reflect the fine nature of the tailings. The
bearing pressures on the bare tailings at 10% and 20% relative settlement are similar to those at
Site 4, some 86 m further downstream. One test was also conducted on the surface of the
capping material to determine its influence on the bearing pressure. This capping material was
placed using a dragline and left uncompacted. Although this material is a well graded clayey till
with potentially high bearing pressure, its contribution to bearing pressure was limited due to its
loose structure and high moisture content (46%). A well graded free draining medium to dense
sand would have contributed significantly more to the bearing capacity of a 300 mm diameter
plate at this site. Theoretical bearing capacity calculations indicate that a 0.3 m layer of well
graded, compacted, free draining sand placed at this site would have produced capacities

significantly higher than those measured.
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2.3.3. Strength Enhancement

2.3.3.1. Naturali Crusting

A comparison of the crust bearing pressures compared to the below crust pressures are shown in
Figure 2.9. This figure shows the relative increase (or decrease) in cri-st bearing pressure
compared to that below the crust. Sites 2 and 4 show significant crust bearing pressures at 10%
and 20 % relative settlements compared to that below the crust. An increase in crust bearing

pressure is not observed at Site 3 (slow test). This is possibly due to the presence of less

compressible sandy material with depth.

Among the two tests conducted below the surface at Site 3, one was conducted at a slow rate
similar to that of the other surface tests, and one at a rate approximately 50 times faster. This
faster test, conducted at a settlement rate of 5 mm/sec, attempted to analyze the strain rate
dependence of the plate load test. The faster test exhibited approximately a 20 % increase in
bearing pressure at the two respective relative settlements. The higher bearing pressures indicate
that undrained or partially undrained conditions prevailed during the fast test with the generation
of positive pore pressures. The low permeability of the soil inhibited the drainage, and resulted in
pore pressure generation and reduction of the dynamic compressibility of the soil. Vesic (1965)
reported similar results with footings on dense sands subjected to transient loads. The increased
bearing capacity on dense sands as reported by Vesic, however, is due to dilation of the sand
structure along the general shear failure plane causing the generation of negative pore pressures
and increased effective stresses. The surficial coal tailings at the Coal Valley Impoundment arc
very loose and compress when subjected to loads, leading to the generation of excess pore

pressure as the material fails in punching shear.

Higher crust strengths which contribute to the higher measured bearing pressures are believed to
be due to three factors. The first two are the freeze-thaw dewatering of the fine grained phase of
the surficial tailings during the winter and spring seasons, as well as desiccation drying during the
summer season. Both factors rely on the development of suction or negative pore water pressuses

to dewater and consolidate the tailings. Both natura) processes dewater the tailings, creating a
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consolidated crust. The significance of these two natural processes depend on the climatic
conditions in the tailings disposal area. In arid climates, desiccation drying is likely the dominant
enhancement process whereas colder climates may rely on freeze-thaw. Williams and Morris
(1990) discuss the significance of desiccation drying on dewatering and strength enhancement of
Australian coal tailings, and highlight optimization of the crusting by placing the tailings in thin
layers for drying. Optimization of freeze-thaw consolidation and dewatering processes of fine
tailings in cold climates such as at the Oil Sands operations in Northern Alberta is also seen as a
potentially viable solids enhancement technology. Strength enhancement through desiccation
drying or freeze-thaw dewatering depend on particle grain size and are only significant with fine

grained saturated or partially saturated soils.

The last factor contributing to increased crust bearing pressure is the relative proximity of the
water table. As the plate is loaded, a zone or bulb of influence develops which can be predicted
using the Boussinesq equations. As the plate fails the tailings in punching shear, part of the
bearing capacity develops from compression of the soil beneath the plate, and part is from
vertical shear around the perimeter of the plate. For cohesionless soils, the frictional resistance
depends on the effective stress. A net increase in pore fluid pressure beneath the plate within the

bulb of influence results in reduced effective stress and 2 reduced bearing pressure.

2.3.3.2. Biological Dewatering And Strength Enhancement

The effects of biological dewatering and strength enhancement at the sites are also illustrated in
Figure 2.9. This figure compares the relative bearing pressure of the rooted tailings with that of
the unrooted tailings for relative settlements of 10% and 20%. All sites showed increased bearing
pressures of the rooted tailings over the unrooted tailings, with significant gains observed at Site
4. At all sites, the root system dewaters the tailings through evapotranspiration. Strength
enhancement through evapotranspiration or biological dewatering becomes more proriounced as
the particle size of the tailings decreases (as with desiccation drying and freeze-thaw dewatering
discussed above). Thus for the fine tailings at Site 4, which consists primarily of silts and clays,

significant strength enhancement in the order of 40 % to 50 % is observed. At the more
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granular, free draining sites such as Site 1 and Site 2, the material is sufficiently dewatered by

gravity and additional dewatering through evapotranspiration is less evident.

The significance of dewatering through the use of different types of vegetation on the strei:gth
enhancement of tailings is shown in Figure 2.10. Johnson et al. (1991) tested various plants for
dewatering and strength enhancement of a sand-fine tailings mix, by placing the plants in
lysimeters in a green house for an 11 week period. The sand-fine tailings mixtures were obtained
from the Syncrude cil sands extraction plant. Moisture content and shear strength measurements
were carried out at 3 depths in the lysimeters with the average shown in the Figure 2.10. Little
information was presented on the method used to measure the shear strength, however, it is
anticipated that the measurements were conducted without the roots influencing the measured
strengths. The influence of biological dewatering on the strength enhancement of fine grained

material, sk=>n in this figure, is impressive and warrents further study.

Figure 2.10 illustrates that Reed Canary and Dock exhibit superior dewatering and strength
enhancement capabilities compared to other vegetative species. Reed Canary and Dock also were

reported to have had the deepest root systems, each reaching the bottom of the 80 cm deep

lysimeters within the 11 week study.

Independent field studies at the Coal Valley tailings impoundment support these results. Macyk
et al. (1991) conducted field research on the effect of different material replacement options on
plant growth and tissue characteristics. The authors concluded that rooting depth was directly
proportional to water availability and coal tailings did not adversely affect rooting characteristics.
Secondly, Reed Canary grass penetrated to greater depths than the other vegetation species
including Alfalfa mix, Red Top, Alsike Clover, Timothy, and Red Clover. Reed Canary grass

and Alfalfa mix were the dominant vegetation found on the tailings surface during the field study

reported in this paper.

Vegetative root systems also provide a mechanical component which contributes to the bearing
capacity of the rooted tailings. This contribution is difficult to quantify and would likely depend

on factors including root length, depth, root density and the tensile strength of the root fibre.



20

Much the same as a geogrid reinforces a soil mass, so to would a root system within the tailings.
It is expected that the additional bearing pressure of 5 % at 20 % relative settlement at Site 2 for
the rooted tailings is due to the reinforcing effects of the root system since strength enhancement
through evapotranspiration dewatering would be negligible. Although a measure of the root
density beneath the rooted tailings plate load tests was not conducted, Macyk er al. (1991)
reported an average plant yield of 88 g dry weight of plant material at five sites obtained from
five Daubenmire (1959) frames. Through empirical correlations which predict root morphology,
this yield provides a useful index to gauge and compare vegetative reinforcing effects of future

plate bearing tests on the coal tailings.

24. CONCLUSIONS

The following conclusions may be stated following the plate bearing tests conducted on the coal

tailings at the Coal Valley Tailings Impoundment.

1. The tailings are deposited in a loose, uncompacted state and fail in punching shear.
Traditional bearing capacity formulation were developed for incompressible soils or the
general shear failure mechanism and cannot be directly applied to cases of local or

punching shear without accounting for compressibility of the tailings.

2. The bearing pressure in general decreases as distance from the tailings discharge increases.
The main contributing factor for this decrease in capacity is due to decreasing grain size or

increase in fines.

3. The bearing pressures of the rooted tailings were greater than that on unrooted tailings.
This is due to evapotranspiration (dewatering) and fibre reinforcement of the root system.
In some cases, the bearing pressures of the rooted tailings were 50-60% greater than the

unrooted tailings at equivalent strain or relative settlement levels.
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4. A consolidated crust has developed at some of the plate load test sites. The crusting is due
to desiccation drying during the summer season and freeze-thaw dewatering through the
winter and spring seasons. In some cases, crusting has resulted in a 20 to 40 % increase in

bearing pressure over that below the crust at equivalent strain levels.

Incorporation of natural processes including freeze-thaw dewatering, desiccation drying,
evapotranspiration and fibre reinforcement of vegetative root systems are seen as a cost effective
means or solids enhancement of fine coal tailings at the surface of an impoundment.
Incorporation of these processes may promote reductions in thickness or even elimination of
capping material, increased stability against wind or water erosion, and reduce the short and long

term costs associated with reclamation, monitoring and abandonment of tailings impoundments.
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Chapter 3

Freeze-Thaw Dewatering And Structural Enhancement Of Fine Coal Tails'

3.1. INTRODUCTION

The Coal Valley mine, owned and operated by Luscar Sterco (1977) Lid. is located
approximately 96 km south of Edson, Alberta in the foothills of the Rocky Mountains. Yearly
production of 1.8 million clean tonnes of coal results in generation of two waste streams, a coarse
dry crushed rock and a fine saturated slurried tailings (Figure 3.1). During a stage of mineral
extraction and waste stream deposition, an 18.7 hectare impervious impoundment was
constructed to contain the fine saturated slurried tailings as shown in Figure 3.2a. This

impoundment reached its capacity in 1989 and has since been undergoing reclamation.

During deposition of the slurried tailings stream into the impoundment, segregation occurred as
coarse particles settled more readily while the finer particles were transported to the pond.
Segregation resulted in the development of three distinct zores which potentially require different

reclamation schemes. These zones are the coarse, intermediate, and fine tailings regions and are

! Published Paper:

Stahl, R.P. and Sego, D.C., 1995. Freeze-Thaw Dewatering and Structural Enhancement of Fine Coal
Tails. ASCE Journal on Cold Regions Enginerring, 9(3):135-151.

Earlier “Similar” Published Paper:

Stahl, R.P. and Sego, D.C., 1993. Freeze-Thaw Dewatering and Structural Enhancement of Fine Coal

Tails. 46" Canadian Geotechnical Conference, Saskatoon, Saskatchewan, September 27-29,
pgs. 157-166.
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approximately defined in Figure 3.2b. The grain size distribution of the fine tailings region of the

impoundment is shown in Figure 3.1.

Previous reclamation practices to achieve dry landscape conditions at the Coal Valley mine have
included capping the tailings with 3 to 6 m of waste rock to satisfy operational requirements.
These thicknesses were in excess of the 1.2 m initially required by regulation. Greater capping
thicknesses were required for the softer saturated fine tailings as material squeezed under the
loads imposed during placement of cap rock. Placement of thick capping layers directly affect
the production costs and profits at the mine. Freeze-thaw consolidation is viewed as a viable

method of reducing or eliminating these excessive material capping requirements.

3.2. FREEZE-THAW

3.2.1. General Description

One of the central mechanisms surrounding the proposed dry landscape reclamation of fine
saturated tailings involves freeze-thaw consolidation. The process of consolidation of fine, high
void ratio saturated tailings through freeze-thaw has been known for several years. Johnson er al.
(1589) reported that the concept of freeze-thaw to consolidate saturated materials was initially
deveioped in temperate climates where biological sludges were concentrated from 3-5 % to
greater than 30 % solids. Although the use of freeze-thaw to consolidate high void ratio saturated

materials may have originated with biological sludges, its effects have been described previously
(Andersland and Anderson 1978).

Following the freeze-thaw consolidation of biological sludges, research and development into the
dewatering of sludges from municipal wastes sources and dredging operations also developed.
Recently, the freeze-thaw consolidation process has developed interest in the mining and mineral
extraction industries. In particular, the Oil Sands operations in Northern Alberta are presently
evaluating the effects of freeze-thaw consolidation on the dewatering and structural enhancement

of their fine tailings derived from the hot water bitumen extraction processes. As discussed by
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Sego et al. (1993 and 1994), large scale field tests are presently being conducted on oil sands fine

tailings incorporating thin layered freeze-thaw disposal of chemically treated fine tailings.

Freezing of a soil-water system involves two process defined as closed and open system freezing.
Both processes occur in nature and several examples were described by MacKay (1972). The
effects of closed and open system freezing on the dewatering and structural enhancement were
observed with the Coal Valley fine tailings, located within the fine tailings region of the

impoundment, and are described in this paper.

3.2.2. Open System Freezing

Open system freezing involves the freezing of insitu moisture and additional moisture which
migrates to the freezing front within the frozen soil. A mechanistic theory of this process is
described by Konrad and Morgenstern (1980). The physical process initiates with the downward
freezing of insitu pore fluid near the surface. As the frost front progresses, ice nucleates in the
water-filled pores with some of the water remaining as unfrozen adsorbed water film around the
soil particles. Water from the unfrozen soil, below the frost front, migrates to the front and
through the unfrozen water films into the frozen zon: under the action of temperature induced
suction gradients. The partially frozen zone with pore ice, adsorbed water, and soil particles in a
non-equilibrium state is defined as the "Frozen Fringe". Water from below the frost front
gradually migrates through the frozen fringe and fre - s at the freezing front, feeding a growing
ice lense. The latent heat released during freezing of the attracted water retards the advance of
the frost front (0 ° C isotherm). Gradually, as the temperature of the frozen soil decreases, so
does the thickness of adsorbed water film around the soil particles. Continued shrinkage of the
absorbed water film layer results in very low permeabilities, eventually stopping the upward flow
of attracted water. With the flow of water stopped, the 0° C isotherm continues to advance into
the soil until equilibrium conditions are once again reestablished. This ice lense building action
results in the development of multiple ice lenses within a frozen soil, potentially causing high

uplift stress on overlying structures (Penner, 1974).
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Upon observation of the open system freezing process described above with continuity
considerations, it is evident that the migration of moisture towards the growing of ice lenses
results in a loss of moisture from within the underlying soils. Depending on several factors
including the permeability of the underlying soil and the spatial moisture "reservoir” conditions,
this process can result in dewatering and consolidation of the unfrozen soil beneath the frost front
as illustrated in Figure 3.3. Laboratory and field results on Coal Valley fine tailings indicate that
this dewatering of unfrozen saturated tailings occurs and results in significant structural

enhancement of tailings found below the frost front.

3.2.3. Closed System Freezing

Open system freezing was previously described as the development of horizontal ice lenses
through the migration and freezing of moisture drawn from the underlying soil. Open system
freezing includes the presence of an unfrozen soil moisture reservoir. Conversely, closed system
freezing may be characterized as freezing of only insitu water without the presence of a moisture
reservoir. Impermeable boundary conditions, reduced permeabilities, or relative quick freezing

rates preclude the migration of moisture from outside the advancing frost front.

Although moisture migration is reduced or eliminated on a macro scale in closed system freezing,
migration or redistribution of insitu moisture on a micro scale occurs. As described in the open
system freezing process, a matrix of pore ice develops which surrounds soil particles and their

associated absorbed water layers. The water within these layers is stationary on a macro scale.

Temperature gradients and the associated suction pressures within the partially frozen structure
cause the absorbed moisture around the soil particles to migrate towards the ice lense within the
closed freezing system. The action of this localized pore fluid flow results in the development of
a three-dimensional ice lense matrix. Continued localized moisture migration results in a
reduction of the thickness of the absorbed water layers and consolidation of the soil mineral

matrix.
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For fine grained soils, closed system freezing results in the consolidation of the soil to an
overconsolidated "ped” structure. The ped structure is surrounded by a three-dimensional system
of ice lenses composed of virtually pure ice with few mineral impurities. This closed system

freezing process may also be considered as undrained freezing since no change in total moisture

content occurs.

The consolidation process during freezing and subsequent thaw of saturated fine tailings
subjected to closed system or undrained freezing may be illustrated using the conventional soil
mechanics void ratio versus effective stress plot shown in Figure 3.4 (Nixon and Morgenstern
1973). The homogenous fine saturated tailings in their insitu state prior to freezing is shown in

this figure at location A with a void ratio of e . under a vertical effective stress (self weight) of
c,’. Considering the entire sample, upon undrained freezing, the sample expands due to 4 9 %

volume expansion of the voids as the pore fluid changes phase. The entire sample moves to

location B’ with a void ratio e,". With expansion of the entire sample, the freezing results in the

development of a three dimensional segregated structure of consolidated soil peds housed within

an ice matrix. Within the soil peds, freezing over consolidates the soil matrix to a void ratio of e,

at location B, under an effective stress of oB'.

Upon thaw, water is released as the ice lenses melt and the entire sample returns to location A.
The sample at location A after freezing is no longer homogeneous. Rather, a segregated profile
exists with the moisture from the thawed ice matrix at the surface, and the consolidated peds
formed during the freezing process settled at the bottom (due to density differences). Decanting
of the "pure” water from the top of the thawed sample results in the average void ratio decreasing
to e, under an effective stress ©,". The void ratio at C includes some moisture reabsorbed during

the thawing and ped settling process. This reabsorbed moisture is illustrated as the consolidated

peds at location B, swell upon thaw to location C.

The path A-B-C describes the freezing and thawing process within the consolidated peds, whereas

path A-B'-C illustrates the freezing, thawing, and decanting of the total sample. The void ratio
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reduction from A to C is directly related to the volume reduction or thaw strain of the total fine

tailings.

Research at the University of Alberta indicates that the magnitude of thaw strain and
cverconsolidation of the soil matrix depend on several factors including initial solids contents,
mineral composition, grain size distribution, pore fluid composition, freezing rate and temperature

boundary conditions imposed during closed system freezing.

The material at C has undergone both a physical and mechanical transformation. Included with
the volume reduction (thaw strain) and increased solids content at the lower void ratio, the
material has in general an increased permeability, reduced compressibility, and increased shear
strength compared to the unfrozen material at A. These post freeze-thaw mechanical changes
have been discussed by several authors on various materials (Stancyzyk et.al. 1971), (Nixon and
Morgenstern 1973 and 1974), (Chamberlain and Blouin 1978), (Chamberlain and Gow 1979),
(Chamberlain 1980), (Johnson ez al. 1989), (Vahaaho 1991), (Sego and Dawson 1992), (Sego et
al. 1993), and will not be discussed further.

3.3. DESIGN PROCESS

3.3.1. Background

The first step in considering whether freeze-thaw consolidation can be utilized for dewatering of
fine tailings is to evaluate the available energy for freezing and thawing. Stanczyk et al. (1971)
calculated the energy requirements in terms of calories per gram or kilowatt-Lours per ton to cool
and freeze phosphate rock slime at varying initial solids contents. Stanczyk points out that
theoretical energy computations and cost estimates can be developed assuming idealized freezing

cycles utilizing reversible heat exchange processes.

Although freezing and thawing systems may be designed and implemented on a large scale, their

costs would be considerable. With this in mind, perhaps the most economical process and energy
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source for freeze-thaw is to utilize the natural seasonal temperature fluctuations associated with
the climate. Fortunately in most parts of Canada, natural seasonal temperature variations result
in alternate freezing and thawing cycles. The subzero temperatures during the Fall and Winter

months may be used to freeze the fine tailings, with the warmer temperatures recorded during the

Spring and Summer facilitating thaw.

3.3.2. Freezing and Thawing Indices

Prediction of the natural freezing and thawing energy begins with an analysis of the climatic data
at the tailings disposal or storage area. Using 30 year monthly temperature averages from 1951
to 1980 (from Environment Canada), the seasonal temperature variation near the Coal Valley site
may be approximated as shown in Figure 3.5. For this 30 year period, the average Air Freezing
Index (AFI) and Air Thawing Index (ATI) are 1316 °C - days and 1864 °C - days respectively.
The mean yearly temperature is approximately +1.5 °C with an average seasonal amplitude of
13.6 °C. The equation describing the seasonal temperature variation approximated for the Coal
Valley site is shown in this figure. With the available natural energy sources for freezing and

thawing defined, prediction of the potential volumes of freeze-thaw treated maierial is desired.

3.3.3. Freezing Model

Martel (1988) developed a mathematical model for freezing of sewage sludge which gives the
time to freeze a layer of sludge. The model is based on the boundary conditions shown in Figurc

3.6, and assumes that the sludge is initially at 0 °C when freezing begins.

The freezing model considers both convective and conductive heat transfer processes to the

surface and is given as:

Le
,sz_(L+ € 13.1]
Tf "‘Tac hC ZK-ﬂ.
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where
t = time to freeze
pr = density of frozen fine tailings
L = latent heat of fusion of fine tailings
= thickness of frozen fine tailings
h, = convective heat transfer coefficient
K, = thermal conductivity of frozen fine tailings
T = freezing temperature of fine tailings
Tue = ambient air temperature

The first and second terms in the brackets of [3.1] account for convective and conductive heat
transfer processes respectively. Equation [3.1] was used to predict the depth of freezing of fine
coal tailings in terms of the AFI and is presented in Figure 3.7. The input values used to predict
the depth of frost are presented in Table 3.1. These values are based on typical values reported
by Martel (1988), adjusted for the characteristics and composition of fine coal tailings. Figure
3.7 shows the relative contribution of conduction and convection to the total energy requirements
for freezing of a single layer. The energy requirement (ie. the AFI) increases significantly for
thicker layers due to the retaruing effect of conduction through the frozen tailings as the layer
thickness increases. This figure illustrates that an AFI of 1316 C - days results in a predicted
frost penetration of approximately 1.1 m. This prediction is supported by depth of frozen

material measurements recorded on the fine coal tailings at the Coal Valley mine.

3.3.4. Thawing Model

The benefits of freeze-thaw such as increased shear stregia, increased permeability, and reduced
volume and liberation of moisture are realized if the fine tailings frozen during the fall and winter,
thaw during the next spring and summer. Thus, in evaluating optimal freezing thicknesses, one

must also consider the predicted thaw depth based on the climatic conditions in the area.

The model illustrating the thawing process of frozen fine tailings is shown in Figure 3.8 (after

Martel 1988). The mathematical representation for this model is shown as:
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Ly = prY ot/ (';Tl-+39'12)_,_) [3.2]
Ty — Ty +_1:— ¢ 55
where
ten = time to thaw
Py = density of frozen fine tailings
Y = depth of thawed fine tailings
= latent heat of fusion of fine tailings
h. = convective transfer coefficient
K, = thermal conductivity of settled fine tailings
T = freezing temperature of fine tailings
Ty = ambient air temperature
I = insolation (rate of solar radiation)
0 = thickness of frozen fine tailings
o = solar energy absorptance ratio .
T = transmittance factor

Similar to the freezing model, this equation represents the time to thaw a thick frozen layer. The

model assumes that the supernatant water released upon thaw is decanted quickly and the settled

thawed tailings do not desiccate.

Once again, the first and second terms in the brackets account for the convective and conductive
heat transfer processes respectively. The parameters shown in [3.2] are defined in Table 3.2 with
the values adjusted for the properties of fine coal tailings. The thawing model was used to predict
the depth of thaw of frozen fine coal tailings in terms of the ATI as shown in Figure 3.9.
Considering the ATI of 1864 OC - days at the Coai Valley site, a maximum predicted thaw depth
of 1.5 m is predicted.

The maximum possible predicted thaw depth of 1.5 m assumes heat transfer only occurs from the

tailings surface towards the atmosphere. Detailed design would warrant accounting for heat
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transfer processes from the base of the frozen tailings downwards into the unfrozen tailings and

foundation (geothermal effects).

3.3.5. Freeze-Thaw Optimization

With the maximum calculated thaw thickness of 1.5 m (neglecting geothermal effects), it is
desirable to optimize the placement layer thickness for freezing. As discussed above and shown
in Figure 3.7, the predicted frozen thickness at the Coal Valley Impoundment, assuming one
layer, is approximately 1.1 m. Considering this model, the freezing process may be optimized by
freezing the fine tailings in thin layers. Freezing in multiple thinner layers reduces the retardation
effect of heat conduction through the frozen tailings which predominates with thicker layers.
Figure 3.10 shows the total frozen layer thickness versus placement thickness of individual layers
for the air freezing index of 1316 °C - days and 658 °C - days. The latter AFI assumes that 1/2
of the freezing season is required for layer placement and provides a conservative lower bound for
design. The actual "usable” AFI would likely lie between this upper and lower bound and depend

on the specific season’s temperature profile, placement geometry, depositional rate and

methodology, and efficiency.

Based on a maximum previously assumed thaw depth of 1.5 m, the optimal multiple placement
layer thickness is between 0.31 m and 0.75 m. Greater thicknesses would likely result in
non-optimization of the freezing process with respect to the available thaw thickness.
Conversely, thicknesses less than the lower bound may result in freezing great thicknesses and

development of a remnant frozen fine tailings layers within the stratigraphy following completion

of thaw.

As a comparison, if one assumes that an additional 1 m of thaw occurs through geothermal
effects (resulting in a total thaw thickness of 2.5 m), the optimal placement layer thickness is
between 0.15 mand 0.31 m.

Optimization of the freeze and thaw processes with respect to the available energy sources,

placement conditions and variables, resuits in maximization of the volumes of freeze-thaw
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enhanced materials. This reduces the time required and costs associated with structurally

enhancing saturated fine grained tailings through freeze-thaw

3.4. FIELD RESULTS

3.4.1. Shear Strength Daia

As discussed previously, the tailings impoundment reached full capacity in 1989, at which time
reclamation activities were initiated. During the winter months from 1989 through 1993, shear
strength profiles of the unfrozen tailings were measured in the fine tailings region of the
impoundment. Holes were drilled through the ice and frozen fine tailings using a standard ice
auger or a core barrel. The shear strengths were determined using a Genor hand held field vane.
Due to the expected low strengths of the saturated fine tailings and the shear strength resolution

desired, larger non-standard vanes were required and fabricated at the University of Alberta.

The average undrained shear strength profiles from November 1989 to February 1993 are
presented in Figure 3.11. This period represents four freeze-thaw seasons. The profiles are
based on the average results determined from three sites, except November 1989 and November

1990 which enly include profiles from two and one site(s} respectively. The three sites are

shown in plan in Figure 3.2a.

The shear strength profiles determined on two separate occasions in the winter of 1989/1990 arc
virtually identical. The profiles represent that of a normally consolidated soil with increasing
shear strength with depth due to increasing effective stress. The shear strength increases linearly

from approximately 0.2 kPa at 0.5 m below the ice surface to 1 kPa at a depth of 2 m.

The shear strengths recorded following the initial 1989/ 1990 profiles show significant gains with
time. In terms of relative shear strength increases, the shear strength in February 1993 is

approximately 9 times greater at a depth of 1 m, and 5 times greater at a depth of 2 m than the
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initial 1989/1990 profile. Beyond a depth of 2 m, the strength appears to increase linearly with
depth.

Similarities between the profile for a normally consolidated clay with a desiccated crust, and the
February, 1993 profile are evident. For a desiccated normally consolidated clay, the higher shear
strength near the surface is due to drying and matrix suctions which consolidate the material and
increase the shear strength.  Although the surface of the fine coal tailings has always been
capped with water and has never been exposed to desiccation processes, it has likely been
dewatered throusk the suctions developed during the freezing process. The suction pressures
developed «. i+ y4: frozen fringe encourage migration of pore water, within the unfrozen tailings
depth, towz,:i - yrost front. This moisture migration results in dewatering and consolidation of

the unfrozen tailings.

Space limitations preclude discussion of the laboratory results on the fine coal tailings. However,
laboratory experiments have also shown that dewatering and structural enhancement of fine coal

tailings occurs both within and beyond the frost front (Sego 1990).

3.4.2. Normally Consolidated Shear Strengths

To provide a relative index for the strength increase due to freezz-thaw and moisture migration
processes, conventional concepts of undrained shear strength for normally consolidated fine
grained materials are used for comparison. As discussed by Schiffman er al. (1988), for
hydraulic fill with significant plasticity, undrained shear strength can be evaluated using
normalized soil properties approaches developed for natural clays. The undrained shear strength
of natural clays is conveniently expressed according to the ratio of s,/ where s, is the undrained
shear strength and o.' is the effective consolidation pressure. This relationship allows the

changes in the undrained strength to be monitored over time with changes in consolidation

(induced pore water pressure dissipation).

Several undrained shear strength relationships (s,/0.) for various materials are cited by

Schiffman and are presented in Table 3.3. The s,/0.' ratios for fine tailings from various sources
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range H:tveen 0.2 and 0.3. Considering that rormal consclidation conditions apply for most
hydruulic Slls, the undrained shear strength relationship for natural soils proposed by Bishop and
Henkel and discussed by Schiffman may be considered to help r=fine the s5,/0.' ratio estimate.

The undrained shear strength ratio was shown to cormrelate with the plasticity index (P) and is

presented as:

Su__0.j4+0.0037 (PI) 13.3]
c [

Based on the Atterberg Limits conducted on the Coal Valley fine tailings, (L, = 70 %, P, = 35 %,

PI =35 %) [3.3] results in an 5,/ = 0.24. This value is within the range reported in Table 3.3

and will be used to compare with the field shear strengths.

The theoretical shear strength profile is not complete without account for selfweight consolidation

processes resulting in a void ratio reduction and density increase with depth. Considering a bulk
unit weight of the tailings measured at the surface of 13.3 kN/m3 and compression indices, C ., in

the range of 0.3 to 1.0, the theoretical shear strength profiles may be compared with the actual

profiles as shown in Figure 3.12.

The theoretical shear strength profiles compare well with the shear strengths measured during the
winter of 1989/1990. Furthermore, the slopes of the actual and theoretical strength profiles are

similar, supporting the s/0. ratio of 0.24 chosen and the range of C. values selected.

Comparison of the theoretical strength profile with the measured profile above a depth of 2 m for
the March 1991 profile, and the entire February 1993 profile indicate the freezing process has

overconsolidated and strengthened the upper regions of the saturated fine tailings.

The depth of dewatering and consolidation encountered in February 1993 could not be determined
due to equigssent limitations. It is expected, however, that with increasing depth, the measured
shear strength profile would eventually coincide with the calculated profile. It is noted that this
calculated profile was based largely on empirical correlations. A detailed theoretical profile

would require investigations including laboratory consolidometer tests with shear strength
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measurements, and a detailed knowledge of the stratigraphy within the fin a:fings at this

location.

3.5. FREEZE-THAW CONCEPT FOR EXISTING IMPOUNDMENT

Freeze thaw consolidation is a powerful structural enhancement process for fine saturated high
void ratio tailings. Specifications enforced by reclamation regulatory authorities, the
Development and Reclamation Review Committee (DRRC) in Alberta, occasionally require that
fine saturated tailings areas be returned to dry landscape conditions for wildlife or perhaps
productive farm land purposes. Freeze-thaw consolidation s viewed as a viable process to assist
the consolidation (dewatering) of fine tailings zones enabling the development of a dry landscape

scenario.

An illustration of a possible freeze-thaw consolidation disposal operation at the Coal Valley mine
at their abandoned tailings impoundment is illustrated in Figure 3.13. The freeze-thaw operations
would incorporate natural freezing to freeze the top layer of fine tailings to a depth of
approximately 0.3 m. This thickness should provide sufficient stability for relatively light hurnan
and equipment traffic. In order to reduce the freezing retardation effects of conduction and to
optimize the volume of freeze-thaw treated material, holes would be drilled through the frozen
fine tailings with the underlying unfrozen fine tailings pumped to the surface in thin layers and
exposed to the atmospheric thermal conditions. The pumped placement layer thickness could be

optimized as discussed previously and this process repeated throughout the freezing season.

The higher temperatures during the spring and summer would thaw the frozen tailings and unlock
the benefits developed during freezing including increased shear strength and permeability. This
freeze thaw enhancement process could be continued for several seasons until the consistency of
the fine tailings changes from that of a slurry to a weak soil. Evaporation coupled with
evapotranspiration through introduction of stable, high moisture démand vegetation grown on the
thawed tailings results in further dewatering and strengthening. This enhancement is in addition

to the fibre reinforcing effects of the vegetative root system. As discussed in Stahl and Sego
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(1992), evaporation, evapotranspiration, and fibre reinforcement can significantly contribute to
bearing capacity and surface stability of fine coal tailings. These surface enhancement processes
following treatment by freeze-thaw can provide sufficient surface stability alone. or through the
addition of thin capping layers, to support revegetation and other dry landscape reclamation

activities. The goal of which to provide an acceptable, stable reclaimed environment

commensurate with the post-mine land use philosophy.

3.6. CONCLUSIONS

The Coal Valley tailings impoundment reached full capacity in 1989 and has been undergoing
reclamation activities. Freeze-thaw dewatering ard consolidation processes have structurally
enhanced the fine coal tailings both within the frost front and at depth due to moisture migration.
Four freeze-thaw cycles representing four winters have resulted in a shear strength increase in the
fine tailings between 5 and 9 fold. The shear strength has increased from a negligible value to
near 5 kPa at the surface. Continued freeze-thaw consolidation processes coupled with
evaporation, evapotranspiration, and fibre reinforcement of vegetative root systems help support

dry landscape reclamation of these problematic soft, weak soils.
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Table 3.1 Input Variables for Depth of Frost Predictions for Fine Coal Tailings
Variable Definiticn Value
t Time to freeze varies
pr Density of the frozen fine tailings 1130 kg/m®
€ Thickness of fine tailings layer varies
L Latent heat of fusion of fine tailingS conscrvative. value for water) 93 W-h/kg
- Average convective heat transfer coefficient 30 W/m>C
Ky Thermal conductivity of the frozen fine tailings 2.22 W/m-°C
Ty Freezing temperature of fine tailings 0°c
Tuc Ambient air temperature during freezing varies
Table 3.2 Input Variables for Depth of Thaw Predictions for Fine Coal Tailings
Variable Definition Value
tn Time to thaw varies
P Density of the frozen fine tailings 1130 kg/m®
Total depth of thawed fine tailings varies
Latent heat of fusion of fine tailingsonservative. value for water) 93 W-h/kg
. Average convective heat transfer coefficient 30 W/m?‘C
K. Thermal conductivity of the settled solids 0.87 W/m-°C
T; Freezing temperature of fine tailings o’c
T Ambient air temperature during thaw varies
1 Insolation (rate of direct solar radiation - 30 yr average) 197 J/s-m®
0 Approximate thaw strain 50 %
o Solar energy absorptance ratio 0.9
T Transmittance factor 1.0
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Table 3.3 Shear Strength Ratios for Mine Tails (after Schiffman et al. 1988)

Description Shear Strength Ratio
Cycloned Copper Slimes Tailings:
Field Vane Data $y/Cvor = 0.26
CIU* Triaxial Test Data s,/0; = 0.30 10 0.33
CAU* Triaxial Test Data $u/0}e = 0.32 10 0.34
Normally Consolidated Phosphate Clay Hydraulic Fills sJ/o. = 0.22
Cycloned Non-plastic Lead-Zinc Slimes sy/o. =0.20 10 0.22

*Note: CIU and CAU indicated “Isotropic Consolidation Undrained Triaxial * and “Anisotropic Consolidation Undrained
Triaxial" respectively.
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Chapter 4

Characterization of Fine Processed Mine Tailings for Purposes of Dry Landscape
Reclamation’

4.1. INTRODUCTION

Tremendous volumes of fine processed mine wastes, composed typically of saturated sand, silt
and clay, are generated yearly in Canada and around the would. As an example, the total volume
of fine tailings produced by the Oilsands operating in northemn Alberta is expected to exceed |
billion cubic meters by the year 2020 (Liu er al. 1994). The majority of these mine wastes are
deposited in surface impoundments which ultimately require reclamation after reaching capacity.
Implementation of reclamation activities firstly requires physical and mechanical characterization

of the final deposit to optimize the reclamation program.

Physical and mechanical characterization poses interesting geotechnical challenges due to the
typically extremely weak nature and limited bearing capacity of these deposits. Many of these

deposits are unable to support traditional truck mounted geotechnical testing equipment.

' Published Paper:
Stahl, R.P., Sego, D.C., Robertson, P.K., and Woeller, D., 1996. Characterization of Fine Processed

Mine Tailings Teposits For Purposes of Dry landscape Reclamation, Tailings and Mine Wastes '96,
Fort Collins, Colorado, January 16-19, pgs. 515-524.
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Characterization of these fine tailings deposits of limited trafficability encouraged the
development of three geotechnical test‘ing systems. The first included a light weight Plate Load
Test (PLT) system which could directly define the load-settlement behavior and bearing capacity
of the tailings surface. The next system developed included a light weight frame capable of
conducting Cone Penetration Test (CPT) soundings to a depth of at least 5 m. The last system
includes the Spectral Analysis of Surface Waves (SASW) technique which provides a shear wave
velocity profile of the near surface deposits. These lightweight geotechnical testing systems are

described herein.

This equipment has been used to characterize two fine tailings deposits in Alberta for purposes of
dry landscape reclamation. These deposits are the Coal Valley tailings impoundment loca:: at
the Coal Valley Mine located approximately 200 km east and 90 km south of Edmonton, and the
Suncor Nonsegregated Tailings facility located approximately 500 km north of Edmonton. At the
completion of deposition, both tailings deposits had limited trafficability and could not support
loads much greater than human traffic. However, the deposits were effectively characterized
using the modified lightweight testing equipment described above. The following presents some

of the geotechnical results obtained at these tailings facilities.

4.2. TAILINGS FACILITIES

The Coal Valley Tailings Deposit, described by Stahl and Sego (1992) and Stahl and Sego
(1993) is located at the Coal Valley mine which is owned and operated by Luscar Sterco (1977)
Ltd.. The tailings impoundment, shown in Figure 4.1, is approximately 18.2 hectares in area and
since reaching full capacity in 1989 has been undergoing reclamation activities. Fine processed
saturated coal tailings slurry at a solids content of approximately 35% solids content were
deposited into the impoundment through overboard depositional technigues. The segregating
nature of the tailings slurry coupled with the depositional dynamics resulted in the development of
a vertical and horizontal heterogeneous deposit with a gencral trend of decreasing grain size with

increasing distance from the discharge point towards the pond. The grain size of the
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heterogeneous shallow subsurface at the sites, varied approximately from well graded sand and

silty sand at Site 1 to a sandy, ciayey silt at Site 4.

The Suncor Qilsands Nonsegregated Tailings (NST) program included the construction of 5
geomembrane lined cells and one unlined U-shaped cell as discussed by Caughill er al. (1994)
and shown in Figure 4.2. Without conditioning, the Suncor tailings (as do most mine tailings)
segregate upon deposition with the water and fines separating from the sand. The ponds which
house the fines and water have very low solids contents, exhibit very slow consolidatio: rates,
and present problematic containment and abandonment issues. The nonsegregating tailings field
trial at Suncor, prevent separation of fines and water from the slurried tailings upon deposition
and eliminates some of the aforementioned problematic issues associated with the segregating
tailings. The field test pits shown in Figure 4.2 were filled with NST produced on site using a
small pilot plant. The NST were produced by connecting a slipstream of one of Suncor’s main
tailings lines to a hydrocyclone. The underflow from the hydrocyclone was conditioned with
mature fine tails, with a solids content of approximately 30%, from a nearby tailings pond, then
pumped to the test cells. Suifuric acid and lime were added to the pumped tails to flocculate the
fines (materia? <44 microns) and encourage a nonsegregating tailings slurry. Detailed
background regarding the test cells, tailings mixes, chemical additions, and depositional variables
is provided by Caughill et al. (1994). The sites characterized are located in cells 3 and 4 with
their locations shown in Figure 4.2. The final NST deposit when characterized in October, 1994,

approximately one year after deposition, may be described as a silty sand with a solids content of

approximately 82 %.

4.3. PLATE LOAD TEST (PLT)

The Plate Load Test (PLT) apparatus employed at the Coal Valley and Suncor NST taifings sites
is schematically shown in Figure 4.3. The relative remote nature of these tailings sites and the

generally weak, vet potentially variable nature of the deposits di..ated the following design

criteria for the PLT apparatus.
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i. High load capacities (10 kNy required to fail a 300 mm diameter plate at the coarser
grained, stronger tailings sites.

ii. Light weight, easily dismantled and transported with human effort to all (particularly
the weakest) tailings sites.

iii. Computerized load and settlement monitoring for accurate determination of load-
deformation characteristics and ultimate failure load.

iv. Settlements as much 2s S0 % of footing diameter (100 to 150 mm) may be required to
determine large strain load-deformation characteristics and ultimate failure load in soils

exhibiting punching shear failure.

A variety of tailings surface conditions were investigated at the Coal Valley tailings deposit. The
1991 field testing program included tests on the bare, unvegetated tails, the sparsely vegetated
tails, and tailings at depths of approximately 0.1 to 0.2 m. The tests on the “vegetated tails” were
conducted following removal of surface vegetation in order to capture the influence of the
vegetative root system on bearing capacity. The enhanced vegetative cover experienced during
the 1994 investigition progrim precluded tests on bare, unvegetated tails and only tests
conducted on vratited tails and tails at depth could be conducted. Surface plate load tests.
conducted at the “iuscor NS cacility in 1994, could only be conducted on the partially desiccated
tailings surface. "= -egetation was present. Furthermore, the elevated pore water pressure
conditions experienced at the Suncor NST Cells 3 and 4 prevented plate load tests being

conducted at depth.

The PLT data from both Coal Valley and Suncor is plotted in terms of Pressure (Q) versus

Settlement (s), and Pressure versus Relative Settlement (RS) where:

Load(L,)
Presvy-=Q= . [4.1]
Plate Area( Ap J
and
Re lative Settlement = RS = Settlement (s) [4.2]

Flate Diameter( D,, )



Gl

The punching failure mechanism discussed by Vesic (1973) was observed with all tests.
Figure 4.4 illustrates the punching behavior observed at Site 3b of the Suncor MNST deposits.
Note that the ultimate failure loads is in the range of human traffic (40 kPa). As contrast,
illustrating the variability in load-deformation behavior of tailings surfaces. the plate load test

results obtained in 1994 at the Coal Valley tailings impoundment (Site 1) is illustrated in
Figure 4.5.

4.4. CONE PENETRATION TEST (CPT)

The cone used for the investigations was a ASTM standard electronic cone. The pore pressurc
element to record penetration, dissipation, and static pore water was located directly b~hind the

cone tip. Coupled between the vone and the push rods was a friction reducer to reduce frictional

resistance along the rods.

The low capacity cone employed, using a load cell of 2.5 tons, provides a greater sensitivity and
accuracy when investigating weak and/or highly compressible soils. The capacities for the cone
tip, friction sleeve, and pore pressure element were 2.5 MPa, 0.25 MPa, and 1.73 MPa

respecti+wiy  Data was recorded using a Hogentogler data acquisition system.

As with the plate load test design requirements, the CPT system had to be light weight and easily
transported using human effort, yet capable of supplying in excess of 4 kN of pushing force for
the desired S m of penetration. The system developed used a Nilcon Vane Shear pushing frame
with modifications to the head assembly to facilitate cone pushing. A schematic of the compleie
pushiiig frame and CPT equipi:“nt provided by ConeTec Investigations Ltd. is illustrated in
Figure 4.6. The pushing frame could be easily dismantled into two pieces and transpuited to the

testing sites.

The initial CPT data of total cone sistance, (q;), was plotted versus depsh v imere fH:Spiison

1990):
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q,=q, +(1—a)u [4.3]

where ¢. is the total cone penetration resistance, u is the pore water pressure recorded behind the

cone tip and a is the net area ratio eqnal to 0.85.

In addition to the total cone resistance information, the data includes plots of the friction
resistance, (f,), pore piessure, (u), and friction ratio, (R)) versus depth. The friction ratio helps

classify the soil according to behavior under CPT penetration and is defined as:

R, =-£“-xlOO% [4.4)
d.

The CPT data obtained from the Suncor NST Site 3a is shown in Figure 4.7.

4.5. SPECTRAL ANALYSIS OF SURFACE WAVES (SASW)

SASW method is a non-intrusive insitu test that uses the principles of elasticity and surface wave
dispersion to determine the shear wave velocity, Vs with depth at a site. The shear wave
velocity, which is primarily a function of void ratio and effective confining stress, can be used to
evaluate insitu state, small strain moduli (strains of less than 0.001 percent), and susceptibility to

liquefaction (Cunning et al. 1994).

Following the forward modeling procedure and the matching of the theoretical dispersion curve
with the field dispersion curve using a Windows based forward modeling program entitled
WinSASW, the key parameters developed from the modeling include the shear wave velocity and
layer thickness. The shear wave velocity may subsequently be used to develop profiles of soil
small strain modulus with depth. The small strain shear modulus, G, ,and small strain drained or

undrained elastic modulus, E, 4.« may be computing using:



G,=pV? and E,;,.,=2(1+v,,,)G, (4.5

where and v, .4 are the appropriate drained and undrained Poisson’s ratio of the soil.

As described by Robertson et al. (1995), the small strain shear modulus, coupled with the cone
penetration profile provides a powerful characterization tool for identification of “unusual™ soils
which are either highly compressible, or exhibit cemented or aged properties. ldentification of
“unusual” soils exhibiting these properties, which maybe encountered in tailings deposits,

provides opportunity to make modifications to the empirical CPT correlations to reflect soil
behavior.

4.6. SUMMARY

Three lightweight geotechrical testing systems were developed to characterize fine processed
mine tailings which exhibit limited bearing capacity and which would be unable to be
characterized using conventional geotechnical testing methods. The equiprient developed
included a plate load test apparatus to evaluate the punching shear load-deforniation behavior of
the surficial tailings. The next system included the cone penetration test sysicm which could help
define material type and empirically defined mechanical properties. The third system, entitled the
Spectral Analysis of Surface Waves technique determines the shear wave velocity profile at a
site. The small strain shear modulus determined from the shear wave veincity profile, coupled
with the cone penetration test information provides a powerful tooi for evaluating “unusual” soils

which are highly compressible or have been influenced through aging or cementation.
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Chapter 5

Shear Strength And Bearing Capacity Of Fine Coal Tailings And Processes
Contributing To Their Dry Landscape Reclamation'

5.1. INTRODUCTION

The Coal Valley mine owned and operated by Luscar Sterco (1977) Lid., located approximately
200 km east and 100 km south of Edmonton, Alberta, developed an 18.2 hectare impoundment to
contain fine saturated coal tailings. During deposition of the slurried tailings stream, segregation
occurred as coarser particles settled along the depositional beach with finer particles transported
to the pond to undergo sedimentation. Segregation resulted in the development of three zones
including the coarse tailings region near the discharge point, the fine tailings region at the pond,
and an intermediate region located between the two extremes. Figure 5.1 includes a section
through the impoundment illustrating these zones as well as the site investigation locations.

[retails highlighting the depositional dynamics and shallow subsurface stratigraphy at each of the
sites are provided by Stahl and Sego (1992).

Upon completion of deposition in 1989 and during the initial stages of dry landscape reclamation,

the majority of the deposit was extremely weak and could not support human traffic. The
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reclamation activities since 1989 have included localized soil capping, aerial and nonaerial
seeding and fertilization. Natural processes contributing to the reclamation objective include
drainage, evaporation, evapotrarspiration, fibre reinforcement of vegetative root systems, and
freeze-thaw consolidation. The site investigation activities along the depositional beach will
highlight the influence of evaporation, evapotranspiration and fibre reinforcement on the
increased strength and surface stability of the coal tails. The impact of freeze-thaw on
consolidation and strength gain of the fine saturated tails within the pond is discussed by Stahl

and Sego (1995) and will not be presented.

5.2. INSITU TESTING

A variety of insitu tests were conducted along the tailings beach and in the pond region following
the impoundment reaching full capacity. The key site investigation techniques which are
discussed lLerein include the Field Vane Shear Test (FVST), Cone Penetration Test with pore
pressure measurements (CPTU), and Plaie Load Test (PLT). The FVST results were obtained
using a Nilcon vane shear device. Both the CPTU and PLT apparatus, which required only

human effort to transport them to the various sites, are discussed by Stahl er al. (1996).

5.3. UNDRAINED SHEAR STRENGTH

The undrained shear strength was determined along the beach portion of the impoundment using

the FVST assuming that the shear strength, S, is equal to:

S, = T
“ mD?[H/2+ D/6]

[5.1]

where T is the maximum applied torque, and D and H are the diameter and height of the vane
respectively. Although several papers discuss the impact of factors including sensitivity and

related progressive failure effects, shear stress distribution, failure rate, and anisotropy
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(Mahmoud 1988, De Alencar et al. 1988), no corrections were applicd to the shear strengths

determined using [5.1].

The undrained shear strength may be derived from the CPTU profiling information using the
corrected cone tip resistance, g,, or the excess pore water pressure. An., generated during
penetration (Robertson and Campanella 1983, Robertson and Van Impe 1987). Considering. ¢,.
the shear strength, S,, may be estimated by

S = 9 — Oy

u Ne 15.2]

where ©,, is the total vertical stress, and N,, is the empirical or semi-empirical cone factor.
Models to describe the cone tip resistance and corresponding shear strength are based on classical
bearing capacity theory, cavity expansion theory, or the strain path method (Teh and Houlsby
1991). The latter two methods require an estimation of the rigidity index, /,, of the soil which is
the ratio of the undrained shear modulus to the undrained shear strength. Based on an estimated
I, of about 60, a preliminary “first-cut analysis™ N of 16 was chosen to predict the shallow

subsurface shear strength profile at all four sites along the impoundment.

The undrained shear strengths at Sites 1 through 4 determined using the FVST and [5.1] and the
CPTU and [5.2] are shown in Figure 5.2. This figure illustrates that the preliminary Ny, factor
was satisfactory in predicting an S, from the CPTU in the same range as that predicted by the
FVST. It is expected that efforts to “fine-tune” the N,, values, considering the vertical and
horizontal heterogeneity within the subsurface, would produce more closely matching shear
strength profiles. It is observed that in general, the average shear strength at depin, and the
thickness of the surface crust due to evapotranspiration, decrease in a downstream fashion from

Site 1 near the initial tailings discharge to Site 4 near the pond.
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5.4. BEARING CAPACITY

A variety of PLT boundary conditions were investigated along the depositional beach with the
results from the 1991 and 1994 investigation programs compared in Figure 5.3. The PLT
results, which exhibited punching shear failure mechanism as discussed by Vesic (1975), indicate
that the maximur bearing pressure increased substantially from 1991 to 1994. Sites 1, 2, and 4
displayed an increase and percent increase in capacity at maximum settlement of 140 kPa
(150%), 60 kPa (40%), and 80 kPa (190%) respectively. In addition, the 199+ PLT results
displayed a decrease in slope of the load-settlement behavior (increase in modulus) compared to
the 1991 results. The increased bearing capacity and modulus is mainly reflective of the
enhanced reinforcement provided by the developing vegetative root system. Finally, the PLT
results from both years indicate that the surface bearing capacity is greater than that at depth.
The bearing capacity reduction observed with depth in 1991 PLT’s is believed to result from a
decrease in matric suction and shear strength with depth. Although matric suctions were not
measured, visual observations of a desiccated crust resulting from evaporation support this
theory. The bearing capacity reductions observed with depth in the 1994 PLT’s are believed to
result from a coupled effect of reduced matric suction and -educed reinforcement of the vegeiative
root system. The effects of matric suction and vegetative root systems on shear strength are

presented below,

5§.5. SURFACE STABILITY PROCESSES
5.5.1. Evaporation/Evapotranspiration
The processes of evaporation, evapotranspiration, and drainage along the Coal Valley tailings

impoundment results in the development of a two phase geotechnical subsurface system which

includes & variable thickness unsaturated zone at the surface and a saturated zone at depth.

The shear strength of unsaturated soils may be defined in terms of two stress variables, (G-u,)

and (u,-u,), as (Frediund er al. 1978, Fredlund and Rahardjo 1993):
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where ¢ is the effective cohesion parameter. G, w,. ., denote total stress, pore air pressure, and
pore water pressure, (G-u,); is the net normal stress on the failure plane at failure, (1,-14), is the
matric suction on the failure plane at failure, ¢ is the angle of internal friction with respect to net
normal stress, and ¢" is the angle of internal friction with respect to matric suction. The shear
strength of saturated soils is a special case of [5.3] where the w, term of the stress variable (o-1,)
equals the u,, value and (u,-u.) approaches zero. Based on [5.3], the insitu shear strength and
bearing capacity can change as a result of changes to matric suction in response to changes in
climatic conditions such as evaporation, evapotranspiration, and precipitation. Evidence to the
possible variation in matric suction in response to these environmental factors. namely

evaporation and evapotranspiration, was observed with the reduced bearing capacities recorded at

depth, as discussed above.

5§.5.2. Fibre Reinforcement Of Vegetative Root Systems

The effects of fibre reinforcement on the increased shear strength of soils has been discussed
extensively in the literature (Gray and Ohashi 1983, Gray and Al-Refeai 1986, Maher 1988,
Waldron and Dakessian 1981, and others). The focus of the literature is directed towards

increased stability of natural or artificially constructed slopes or embankments.

To better predict the strength and bearing capacity increase of root reinforced soil, a force-
equilibrium model discussed in the literature (Gray and Al-Refeai 1986) was chosen. The initial
model which includes fibres orientated perpendicular (not shown) and inclined (i<90°) to the
shear zone is illustrated in Figure 5.4. Considering the orientation of roots intersecting the
developing shear zone beneath a PLT, the initial model was modified to include roots which
initially are orientated in a compression condition (i>90°) as shown in Figure 5.4. Roots in a

compression orientation do not contribute to shear strength until the deformation of the shear
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zone causes sufficient rotation to develop tensile stresses. Based on the model, the predicted

strength increase, ASg, from regular arrays of multiple, orientated inclined fibres is given by:

ASp =1 [sin(90 = ) + cos(90 - )tand | [5.4]
wher ar('lan[ ! [5.5]
Y ¢ = } ——— .

v | k + (tan i)~

and tr is the mobilized tensile strength of the fibres per unit area of soil; ¢ is the angle of internal
friction of the soil; i is the initial orientation angle of the fibre with respect to the sheur surface; &
is the shear distortion ratio (& = x/z) with z being the thickness of the shear zone and x being the

horizontal shear displacement. The mobilized tensile strength per unit area of soil is given as:

th= (—’-‘Z"‘-)UR [5.6]

with 6x equal to the tensile stress developed in the fibres within the shear zone, Ax is the cross-
sectional area of the roots within the shear zone and A is the total cross-sectional area of the shear

zone.

The modified model was further modified to address the complex stress-strain paths associated
with PLT’s conducted on coﬁpressible tailings which fail in punching shear. The modifications,
include considerations for shear strain distribution, variation of root orientation in the subsurface,
and possible root slippage or pullout near the tailings surface. With the rcot area measurements
made at Site 1, the modified model was used to predict the AS; profile shown in Figure 5.5. The
step wise distribution of ASz is reflective of the root measurement frequency of the expected
continuous nonlinear decreasing shear strength profile. It is noted that the increase in ASz with
increasing surface settlement of a footing and resulting increasing shear distortion ratio, %,
reflects the rotation of some of the roots within the shear zone from a compression orientation (no
contribution to strength) to a teusion orientation. This nonlinear ASg pr-{ile was subsequently

coupled with bearing capacity theory to predict the increase in bearing capacity resulting from
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root reinforcement. The predicted increase in bearing capacity as a vesult of root reinforcement
was approximately equal to that determined at Site | between 1991 and 1994 of 140 kPa.
Similar successful predictions of the increase in bearing capacity were obtained at the other sites

within the tailings impoundment.

5.6. SUMMARY

Shear strength profiles were determined along the depostional beach of the Coal Valley tailings
impoundment using FVST and the CPTU, and both devises showed good comparison. In
addition, the profiles indicated that the average shear strength and thickness of the desiccated

crust decreased with distance from the discharge point.

Plate load tests conducted along surfzace of the impoundment indicated that bearing capacity and
modulus of the tailings §Rtmize! vonsiderably from 1991 to 1994. The increase in bearing
capacity and modulus was maindy attributed to the T sabvopcing effect of the developed
vegetative root system.. A fibre reinforcing model discuszgd wn the literature was modified to
predict the theoretical increase in bearing capacity from root systems. Plate load tests conducted
below the surface of the tails indicated lower bearing capacity than those conducted at the
surface. Increased matric suction and increased shear strength at the surface as a result of
evapotranspiration are believed to contribute to the higher capacity. Both fibre reinsorcement of
vegetative root systems and evapotranspiration processes were shown to increase surfiace stability

of the coal tails and thus enhance future dry landscape reclamation.
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Chapter 6

Influence Of Natural Surface Processes On Bearing Capacity And Reclamation Of
Fine Coal Tails'

6.1. INTRODUCTION

The Coal Valley mine, owned and operated by Luscar Sterco (1977) Ltd., is located in the
foothills of the Rocky Mountains approximately 200 km west and 90 km south of Edmonton,
Alberta as shown in Figure 6.1. Yearly production of 1,800,000 clean tons of coal results in two
waste streams; a coarse dry crushed rock and a fine saturated slurried tailings with the associated
grain size distributions illustrated in Figure 6.2. During one stage of mineral extraction and
waste stream deposition, an 18.2 hectare impervious impoundment was constructed to contain the
fine saturated slurried tailings which originated from the thickener underflow. A plan and cross-
section of the impoundment, which reached full capacity in 1989 and has since been undergoing
reclamation activities, is presented in Figure 6.3 (Stahl and Sego 1992). At that time the surfical

soils within the impoundment were very weak and could not safely support human traffic.

As stated by Ziemkiewicz and Gallinger (1989), for reasons of revegetation and dust control,
Alberta legislation requires that all coal tailings be covered with either suitable overburden or soil
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Stahl, R.P., and Sego, D.C., 1995. Influence of Natural Surface Processes on Bearing Capacity and

Reclamarion of Fine Coal Tails. paper submitted for review to the Canadian Mining and
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to usually 1 to 1.5 m in depth. Coal Valley's development and reclamation approval states that if
tailings interfere with reclamation issues including landscape stability, groundwater, surface

water and revegetation they must be covered with at least 1.3 m of switebk material (McCoy
1992).

Previous tailings reclamation practices at the Coal Valley mine have included capping the coarser
tailings with 3 to 6 m of waste rock to satisfy operational requirements. Greater capping
thicknesses were required for softer, saturated fine tails as the material displaced under the loads
imposed during placement of cap rock (Latimer ez al. 1988, Sego 1990). Previously, neighboring
mining and tailings reclamation areas with associated short trucking distances allowed for these
thicknesses. However, continued mine expansion and increasing distance between mining and
tailings reclamation areas economically discourage thes:z extensive capping thicknesses, as well
as the minimum 1.2 m thickness required by regulation should the tailings interfere with
reclamation including landscape stability. Economics coupled with environmental concerns
prompted consideration of alternative, natural surface enhancement processes which would

enhance tailings surface stability and encourage the dry landscape reclamation.

This paper presents the results of field investigations conducted along the ‘mpoundment which
include sampling and plate load tests. The sampling program defined the nature of the deposit
highlighting the physical variability and heterogeneity of the soils, and the vegetative root area
profiles along the impoundment. The plate load tests define the mechanical properties of the
surficial soils and changes with time as a result of natural surface enhancement processes. The
main processes include evaporation, evapotranspiration, and fibre reinforcement of root systems
of the planted vegetative cover. These processes which directly influence bearing capacity ard
surface stability are evaluated, considering the matric suction and shear strength development as
a result of evaporation and evapotranspiration, and theoretical models which define the increase
in shear strength of root reinforced soils. The natural process of freeze-thaw consolidation which

enhances the strength of the fine tailings within the pond area is discussed by Stahl and Sego
(1995) and will not be presented here.
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6.2. DEPOSIT CHARACTERISTICS

Figure 6.3 highlights the circumferential regions of the impoundment which have received limited
soil capping, the previous tailings discharge location, the pond and overflow structure, and the
four site investigation locations. The site investigation locations, designated as Sites 1 through 4,
are locatcd about 100 m, 160 m, 250 m, and 300 m respectively from the previous discharge

location.

The impoundment, which initially existed as a series of smaller interconnected cells, was filled
with saturated tailings by single point discharge. The discharge location remained unchanged
during deposition and is located at the northwest corner of the impoundment. The fine saturated
tailings slurry entered the impoundment at approximately 35 % solids and had a grain size

distribution as shown in Figure 6.2.

During hydraulic deposition of the slurried tailings stream into the impoundment, the segregating
tailings were hydraulically sorted. Hydraulic sorting refers to the separation of hydraulically
deposited materials in different granulometric fractions as a result of the hydraulic flow
characteristics. Kiipper (1991) reports Soviet standards specifications on hydraulic fills which

state that hydraulic sorting must be considered in all cases where:

Dyy/Dyy 2 5 [6.1]
and/or
Dyy/D;g > 2.5 [6.2]

The Dgg, Dso, and D,y, denote the grain size corresponding to 90%, 60%, and 10% finer than.
The tailings grain size distribution present in Figure 6.2 had ratios well in excess of the limits
presented in [6.1] and [6.2] and displayed hydraulic sorting within the impoundment. In general,
hydraulic sorting resulted in a decrease in mean grain size (Dso) and an increase in the amount of
fines (“F%"”, material < 74 mm) with distance from the discharge point. Based on weighted
averages of the shallow heterogeneous (discussed below) subsurface grain size distributions at

Sites 1 through 4, the average Dso’s and (F%) were 0.19 mm (36%), 0.25 mm (28%), 0.16 mm
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(38%), and 0.04 mm (70%) respectively. It is noted that Site 2, which has a greater Ds, and
lower F% than Site 1 yet is located further downstream, is adjacent to a remnant (possibly high

flow velocity) depositional channel. This potential localized high velocity channel likely
encouraged the coarser localized shallow deposit (Kiipper 1991).

Hydraulic sorting of the segregating slurry resulted in roughly thr~ tailings zones as shown in
Figure 6.3. These zones are the coarse tails zone located near the previous discharge point, the
fine tails zone located at the pond, and an intermediate zone located between the two extremes.

These zones, particularly the pond region, potentially require different initiating natural surface

enhancement processes to reclaim them to a dry landscape condition.

The heterogeneous shallow subsurface stratigraphy alluded to above is illustrated in Figure 6.4,
which includes the shallow soil profile obtained at Site 2 (Stahl and Sego 1992). The profile,
approximately 70 cm deep, was simplified to include 7 distinct silt or sand dominant layers. This
same level of small scale heterogeneity was observed at the other testing sites located in
Figure 6.3. As discussed by Kiipper (1991), the prevailing continuous variation in type and
strength of flow in time and space causes variation in localized deposit characteristics. {n the
case of a sandy hydraulic fill, deposition dynamics create heterogeneities on the scale of

centimeters to meters in plan and on the scale of millimeters to centimeters in depth
(Kiipper 1991).

6.3. PLATE LOAD TESTS

6.3.1. Plate Load Test System

The Plate Load Test (PLT) apparatus employed at Coal Valley is schematically illustrated ir
Figure 6.5 (Stahl ef al. 1996). The relative remote nature of these tailings sites and the generally

weak, yet potentially variable nature of the deposits dictated the following PLT apparatus design
specifications.
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1. High load capacities (10 kN) required to fail a 300 mm diameter plate at the coarser grained,
stronger tailings sites.

2. Light weight, easily dismantled and transported with human effort to all (particularly the
weakest) tailings sites.

3. Computerized load and settlement collection and storage for accurate determination of
load-deformation characteristics and ultimate failure load.

4. Settlements of as much as 50 % of footing diameter (100 to 150 mm) may be required to
determine large strain load-deformation characteristics and ultimate failure load in soils

exhibiting punching shear failure.

As shown in Figure 6.5, the PLT apparatus consisted of beam and hanger system with 20 to 30
kg lead weights providing the reaction load. The beam was designed according to Limits States
Design following specifications outlined in the Handbook of Steel Construction (CISC 1982).
The load transmitted to the 200 mm or 300 mm diameter stiff aluminum plates was applied
through a hand actuated hydraulic ram reacting against the underside of the reaction beam. A
10 kN load cell recorded the load and two extensometers located diametrically on the plate
recorded settlements. The extensometers were secured to a 2.5 m long steel angle, founded
outside the zone of influence of the loaded plate. The load and setilement inforrnation were
recorded at either one or two second intervals by a datalogger and subsequently downloaded to a

laptop computer.

A variety of surficial boundary conditions were investigated at the Coal Valley tailings deposit as
schematically illustrated in Figure 6.6. The boundary conditions investigated during the field
investigation program included tests on the bare, unvegetated tails, the sparsely vegetated tails,
and the tailings at depths of approximately 0.1 to 0.2 m. The tests on the “vegetated taiis” were
conducted following removal of surface vegetation in order to capture the infiuerice of the
vegetative root system on bearing capacity. The boundary conditions investigated during the
1994 investigation program did not include the bare, unvegetated tailings due to the enhanced

development of the vegetative cover.



6.3.2. Plate Load Test Results

The PLT's exhibited a punching shear failure mechanism which is indicative of very loosc,
compressible soils (Vesic 1973, Vesic 1975, Ismael and Vesic 1981). This failure pattern or
ultimate load is difficult to distinguish, as increasing load results in compression of soil beneath
the footing and vertical shear development at the footing perimeter with increasing penetration.
Although difficult to distinguish, the ultimate load or first failure is corrmonly taken as the point

of break in the load-settlement plot.

The PLT data fromm Coal Valley was analyzed in terms of Bearing Pressure (Q) versus

Settlement (s), and Pressure versus Relative Settlement (RS) where:

. Load ( L,)
Bearing Pressure=Q = 16.3]
Plate Area(A p)
and
Relative Settlement = RS = Settlement (s) [6.4]

Plate Diameter(D,,)

Figure 6.7 illustrates the punching shear pressure-settlement behavior observed in 1991 from
representative PLTs at Site 2. This behavior was similar at the other sites investigated for both
years. The results from 31 PLT s conducted in 1991 and 1994 are summarized for the capacities
at 10% RS, 20% RS, and maximum bearing pressure (Qmax) versus distance from discharge point
in Figure 6.8. It is noted that PLT’s were not conducted at Site 3 in 1994. The following

observations are formulated froin the field test results.

e  The test results for 1991 and 1994 at /0% RS, 20% RS, and Q... indicate a general decrease
in bearing capacity with increasing distance from the discharge point. The decrease in
capacity (shear strength) reflects the decreasing grain size and higher pore pressures within
the deformed soil beneath the loaded plate. The higher pore pressures are a combination of

reduced hydraulic conductivity which limit drainage, evaporation and evapotranspiration
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dewatering processes, and increased proximity of the water table to the tailings surface

particularly at Site 4.

The 1991 tailings surface (fs), vegetated tailings surface (vts) and 1994 below tailings
surface (bts) results indicate generaily an increase in bearing pressure at Site 2 compared to
that at Site 1. This likely reflects the coarser nature (Dsp, F%) and resulting higher soil

strength of the deposit at Site 2 (compared to Site 1), as discussed above.

In all cases, the 1991 and 1994 PLT s conducted at the surface were considerably greater
than those conducted below the surface. Acknowledging that heterogeneities z7e present and
provide influences, the greater surface (compared to below tailings surface) bearing capacity
is believed through enhanced dewatering and matric suction development sponsored by
evaporation and evapotranspiration, coupled with fibre reinforcement of vegetative root
systems. Both these processes which enhance surficial capacities are discussed below.
Fibre reinforcing effects are observed to play a very small role in the increased surface
bearing capacity in 1991. The fibre reinforcing effects on increased surface bearing
capacity are much more pronounced in 1994 due to the enhanced development of the

vegetative cover.

Lastly, the 1994 surface and below surface bearing capacities were considerably higher than
the respective 1991 surface and below surface tearing capacities at all sites. In particular,
comparing the increase from 1991 tailings surface (rs) to 1994 vegetated tailings surface
(vts), Sites 1, 2 and 4 displayed an increase and percent increase in capacity of 140 kPa
(150%), 60 kPa (40%), and 80 kPa (190%). A modified theoretical fibre reinforcing model
applied to the vegetative root systems and stress-strain conditions imposed beneath the PLT

on compressible tailings support these increases.
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6.4. SURFACE STABILITY PROCESSES

6.4.1. Evaporation/Evapotranspiration

The processes of evaporation, evapotranspiration, and drainage along the Coal Valley tailings
impoundment results in the development of a two phase geotechnical subsurface system which
includes a variable thickness unsaturated zone at the surface and a saturated zone at depth. As
discussed by Fredlund (1995), the geotechnical properties of soils may be described under the
umbrella of generalized soil mechanics which includes the strength, compressibility, and
permeability of a majority of saturated and unsaturated soils. The theories which embrace the
unsaturated portion of a soil profile have saturated behavior as a special case. Most geotechnical
and geoenvironmental projects involve understanding the behavior of unsaturated soils.
Consideration of the mechanics of unsaturated soils is not without precedent in tailings projects
including the design of soil covers, moisture and contaminant migration, and seepage through
unsaturated soils. The following discussion is restricted, however, io the development of shear

strength of unsaturated soils which influence the surficial bearing capacity of the coal tails.

The shear strength of unsaturated soils, T, may be defined in terms of two siress variables, (G-u,)

and (u,-u..), as presented in Fredlund et al. (1978), Fredlund and Rahardjo (1993) as:
T =CHO —u,)ptand'+(u, —u, ), tanq)b [6.5]

where ¢’ is the effective cohesion parameter, ©, u,, u, denote total stress, pore air pressure, and
pore water pressure, (C-u,)s is the net normal stress on the failure plane at failure, (u.-u.); is the
matric suction on the failure plane at failure, ¢’ is the angle of internal friction with respect to net
normal stress, and ¢° is the angle of internal friction with respect to matric suction. The shear
strength of saturated soils is a special case of [6.5] where the u, ierm of the stress variable (Oyu.)
equals the u,, value and (u,-u.,) approaches zero. Based on [6.5], the insitu shear strength and
bearing capacity change through matric suction variations in response to climatic or

environmental conditions such as evaporation, evapotranspiration, and precipitation.
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In addition to time dependent matric suction variations developed through environmental
conditions, matric suctions will also vary spatially particularly with depth. Figure 6.9
schematically illustrates the stress variable profiles which may exist in the subsurface
environment composed of a saturated and unsaturated zone. Focusing on the pore water pressure
profiles in the unsaturated zone, several matric suction conditions and associated variations with
depth may exist. These matric suction profiles translate to shear strength variations illustrated in
Figure 6.9. As discussed in Section 6.3.2, the increase in surface bearing capacity compared to
below tailings surface bearing capacity in the 1991 PLT s results from the matric suction and
shear strength increase caused by the excessive evaporation profile illustrated in Figure 6.9.
Although matric suctions were not measured, visual observations of a desiccated crust resulting
from evaporation support this hypothesis. Due to the enhanced vegetative cover, the bearing
capacity increase at the surface (compared to below tailings surface bearing capacities) observed
in the 1994 PLTs result from a coupled effect of increased matric suction and increased
reinforcement of the vegetative root system. Although vegetative root systems enhance the
surficial shear strength irrespective of matric suction profiles, for clarity its effect is only

illustrated on the excessive evaporation shear strength profile in Figure 6.9.

The development or variation of matric suctions within the soil occur through changes in
moisture content via drainage, infiltration, evaporation and plant transpiration with a combined
term of evapotranspiration. Drainage and for that matter infiltration are gravity driven processes
depending mainly upon soil properties such as hydraulic conductivity. Evaporation from a soil
surface is more complicated and controlled by both climatic conditions which define the potential
rate of evaporation, and soil properties such as saturated and unsaturated hydraulic conductivity
(Wilson ei al. 1994).

These complications and associated non-linearity of evaporation from a soil surface is illustrated
in Figure 6.10. This figure represents the ratio of actual evaporation flux (AE) to potential
evaporation flux (PE) versus water availability. The PE is defined as the upper or maximum rate
of evaporation from a pure water surface under given climatic conditions. Stage I is the
maximum or potntial rate of drying that occurs when the soil surface is at or near saturation and

is determined by climatic conditions with moisture migration controlled by hydraulic
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conductivity. As drying proceeds to Stage Il, the soil surface begins to desaturate and the AE
falls below the PE as the conductive properties decrease. Continued drying decreases the AE to a
residual value of Stage III were the liquid-water phase is discontinuous and the water molecules

only migrate to the surface through vapour diffusion.

With continued drying the thin surficial desiccated zone, which effectively seals the underlying
material limiting moisture migration to only vapour diffusion pathways, experiences a decrease in
water content, reduction in hydraulic conductivity, and an increase in matric suction and shear
strength. The thickness of this strengthened crust is critical to the surface stability of weak tails.
As modelled by Wilson et al. (1994) for a given PE, the duration of Stage I (high AE, and
possibly increased thickness of desiccated crust) is extended with increasing saturated hydraulic
conductivity. Abu-Hejleh (1993) has shown analytically for a soft clay that the degree of
dewatering and the crust thickness development through desiccation is reduced for high
evaporation rates which result in rapid crust development, and effective termination of AE and
sealing of the underlying material. Acknowledging this sealing effect, dependent upon factors
including hydraulic conductivity and potential evaporation rates, Williams and Morris (1990)
highlighted optimization of evaporation processes by placing Australian coal tails in thin layers

for drying to enhance dewatering and shear strength development.

In addition to thin layer placement and evaporation optimization, the dewatering and strength gain
limitations at depth imposed by a sealing desiccated crust may be circumvented through
development of biclogical dewatering pathways offered through transpiration of vegetative root
systems. Transpiration was differentiated into a three flux rate stages, each stage dependent upon
the leaf area index (LAl of the plant canopy as discussed by Ritchie (1972). These stages
include a “zero” transpiration stage at a LA/ < 0.1, a nonlinear transpiration stage from 0.1 < LA/

< 2.7, and a maximum potential transpiration stage at LAl > 2.7.

Tratch et al. (1995) describes a model incorporating these transpiration stages discussed by
Ritchie (1972) with a soil evaporation model outlined by Wilson et al. (1994). This
“evapotranspiration” model was applied to a laboratory experiment conducted on a instrumented

60 cm column of silty soil with surface vegetation evapotranspiring under controlled conditions.
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The laboratory and model resuits from Tratch et al. (1995) are presented in Figure 6.11. The
evaporation, transpiration, and evapotranspiration fluxes from Tratch et al. (1995) are presented
as a ratio of the PE moisture flux similar to the representative evaporation curve for sand in
Figure 6.10. It is noted that the measured potential evaporation and evapotranspiration profiles
in Figure 6.11 are approximate representations of the actual detailed and variable data provided
by Tratch er al. (1995).

Six surface flux stages were observed by Tratch er al. (1995), three involving evaporation only
and three involving evaporation and transpiration fluxes. Th> first three evaporation stages
which include the first 17 days are reminiscent of the evaporation curve presented in Figure 6.10.
Matric suctions along the 60 cm soil column on Day 16 indicated that only the top approximately
10 cm had undergone dewatering with matric suctions greater than 40 kPa established, with oniy

the upper 1-2 cm developing inatric suctions greater than 200 kPa.

Day 17 (Figure 6.11) denotes the initiation of transpiration processes as the LA/ exceeded 0.1,
with continually increasing transpiration flux to day 40 when the vegetative canopy reached a
LA value of 2.7 and maximum potential transpiration (Ritchie 1972, Tratch er al. 1995). At that
stage the potential transpiration flux approximately equated the PE flux. The total
evapotrapspiration flux corresponded to the PE flux until day 47 when moisture limiting
conditions were applied by terininating moisture flux into the base of the soil column. Moisture
limiting conditions resulted in reduced evapotranspiration flux, sample drying, progressive root
growth, and development of matric suctions at depth. After 8¢ days of evapotranspiration,
moisture content measurements indicated that on average, the enhanced dewatering through
transpiration had resulted in the development of matric suctions of about 200 kPa in the upper
33 cm, decreasing to 70 kPa at the base of the 60 cm soil column. These matric suctions through
enhanced dewater by evapotranspiration processes contribute to increased shear strength

(Equation {6.5]) and surficial scil stability.

The significance of dewatering, matric suction development and increased shear strength through
evapotranspiration processes is further emphasized in Figure 6.12. Johnson et al. (1991)

investigated the dewatering and shear strength enhancement capabilities of nine plant species
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cultivated for 11 weeks in lysimeters filled with a sand-fine tails mix. Average moisture content
and shear strength measurements were recorded with the best four dewatering plant species noted
in the figure. Little information was presented on the method used to measure shear strength,
however, it is anticipated that the measurements were conducted without the roots influencing the
measured strengths. This figure illustrates that Reed Canary and Dock appear superior to other
native grasses for dewatering and strength enhancement of the tailings mixtures. These species
also were reported to have had the deepest root svstems, each reaching the bottom of the 80 cm
deep lysimeters within the 11 week study. The deep rooting pattern of Reed Canary is supported
by field studies along the coal tailings impoundment reported by Macyk er al. (1991).
Furthermore, Reed Canary and Alfalfa mix were the dominant vegetative species along the

impoundment during the study period (Macyk et al. 1691).

A'though the work by Tratch et al. (1995) and Johnson et al. (1991) are independent studies on
different materials, they nonetheless embraced the effects of evapotranspiration processes on the
dewatering, development of matric suctions, and enhancement of shear strength of unsaturated
soils. These studies support the increase in surface, compared to below tailings surface, bearing

capacity as a result of matric suction changes observed with the (1994 and particularly 1991)
PLTs at Coal Valley.

6.4.2. Fibre Reinforcement Of Vegetative Root Systems

The effects of fibre reinforcement on the increased shear strength of soils has been discussed
extensively in the literature (Waldron 1577, Waldron and Dakessian 1981, Ziemer 1981, Gray
and Ohashi 1983, Gray and A!-Refeai 1986, , Maher 1988, Sotir and Gray 1989, Maher and
Gray 1990, Al-Rafeai 1991, Terwilliger and Waldron 1991, Day 1993). The focus of much of
the literature is directed towards the effeci of natural vegetation root systems or artificially placed

natural, metal or synthetic fibres on the increase in stability of natural or constructed slopes or

embankments.

Based on the stress-strain response of fibre reinforced soils, the effect of roots is to provide an

increase in the effective cohesion of the soil with no effcct on the internal angle of friction (Gray
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and Ohashi 1983, Sotir and Gray 1989, Day 1993). Several simplistic formations are presented
in the literature which attempt to predict the increase in shear strength of root permeated soils.
These equations which generally only require volume percentage of roots within the soil or arca
percentage of root across a shear plane, are based on specific soil types, root strength and
morphology. The specifics of these formulations limits their opplicability and prevents their
confident utilization in prediction of the enhanced bearing capacity of root permeated

compressible tailings.

To analyze the effect of vegetative root systems on bearing capacity of the tails, a force-
equilibrium model discussed in the literature (Gray and Al-Refeai 1986) was chosen. The initial
model which includes fibres orientated perpendicular (not shown) and inclined (i<90°% to the
shear zone is illustrated in Figure 6.13. Considering the orientation of roots intersecting the
developing shear zone beneath a PLT, the initial model was modified to include roots which
initially are orientated in a compression condition (i>90°% as shown in Figure 6.13. Roots in a
compression orientation do not contribute to shear strength until the deformation of the shear
zone causes sufficient rotation to develop tensile stresses. Based on the model, the predicted

strength increase, ASg, from regular arrays of multiple, orientated inclined fibres is given by:

ASg = tp[sin(90 — ) +cos(90 - )tand | [6.6]
where \§ = arctan ——L———— [6.7]
k+(rani )—l )

and 5 is the mobilized tensile strength of the fibres per unit area of soil; ¢ is the angle of internal
friction of the soil; i is the initial orientation angle of the fibre with respect to the shear surface; &
is the shear distortion ratio (k = x/z) with z being the thickness of the shear zone and x being the

horizontal shear displacement. The mobilized tensile strength per unit area of soil is given as:

A
IR = (‘TR}R [6.8]
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with 6z equal to the tensile stress developed in the fiores within the shear zone, Ag is the

cross-sectional area of the roots within the shear zone nand A is the total cross-sectional arca of the

shear zone.

The modified model was further modified to address the complex stress-strain paths associated
with PLT s conducted on compressible tailings which fail in punching shear. These preliminary

modifications based on the expected soil-fibre interaction mechanics beneath a loaded plate arc

summarized as follows:

L In accordance with the initial random orientation of fibres intersecting the shear zone
beneath the PLT, 50% of the fibres are assumed to initially be in a compression orientation
with no contribution to bearing capacity. Shear zone development following load
application and plate settlement results in gradual fibre rotation from compression to

tension orientation with a comresponding increasing percentage of fibres contributing to

bearing capacity.

. The loose compressible nature of the tailings which exhibit punching shear failure realize
non-uniform strain and associated shear zone deformation beneath the plunging plate. This
analysis considered the shear strains within the shear zone as a result of surface settlement

to vary linearly with a maximum at the surface and zero at a depth equal to D,,.

° The theoretical AS; in the upper approximately 5 cm was reduced by about 50 % to
account for possible root slippage due to limited stress development length. The reduction

is based on estimates of the minimum length of root, L,., required to avoid slippage as
outlined by Waldron (1972).

In summary, these modifications attempt to consider variation of root orientation in the
subsurface, variable shear strain distribution at depth, and possible root slippage or pullout near
the tailings surface. With the root area profile measurements obtained at Site 1, the modified
model was used to predict the ASg profile shown in Figure 6.14 for an estimated lower bound root

tensile strength, Gz, of 2000 kPa. The step wise distribution of ASg is reflective of the root
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measurement frequency of the expected continuous nonlinear decreasing shear strength profile. It
is noted that the increase in ASg with increasing surface settlement of a footing and resulting
increasing shear distortion ratio, k, reflects the rotation of some of the roots within the shear zone
from a compression orientation (no contribution to strength) to a tension orientation as discussed

above.

This nonlinear AS; profile was subsequently coupled with bearing capacity theory to predict the
increase in bearing capacity resulting from root reinforcement. The increase in bearing capacity,
AQ oo, resulting from root reinforcement was determined using, as a framework, the cohesion
component formulation of the general bearing capacity equation (Bowles 1988, Vesic 1973,

Vesic 1975) shown as:
Aanu =N, CSCAS R [6- 10]

where N.. is the bearing capacity factor for cohesion (5.14), s. is the shape factor for a circular
footing (1.2), and AS; is the theoretical shear strength from root reinforcement as shown in
Figure 6.14.

The theoretical contribution of vegetative root systems to increase bearing capacity at Site 1
using [6.10] and the profile in Figure 6.14 is illustrated in Figure 6.15. This figure illustrates the
1994 vegetated tailings surface (vts) bearing capacity profile, and the 1991 tailings surface (ts)
profile coupled with the theoretical contribution from root reinforcement. The bearing capacity
contribution from root reinforcement considers *“estimated” (Schiechtl 1980, Naeth 1995) root
tensile strengths, Gg, ranging from 2000 kPa to 3000 kPa which likely reflect lower bound values
for Reed Canary vegetation. These lower bound estimates of 6z provide for conservatism and

indirectly account for potential root rupture beneath the loaded plate.

Although several preliminary assumptions and estimates were made to model the soil-root
interaction mechanics beneath a PLT on compressible tails at Coal Valley, the predicted increase

in bearing capacity is within the same range as the 1994 vegetated tailings surface (vrs) results
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and is very encouraging. Considering the 1991 and 1994 PLT's were likely conducted 1 to 2 m
apart, these results are even more encouraging considering the localized heterogeneity prevalent
at the individual sites as outlined in Section 6.2. Similar successful predictions of the increase in

bearing capacity were obtained at the other sites within the tailings impoundment.

6.5. SUMMARY AND CONCLUSIONS

The site investigation activities conducted along the Coal Valley tailings impoundment in 1991

and 1994 provide the foliowing conclusions.

1. The segregating tailings underwent hydraulic sorting along the impoundment resulting in a
decrease in mean grain size, Dso. and an increase in fines %F, with distance from the
discharge point.

2. The dynamics of hydraulic deposition created horizontal and vertical heterogeneity with
vertical heterogeneity on a scale of milimeters to centimeters.

3. The loose nature of the tails result in the PLTs exhibiting a punching shear failure
mechanism.

4, The bearing capacities at /0% RS, 20% RS, and Q... in general decrease with increasing
distance from the discharge point mainly as a result of reduced grain size and increased
pore water pressure (reduced matric suction).

5. The PLTs conducted at the tailings surface had considerably greater bearing capacities
than those at depth. The increased capacity with elevation results from increased matric
suction and increased fibre reinforcing effects of vegetative root systems.

6. The 1994 PLT s had higher capacities than the 1991 PLT’s. The main factor contributing

to the increased capacity is the enhanced vegetative growth and resulting fibre reinforcing

effect of the vegetative root systems.

Considering the theme of unsaturated soil mechanics and the associated shear strength
formulation, the processes and effect of evaporation and evapotranspiration on matric suction and

shear strength development were discussed. Evaporation and evapotranspiration on matric
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suction and shear strength development of two independent soils were presented. The
contribution of vegetative root systems to increased shear strength and bearing capacity was
evaluated using a theoretical model established in the literature, subsequently modified to address
the idealized stress-strain pattern beneath the PL7T. This modified model showed success in
predicting the increase in surface bearing capacity observed at Site 1 between 1991 to 1994 as a

result of vegetative development.

The natural surface enhancement processes of evaporation, evapotranspiration, and fibre
reinforcement of vegetative root systems have considerably enhanced the bearing capacity and
surface stability of the initially very weak impoundment materials which could not safely support
human traffic. These environmentally conscience natural processes promote adoption of dry
landscape reclamation philosophies with potential thickness reductions or elimination of soil

capning, and reduced short and long term reclamation costs.
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Chapter 7

Characterization And Dry Landscape Reclamation Of Mine Tailings'

7.1. INTRODUCTION

Tailings refer to any solid form of mine or mill waste, including rock-sized stripping wastes,
underground mine muck, and finely ground mill wastes. The annual production of mining wastes
in the U.S. totals 1.4 billion tons per year according to 1986 data from the US EPA (Brumund
1988). Furthermore, EPA information estimates that about 31 billion metric tons of mine wastes
and 13 billion metric tons of tailings were accumulated in the U.S. between the years 1910 and
1981 (Testra 1994). Examples in Western Canada which the authors have direct experience and
which support these volumes firstly include the oil sands mining operations (Suncor Inc. and
Syncrude Canada Lid.) in Northern Alberta, Canada. The annual combined mining, processing,
and benefication of 84 million m® of oil sands, producing annually 85 million barrels of high
quality synthetic crude (Sheeran 1993), results in the annual generation of 160 million m’ of fluid
tailings with a solids content of 40% to 60% by mass (Suthaker 19935). Several surface
impoundments have been constructed to house these tailings, one of the largest measuring

approximately 25 km? in area with a height ranging from 32 to 90 m.

' Submitted Paper:

Stahl, R.P.. and Sego, D.C.. 1996. Characterization and Dry Landscape Reclamation of Mine Tailings.

paper submi:ied to the Third International Symposium on Environmental Geotechnology. June
10-12, 1996, 10 pgs.
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The Highland Valley Copper mine, a hard rock mining operation in central British Columbia,
mines and processes approximately 130.000 metric tons of ore per day. Benefication of the ore
yields a copper and molybdenum concentrate stream (over 1000 metric tons per day) with the
remainder constituting the tailings stream (Sporleder 1989). The slurried portion of the tailings
stream is deposited into a surface impoundment developed through the construction of two dams
which intersect the valley floor. This impoundment is 10 km long, will measure 5 km in width,

and reach a storage capacity of 2.7 billion metric tons of tailings (Sporieder 1989).

A smaller tailings facility which will be discussed herein, but which encompasses many of the
reclamation issues faced by these larger facilities, is the Coal Valley tailings impoundment
located approximately 200 km west and 90 km south of Edmonton, Alberta. This tailings
impoundment, shown in Figure 7.1, is operated by Luscar Sterco (1977) Ltd. and measures
approximately 18.2 hectares in area. Fine saturated coal tailings generated during the annual
production of 1.8 million clean tons of coal, were previously pumped at a solids content of 35%

into this impoundment. Reclamation activities were subsequently initiated in 1989 when this

impoundment reached full capacity.

Our ability to produce these tremendous volumes of mine wastes and associated containment
facilities is impressive. However, the limited shear strength and bearing capacity of some of
these deposits prevent effective characterization of the surficial soils for the purposes of dry
landscape reclamation. With reference to the investigations conducted along the Coal Valley
tailings impoundment, a distinction is made regarding the hydraulic transport of slurried tailings,
and the resulting grain size distribution along the impoundment. The geotechnical testing
equipment which was developed/modified to characterize the limited bearing capacity surface
materials is outlined, and the natural processes which have enhanced the shear strength, bearing

capacity, and surface stability of the tailings at Coal Valley from 1989 to the present are
discussed.
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7.2. TAILINGS DEPOSIT CHARACTERISTICS

The behavior of slurried tailings during hydraulic transport may be classified as segregating or
nonsegregating. Segregation refers to the tendency of the solid fraction (or part of it) to settle and
create a concentration gradient within the mass. Nonsegregating behavior maintains a uniform
distribution of solids throughout the mass. Segregating or nonsegregating behavior of a slurry
depends upon the type of carrier fluid, type and amount of chemicals additives, type,
concentration, and grain size distribution of the solids, and the flow conditions (Kiipper 1991).
The tailings deposited into the Coal Valley impoundment were segregating and subsequently
underwent hydraulic sorting along the beach following deposition.

Hydraulic sorting refers to the separation of hydraulically deposited materials in different
granulometric fractions as a result of the hydraulic flow characteristics. In general, hydraulic
sorting results in a decrease in mean grain size (Dsp) and an increase in the amount of fines
(“F%", material < 74mm) with distance from the discharge point. Based on weighted averages of
the shallow heterogeneous subsurface grain size d::1:ibutions at Sites 1 through 4 located along
the beach portion of the impoundment shown in Figure 7.1, the average Dso’s and (F%) were
0.19mm (36%), 0.25 mm (28%), 0.16 mm (38%), and 0.04 mm (70%) respectively. The
material sampled from the pond portion of the impoundment (Figure 7.1) had a Ds, of
0.0024 mm and F% of 100%. It is noted that Site 2 had a comparatively greater Dso and lower
F% than Site 1 yet is located further downstream. This anomaly is explained by the remnant
(possibly high flow velocity) depositional channel adjacent Site 2 which likely encouraged the
coarser localized shallow deposit (Kiipper 1991). In addition to hydraulic sorting, the beach
tailings sites investigation locations displayed considerable heterogeneity on the scale of

centimeters as illustrated in Stahl and Sego (1992, 1995b), and supported by Kiipper (1991).



7.3. CHARACTERIZATION

Tailings are generally of no direct economic value and their disposal adds to the cost of mineral
production. Consequently, the objective of all mine operators is to dispose of the tailings as
cheaply as possible (Klohn 1982). Although this philosophy is not completely correct today in
light of environmental and reclamation concerns shared by mine operators, the method of disposal
in the past and present commonly produces loose, soinetimes impervious, and potentially
liquefiable tailings (Morgenstern and Kiipper 1988). Characterization of these low strength
deposits using conventional geotechnical techniques may require construction of thick soil ramps
complete with a geotextile separation layer to support the geotechnical investigation equipment as
employed to investigate a copper tailings deposit as discussed by Vidic et al. (1995). East (in
Ulrich and East 1996) verbally outlined in his presentation the placement of access ramps

measuring upto 12 m thick to investigate weak tailings deposits.

The shallow subsurface characterization of limited bearing capacity deposits discussed herein
was achieved without access ramp construction through development/modification of traditional
geotechnical testing equipment. The equipment developed/modified includes a Plate Load Test
(PLT) apparatus, a Cone Penetration Test (CPT) apparatus, and Spectral Analysis of Surface
Waves (SASW) system to determine the shear wave velocity profile of the tailings. All three
iesting apparatuses had stringent specification for load capacity, sensitivity and range, and
foremost had to fulfill a minimum weight requirement enabling transport to, and investigations at,
some of the weaker sites requiring only human effort. Details of the specifications and
illustrations of the PLT, CPT, and SASW apparatuses are provided in Stahl er al. (1996). For
reasons of testing history and ensuing detailed analysis, the results from the PLT s along the
beach portion of the impoundment will only be presented. Similarly, the historic site

investigations within the pond region using the Genor Field Vane Shear Test (FVST) apparatus
will also only be discussed.
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7.4. DRY LANDSCAPE RECLAMATION

7.4.1. General Reclamation Processes

The increase in shear strength, bearing capacity, surface stability and the dry landscape
reclamation of soft tailings may require the removal of water to increase intergranular stress and
strength, and or the addition of reinforcing or strengthen agents as discussed in Barth (1986).
The immense areas which these tailings occupy, however, favor efficient and cost effective
reclamation solutions supporting the adoption and engineering of natural processes which dewater
and reinforce the surficial tailings. Figure 7.2 summarizes the key nataral processes which
strengthen the slurried tailings follow deposition. This figure highlights the two extremes
produced following hydraulic sorting of a segregating slurry, with a non-segregating slurry
relying on similar natural processes for shear strength, bearing capacity and surface stability
enhancement. It is emphasized that these generic processes (ie. consolidation may include
osmotic and selfweight) are not mutually exclusive (ie. consolidation may be induced through
matric suction changes from evaporation/evapotranspiration). The processes which will be
discussed herein include freeze-thaw consolidation, drainage, evaporation, evapotranspiration,

and fibre reinforcement of vegetative root systems.

7.4.2. Freeze-Thaw Consolidation

The processes of consolidation of fine, high void ratio saturated tailings through freeze-thaw has
been known for several years, and has been successfully evaluated and validated using large scale
field tests on oil sand fine tailings as discussed by Sego et al. (1993 and 1994). Freezing of these
saturated tailings re::.- ‘n the generation of negative pore pressures (sponsored through surface
tension differences) bu:.ween the untiuzen water surrounding the mineral particles and the ice
witk#n the voids. The negative pore pressures induce moisture migration from the unfrozen water
to the growing ice lense and ultimate consolidation of the mineral grains. The ensuing frozen

mass includes a segregated reticulate ice and consolidated fine grained soil “ped” structure.

The “‘open system freezing” process which occurs in nature as a result of sub-zero winter

temperatures is active within the pond portion of the Coal Valley tailings impoundment. As the
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fine saturated tailings freeze downwards as a result of sub-zero ambient air temperatures, a
segregated reticulate ice/fine grained consolidated soil *“ped™ structure develops above the
downward advancing frost. Steady state thermal conditions are eventually established between
the freezing front below the surficial frozen tailings and the unfrozen tailings at depth. This
condition result in the formation of near horizontal ice lenses (perpendicular to the upward heat
flow towards the surface) just above the 0 °C isotherm as water is drawn from the unfrozen
tailings at depth. This “open system freezing™ process is contrary to “closed system freezing™ or

“undrained freezing” where migration of free water to the freezing front from the unfrozen soil is

restricted.

Thawing of the segregated ice profile and setiling of the consolidated soil “peds™ through density
differences with the vertical migration of moisture from the segregated reticulate ice and
horizontal ice lenses results in net consolidation (volume reduction) of the fine tailings. The fine
tailings also experience mechanical changes including reduced compressibility, increased shear

strength, with the composite thawed soil “ped” structure also realizing increased permeability
(Sego et al. 1993, 1994).

The impact of cyclical freeze-thaw sponscred through seasonal temperature varations within the
pond region (Figure 7.1) of the Coal Valley tailings impoundment is illustrated in Figure 7.3.
This figure includes the average undrained shear strengths below the ice surface, determined in
the unfrozen tailings, using the FVST apparatus. The shear strength profiles determined on two
separate occasions in the winter of 1989/1990 (following completion of deposition) are virtually
identical and coincide with the normally consolidated shear strength profiles estimated for three

compression indices (C. = 0.3, 0.54, and 1.0), based on the plasticity index (P/ = 35%) of the
tailings (Stahl and Sego 1995a).

Based on the mechanics of freeze-thaw, visual observations in the field, and laboratory studies,
two regions along the post 1990 field shear strength profiles are defined. The boundary for these
two regions at a depth of 1.2 m is approximately located at the inflection point of the profiles. As
confirmed in laboratory tests (Sego 1990) the inflection point is associated with a zone of thick

ice lenses which resulted from upward moisture migration induced through suction gradients in
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the freezing zone as discussed above for open system freezing. The upper region, which displays
shear utrengths considerably greater than the 1989/1990 profiles, includes tailings which have
experienced post freeze-thaw consolidation and strength gain as discussed above. Although the
trend of inicreasing shear strength with decreasing depth in this upper region is reminiscent of a
clay deposit with a desiccated crust, a water cap has always been maintained within the pond and

the tailings have not been subjected to drying.

The lower region (below 1.2 m) has also experienced considerable strength gain beyond the initial
1989/1990 profiles. As illustrated in Figure 7.3, the strength gain in this region is likely the
result of self weight and freeze-thaw inspired upward moisture migration which consolidate and
strengthen the fine tailings. Although heterogeneities influence shear strength and variability
thereof, the slope of the shear strength profile beyond the 1.2 m depth is similar to the

theoretically estimated profile considering the C. of 1.0.

7.4.3. Drainage/Evaporation/Evapotranspiration

The processes of drainage, evaporation, and evapotranspiration along the surficial beach portion
of the Coal Valley tailings impoundment results in the development of a two phase geotechnical
subsurface system which includes a variable thickness unsaturated zone at the surface and a
saturated zone at depth. The thickness of the unsaturated zone decreases with increasing
proximity to the pond. Drainage and for that matter infiltration are gravity driven processes
depending mainly upon soil properties such as hydraulic conductivity. Evaporation from a soil
surface is more complicated and controlled, by both climatic conditions which define the potential
rate of evaporation, and soil properties such as saturated and unsaturated hydraulic conductivity
(Wilson et al. 1994). Transpiration offered by vegetative root systems is also dependent upon the
hydraulic conductivity of the soil, the water availability of the subsurface, the root type and
morphology, as well as the leaf area index (LAJ) of the vegetative canopy as discussed by Ritchie
(1972). Transpiration processes which effectively dewater the soil at depth beyond pure
evaporation is illustrated in laboratory studies by Tratch et al. (1995) and further discussed in

Stahl and Sego (1995b). The dewatering of these tailings and ensuing development of an
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unsaturated zone and enhanced shear strength which supports dry landscape reclamation activity

warrants consideration.
The shear strength of unsaturated soils, T, may be defined in terms of two stress variables, (0-u,)

and (u,-u,), as presented in Fredlund et al. (1978), Fredlund and Rahardjo (1993) as:
T =CHO —u, ) tanQ'+u, —u, )s tan ¢’ 17.1]

where ¢’ is the effective cohesion parameter, G, u,, . denote total stress, pore air pressure, and
pore water pressure, (G-u,)s is the net normal stress on the failure plane at failure, (u,-u.)s is the
matric suction on the failure plane at failure, ¢ is the angle of internal friction with respect to net
normal ste:2is, and 4° is the angle of internal friction with respect to matric suction. The shear
strength of saturatud soils is a special case of [7.1] where the u, term of the stress variable (0-u,,)
equals the u, value and (u,-u,) approaches zero. Based on [7.1]}, the insitu shear strength and
bearing capacity change through matric suction variations in response to climatic or

environmental conditions such as evaporation, evapotranspiration, and precipitation.

In addition to time dependent matric suction variations developed through environmental
conditions, matric suctions will also vary spatially particularly with depth. The relative
temporary seasonal arid conditions experienced during the PLT site investigations conducted in
the summers of 1991 and 1994 at Coal Valley support an excessive evaporation matric suction
profile (Stahl and Sego 1995b) reminiscent of a decreasing matric suction with increasing depth.
Although matric suctions were not measured, visual observations of a desiccated crust support
this hypothesis. This excessive evaporation profile and resulting increase in matric suction and
shear strength at the surface (compared to at depth) is illustrated using PLT results shown in
Figure 7.4. This figure includes some the 1991 PLT’s conducted at Sites 2 (strongest), and Site 4
(weakest) on the tailings surface (1s), vegetated tailings surface (vs), and below the tailings

surface (bts 0.22m). The number following the brs acronym refers to the depth of the PLT below
the tailings surface.
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Considering the ¢s and bts tests, these sites generally displayed an increased bearing capacity at
the surface compared to at depth. Although soil heterogeneities influences the results, the
increase in capacity at the surface is believed mainly from higher matric suctions and resulting
higher shear strengths. In addition, the PLT's conducted on the vegetated tailings surface
generally displayed the greatest capacity. The mechanics surrounding the increased capacity

experienced at the vegetated tailings sites is analyzed below.

7.4.4. Fibre Reinforcement of Vegetative Root Systems

The effects of fibre reinforcement on the increased shear strength of soils has been recognized for
several decades (Stahl and Sego 1995b). Although several simplistic empirical formations are
presented in the literature which attempt to predict the increase in shear strength of fibre or root
permeated soils, they are limited in their application (Stahl and Sego 1995b). Consequently, to
model the effect of vegetative root systems on bearing capacity of the tailings, a force-equilibrium
model discussed in the literature (Gray and Al-Refeai 1986) was chosen. The initial model which
includes fibres orientated perpendicular (not shown) and inclined (i<90°% to the shear zone is
illustrated in Figure 7.5. Considering the orientation of roots intersecting the developing shear
zone beneath a PLT, the initial model was modified to include roots which initially are orientated
in a compression condition (i>90% as shown in Figure 7.5. Roots in a compression orientation do
not contribute to shear strength until the deformation of the shear zone causes sufficient root
rotation to develop tensile stresses. Based on the model, the predicted strength increase, ASg,

from regular arrays of multiple, orientated inclined fibres is given by:

ASg = tg[sin(90— )+ cos(90—~V )tand ] [7.21
where ¥ = arctan — 1 [7.3]
k+(tan i)~ ' '

and 1 is the mobilized tensile strength of the fibres per unit area of soil; ¢ is the angle of internal
friction of the soil; i is the initial orientation angle of the fibre with respect to the shear surface; &
is the shear distortion ratio (k = x/z) with z being the thickness of the shear zone and x being the

horizontal shear displacement. The mobilized tensile strength per unit area of soil is given as:
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A
tg = (—f R 17.4)

with oz equal to the tensile stress developed in the fibres within the shear zone, Az is the

cross-sectional area of the roots within the shear zone and A is the total cross-sectional area of the

shear zone.

The modified mode} was further modified to address the complex stress-strain paths associated
with PLTs conducted on compressible tailings which fail in punching shear. In summary, these
modifications attempt to consider variation of root orientation in the subsurface, variable shear

strain distribution at depth, and possible root slippage or pullout near the tailings surface.

The increase in bearing capacity, AQ,.ors, resulting from root reinforcement was determined using,
as a framework, the cohesion component formulation of the general bearing capacity equation
(Bowles 1988, Vesic 1973, Vesic 1975) shown as:

AQroms = NcscASR [7'5]

where N, is the bearing capacity factor for cohesion (5.14), s. is the shape factor for a circular

footing (1.2), and ASg is the theoretical shear strength from root reinforcement defined in [7.2].

With recent root area profile measurements, the theoretical contribution of vegetative root
systems to bearing capacity using [7.2] through {7.4] and [7.5] with the aforementioned
modifications is shown for Site 1 in Figure 7.6. This figure illustrates the 1994 vegetated tailings
surface (vts) bearing capacity profile, and the 1991 tailings surface (¢s) profile coupled with the
theoretical contribution from root reinforcement. The bearing capacity contribution from root
reinforcement considers “estimated” (Schiechtl 1980, Naeth 1995) root tensile strengths, O,
ranging from 2000 kPa to 3000 kPa which likely reflect lower bound values for Reed Canary

vegetation which was the dominant vegetation on the tailings. These lower bound estimates of Oy
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provide for conservatism and indirectly account for potential root rupture beneath the loaded

plate.

Although several preliminary assumptions and estimates were made to model the soil-root
interaction mechanics beneath a PLT on compressible, heterogeneous tailings at Coal Valley, the
predicted increase in bearing capacity is within the same range as the 1994 vegetated tailings
surface (vts) results and is very encouraging. Similar successful predictions of the increase in

bearing capacity were obtained at the other sites within the tailings impoundment.

7.5. SUMMARY AND CONCLUSIONS

Mine wastes irn the form of slurried tailings, which are typically deposited in surface
impoundments, can be very loose, weak, exhibit limited bearing capacity and surface stability,
and present difficulties with respect to characterization and dry landscape reclamation. Three key
geotechnical investigation systems were developed/modified to facilitate characterization of these
weak deposits utilizing only human effort, with only the results from the Plate Load Test (PLT)
along the beach portion of the impoundment discussed herein. In addition, the results from the
Field Vane Shear Test (FVST) apparatus, employed to characterize the pond portion of the

impoundment, were also included.

The key natural processes which enhance the shear strength, bearing capacity, and surface
stability of the tailings were outlined. Cyclic freeze-thaw consolidation coupled with freezing and
self weight induced moisture migration and consolidation have considerably enhanced the shear
strength of the saturated silt and clay within the pond region of the impoundment. Drainage,
evaporation, and evapotranspiration processes have dewatered the surficial tailings, increased the
matric suction, and enhanced the shear strength and bearing capacity of the heterogeneous,
compressible tailings at the surface. The contribution of vegetative root systems to increased
shear strength and bearing capacity was evaluated using a modified theoretical model. This

modified model showed success in predicting the increase in surface bearing capacity observed at
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The adoption/engineering of these and other natural processes to enhance the surficial strength,
bearing capacity, and surface stability of tailings encourages dry landscape reclamation

philosophies with potential thickness reduction, or elimination of soil capping with reduced short

and long term reclamation costs.
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Chapter 8

Natural Surface Enhancement Process Design Guidelines

8.1. INTRODUCTION

Reclamation of mine wastes requires a synergy of techniques to achieve the desired landscape
which is economically and environmentally acceptable and is harmonious with regional
analogues. A multitude of wet and dry landscape scenarios may be envisioned and achieved.
Herein, a focus is placed on natural techniques to reclaim fine processed mine wastes to the
desired dry landscape. Although the following discussion is applicable to a variety of tailings
deposits, the underlying theme of this chapter centers on the Coal Valley tailings facility. The
following briefly summarizes methods, models and investigation techniques which help promote
dry landscape reclamation activities and provide a framework for regulatory approval. As in the
previous chapters and successive appendices, the natural surface enhancement processes
discussed in the following include freeze-thaw consolidation, evaporation, evapotranspiration
and fibre reinforcement of vegetative root systems. Processes including drainage and selfweig: i
consolidation as presented in Chapter 7, Figure 7.2, are additional factors which help aciueve i

desired dry landscape goal.
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8.2. FREEZE-THAW CONSOLIDATION DEWATERING
8.2.1. Processes and Models

Structural enhancement of fine grained tailings pond materials through natural surface processes
firstly requires reduction or elimination of the water cap to exposure the fine tailings to the
environmental loading conditions (frecze-thaw, evaporation — evapotranspiration). Horizontal

finger drains, veriical drains, with well managed decant structures can help achieve this goal.

Climatic temperature conditions dictate the volume of fine tailings which may be structurally
enhanced through freeze-thaw. Contingent on the site specific climatic freezing and thawing
indices, the thin layer freezing and thawing models developed by Martel (1988) may be used to
optimize freeze-thaw treated volumes. This is a closed system freezing model where migration of
external water outside the freezing zone is restricted. Optimization of the freezing process
through thin layer placement and the relatively limited thaw potential of the Canadian climate
dictate a thaw controlled processes (i.e. unable to completely thaw the material frozen during the
previous winter). Extension of the Martel (1988) model to include additional heat sources to

enhance thaw such as warm ground and a warm water cap as outlined by Dawson and Sego

(1993) may be considered.

A more passive utilization of freeze-thaw benefits includes the open system freezing and thawing
process where thick tailings deposits are subjected to climatic temperature variations as in the
case at Coal Valley. Thermally induced suction gz::>i-:its may not only consolidate the mineral
particles into peds as in the closed system process, but the segregating potential of the saturated
soil may sponsor moisture migration from outside the freezing zone. As outlined by Konrad and
Morgenstern (1983) and Konrad (1994) and illustrated in Chapter 3, Figure 3.3, suction
pressures developed within the frozen fringe on the warm side of the warmest ice lense encourage
moisture migration from the underlying unfrozen soil. The characteristics of the freezing soil and
propensity for moisture migration is best represented by the Segregation Potential. The
Segregation Potential, SP, is defined as the ratio of the rate of water migration to the warmest ice
lense, v, to the overall temperature gradient within the frozen fringe. grad Ts. The SP may be

deermined from laboratory freezing tests which record water intake and temperature profile with



time. Based on laboratory step-freezing tests (Sego 1990), the SP of the Coal Valley fine tailings
is about 120 x 10 mm*/sec-°C. Davila er al. (1993) discusses prediction of SP, ( equivalent to
SP at low stresses) based on the grain size distribution and liquid limit of the fine fraction. Based
on available data, the boundary between high and low frost susceptible soils is assumed to be at
SP, = 50 x 10° mm%sec-°C (Davila et al. 1993). This SP value predicted for the Coal Valley
fine tailings is well above this boundary SP value indicating that the tailings are highly frost
susceptible. Highly frost susceptible soils experience significant heave and ice lense development

through migration of moisture at depth beyond the freezing zone.

The suction pressures developed within the frozen fringe which encourage moisture migration
may be determined using the theoretical model presented in Konrad (1994). Considering
one-dimensional freezing, and assuming homogeneity of the unfrozen tailings and continuum of
the pore fluid, the suction pressure at the frost front theoretically extends throughout the depth of
the unfrozen fine tailings deposit. Practically, however, dewatering and consolidation
(overconsolidation) of the unfrozen fine tailings near the ice lense results in focalized reduced
hydraulic conductivity that ultimately impedes moisture migration from the tailings at depth. In
the case of high void ratio fine tailings, prediction of the “significant depth™ of influence for

dewatering and strength gain through thermally induced suction gradients may be achieved using

finite strain consolidation models.

8.2.2. Strength Enhancement and Volume Reduction

Repeated freeze-thaw cycles of the Coal Valley fine tails subjected to closed system freezing in
the laboratory (Sego 1990) resulted in continued shear strength increase in excess of 10 kPa, with
thaw strains of 20 to 25 %. Thaw strains in excess of 50 % have been obtained with oil sand fine
tails (Dawson and Sego 1993, Sego er al. 1993a). In addition to reduced volume and increased
shear strength, the remnant consolidated ped structure formed during freezing results in post thaw

geotechnical enhancement including reduced compressibility and increased hydraulic conductivity
{(Dawson and Sego 1993)
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During open system freezing, the relatively high SP of the Coal Valley fine tails resulted in
moisture migration and horizontal ice lense development within the field and laboratory.
Laboratory experiments illustrated that thermal induced suction gradients within the frozen fringe
reduced the moisture content of the unfrozen fine tails on the warm side of the ice lense from 85%
to about 50% (Sego 1990). Field shear strengths profiles (Chapter 7, Figure 7.3) within the pond
above the depth of frost penetration indicate freeze-thaw has enhanced the shear strength from
zero to between 2 kPa and 4 kPa. Shear strengths below the depth of frost penetration indicate
moisture migration sponsored through thermally induced suction gradients increased the shear
strength by 2 to 4 kPa beyond that predicted via selfweight consolidation. This shear strength

increase was recorded throughout the profile depth (3 to 4 m) and may have extended deeper.

Given the potential strength enhancement and consolidation benefits of freeze-thaw, investigation
activities to evaluate the possibilities of incorporating this process to help achieve a dry landscape

include:

e Small scale laboratory closed system freeze-thaw consolidation tests to evaluate potential
thaw strain, strength and hydraulic conductivity enhancement. Parameters for the Martel
(1988) models should also be obtained.

e Laboratory open system freezing tests to evaluate segregation potential and propensity for
additional subsurface moisture migration and dewatering of never frozen material.

e Laboratory parametric analysis to evaluate thermal and drainage boundary conditions, layer
thicknesses, freezing and thawing rates, and potential enhancement through chemical additions
(Sego er al. 1993b). :

e Implementation of field trials using lysimeters, constructed cells along the tailings beach, or
the existing fine tails pond (Chapter 3, Figure 3.13) to evaluate shear strength development
and thaw strain under field conditions. Thermisters to evaluate frost penetration, coupled with
strength and moisture content measurements help evaluate large scale field performance.



8.3. EVAPORATION AND EVAPOTRANSPIRATION

8.3.1. Background and Models

Evaporation is an important process enhancing consolidation and shear strength development.
The consolidation and shear strength developm:nt for unsaturated soils through matric suction
development is presented in Fredlund and Rahardjo (1993). As with freeze-thaw, evaporation is
a climatic dependent process. The net annual evaporation (evaporation - precipitation) at Coal
Valley is near zero, however, net summer evaporation is about 200 mm (Canadian Climatic
Normals). This is compared with annual evaporation rates up to and exceeding 4 m in more arid

climates like Australia (Fahey and Fujiyasu 1993).

A variety of models with varying complexity are presented in the literature which may help
predict the sedimentation and desiccation of high void ratio fine grained mine wastes. A semi-
empirical approach is described in Swarbrick (1992), a more complex theoretical approach is
presented in Abu-Hejleh (1993), and a purely empirical method is mentioned in Fahey and
Fujiyasu (1993) Such models may be employed to przdict the sedimentation, consolidation, and

desiccation of fine grained tailings pond materials fol.. wing deposition in an arid climate.

A soil evaporation mode] described in Wilson er al. (1994) may help predict the moisture flux
along the consolidated tailings beach and the fine tai.s within the pond following post freeze-thaw
consolidation. The coupled heat and mass transfer model can predict soil evaporation rutes,
water content, matric suction, and surface temperature profiles. This model may be used to

predict the matric suction and resulting shear strength development of the subsurface soils as a

result of evaporation.

As soil surfaces desaturate with evaporation, the evaporative flux decreases and the depth of soil
enhancement through dewatering becomes limited. Newson er al. (1996) reports the depth of
influence of evaporative flux on shear strength of saline gold tailings was limited to 10 cm, and
Burmns e al. (1993) highlights that effective dewatering of tailings occurs if thin layers (0.1 m to

0.2 m) are placed. In addition to the reduced evaporation from unsaturated soil surfaces,
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permeants as described in Newson et al. (1996) or bitumen in the fine tails as discussed by

Burns et al. (1993) can hinder evaporation from near surface materials.

The moisture flux restriction associated with an unsaturated surface soil may be circumvented
through development of biological pathways offered through transpiration of vegetative root
systems as discussed in Chapter 6. Tratch er al. (1995) extended the soil evaporation model
discussed by Wilson e:i al. (1994) to include the effects of transpiration. The effects of
evaporation and evapotranspiration on moisture content profiles within a laboratory lysimeter
expeiment were effectively predicted using the theoretical model (Tratch er al. 1995). Based on
the soil water characteristic curve presented in Tratch et al. (1995), soil matric suctions between

70 kPa and 200 kPa developed within the lysimeter.

The depth of dewatering of deep rooting plants is significant with some species extending to
depths of 2 to 3 m “Ravina 1983). In 1991, vegetative root systems at Coal Valley had extended
to a depth of 1 m within the tailings (Macyk er al. 1991). Trees may extend their roots to
considerably greater depths with significant moisture reduction and matric suction development
occurring within a radius about 1 to 1.5 times the tree height (Ravina 1983). High matric
suctions may be sponsored through evapotranspiration processes, with an upper limit for most
plants of pF' 4.2 (= 1500 kPa) which is regarded as the vegetative wilting point. Drought
tolerant plants may develop matric suctions in the order of pF 4.5 (= 3100 kPa) (Williams and
Pidgeon 1983). As illustrated in Chapter 6, Figure 6.12, the dewatering potential of vegetation is
species dependent with reed canary, dock, northern reed, and timothy most effective in dewatering
the tailings mix in this figure. The same is true for trees with Biddle (1983) reporting that the
moisture demands of poplar, willow, oak and elm are much higher compared to various other

species.

8.3.2. Strength Enhancement

The shear strength enhancement through matric suction development sponsored through

evaporation and evapotranspiration processes is defined in Equation [6.5]. Fredlund and

' pF = log,.h (h is the height of water in cm)
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Rahardjo (1993) report ¢" values for various soils generally from 16° to 26°. Considering the
matric suctions predicted from Tratch et al. (1995) of 70 to 200 kPa, and a lower ¢" angle of 16°,
a shear strength increase from evapotranspiration of 20 kPa to 57 kPa is predicted. Swarbrick
(1992) measured matric suctions in mine wastes in the field within the same order of magnitude,
with near surface matric suctions measured in laboratory experiments up to about 1000 kPa.
This high matric suction translates to a predicted (¢ = 16°) shear strength increase of 290 kPa.
Swarbrick and Fell (1991) show peak shear strengths of mine tailings resulting from evaporation

approaching 100 kPa within the field, and exceeding 200 kPa in the laboratory.

Matric suction development through evaporation within the Suncor NST Cells increased the cone
tip resistance near the surface compared to that at depth. Higher strengths within the upper 0.2 to
0.4 m provided sufficient support for human foot traffic. Shear strengths predicted in the
surficial materials (Appendix F) were between 10 and 20 kPa, approximately 10 to 20 fold
greater than that at depth. Shear strengths and bearing capacities were also enhanced within the
surficial material along the beach portion of the Coal Valley tailings impoundment due to a

coupled effect of evaporation, evapotranspiration, and fiber reinforcement of vegetative root

systems.

It is important to highlight that evidence suggests a non-linear decreasing relationship for ¢ with
increasing matric suction (Fredlund and Rahardjo 1993). Results show that ¢" decreases after the
matric suction has increased beyond 100 to 200 kPa. An example is provided in Fredlund and
Rahardjo (1993) illustrating a soil with an initial ¢" of 25.5°, which subsequently decreases

beyond a matric suction of 50 kPa, reaching a steady value of 7° after a matric suction of 300

kPa is reached.

Should climatic conditions encourage shear strength enhancement through evaporation and
evapotranspiration, the benefits are highly dependent on the hydrological conditions within the
tailings. A maintained high water table and insufficient drainage measures ieduce the potential

benefits. Investigations to evaluate potential large scale field performance may include:

e Laboratory drying experiments considering volume change, matric suction and shear strength
development.
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e Laboratory experiments to evaluate parameters for input into atmospheric drying models for
prediction of field performance.

e Field trials using instrumented lysimeters, cells, and/or the existing tailings beach to evaluate
soil evaporation/evapotranspiration. Measurements should include matric suction and shear
strength profiles, with plate load tests and possible cone penetration test to evaluate capacities
and mobilized strengihs.

. Investigation and cataloging of indigenous or possibly exogenous or genetically enginecred
vegetative species which may survive within, and effectively dewater the tailings.

84. VEGETATIVE ROOT REINFORCEMENT

Although the shear strength development through matric suction can be significant, reduction or
elimination of this component with reduced shear strength and bearing capacity may transpire
through precipitation or inundation by flooding. The mechanical component of roots, however,
will continually provide reinforcement. Various empirical formulations to predict the increase in
shear strength are presented in the literature as discussed in Appendix E. A theoretical
formulation was adopted in attempts to quantify the shear strength and bearing capacity increase
offered through root reinforcement. The theoretical formulations indicated that significant shear
strength increases from root reinforcement may be expected (Appendix E). Theoretical
formulations predict a 50 kPa to 150 kPa increas= in bearing capacity along the Coal Valley
tailings beach resulting from root reinforcement. The theoretical formulations provide a
framework for prelimihary prediction of the mechanical contribution of roots to structural
enhancement of tailings. It is noted that detailed sampling and laboratory separation techniques
were required to exactly quantify the root area ratio (RAR) profiles within the subsurface. It is
recognized that RAR quantifying operations may require less efforts in the future through

employment of the Daubenmire (1959) technique with developed or established root morphology
correlations (McCoy 1996).

In addition to the vegetative root system mechanically reinforcing the tailings, tall grasses,

legumes and other vegetation may provide addition reinforcement in the event that capping is
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required. Folding of the vegetative stalks along the surface during capping placement provides a
reinforcing component similar in function (not capacity) to that of a geotextile layer. In addition,

decay of the capped vegetation provides nutrients for the successive vegetative species.

As highlighted above considering evapotranspiration, primary investigations to utilize the
mechanical component of vegetative systems (roots and stalks) should include cataloging of
vegetative species which exhibit satisfactory survival rates within the tailings. Secondary
considerations during vegetative optimization will include root (and possible stalk) morphology

which dictates degree of mechanical enhancement, and magnitude of potential transpiration

dewatering.

8.5. CONCLUSIONS

Several processes may be coupled to enhance the surface stability of tailings deposits and dry
landscape reclamation. Freeze-thaw processes serve to dewater and strengthen the fine grained
portion of the tailings. Various optimization techniques .re available including chemical

addition, thin layer placement, drainage and consolidation measures.

The hydrological component associated with evaporation and evapotranspiration serve to further
dewater coarse and fine tailings, increase the shear strength and structural integrity through
matric suction development. In addition, the mechanical reinforcing components of roots

structural enhance the tailings surface, with vegetative stalks providing increased surface stability

in the event of capping operations.

These natural enhancement processes are not restrictive and may be coupled with additional
tailings management techniques discussed in the literature and used in industry including

codisposal operations, sand spiking, and production of nonsegregating tailings mixes.
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Chapter 9

Summaﬂud Conclusions

9.1. SUMMARY AND CONCLUSIONS

Two tailings deposits exhibiting contrasting geotechnical properties were investigated as part of
this research. The first deposit which represents the product of a segregating tailings stream and
experienced hydraulic sorting during deposition in the Coal Valiey tailings facility. The initiation
of reclamation activities in 1989 provided opportunity to chronologically investigate the increase
in geotechnical surface stability as a result of natural surface enhancement processes.

Investigations were conducted in various regions of the impoundment from 1989 through 1996.

The second deposit investigated which represented the product of an engineered nonsegregating
tailings stream was the Suncor NST Cell facility. Mature fine tailings, the final product of the
segregating oil sands tailings stream, was comhined with a portion of the tailings stream and
coagulating agents to produce a nonsegregating mix. The deposit was comparatively less mature

than the Coal Valley facility, with deposition occurring in 1993 only one year previous to the

investigations.

The investigations required the development of light weight geotechnical testing apparatuses
which could be effectively mobilized, using human effort, to the very weak tailings sites. The
equipment developed included firstly a Plate Load Test (PLT) apparatus to evaluate the punching
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shear load-deformation behavior of the surficial tailings. A Cone Penetration Test (CPT)
apparatus was developed to define material behavior type and predict geotechnical properties.
And lastly, Spectral Analysis of Surface Waves (SASW) techniques were used to develop shear
wave velocity and subsequent small strain shear modulus profiles. The investigations conducted
using this equipment provided increased understanding of the behavior and insitu conditions of
these tailings deposits, and also facilitated chronological monitoring of dry landscape reclamation

progress.

Based on the site investigation activities and subsequent analysis presented in the chapters and

successive appendices, the following selective conclusions are presented.

] The segregating tailings within the Coal Valley tailings impouriment underwent hydraulic
sorting resulting in a decreased mean grain size, Dso, and an increase in fines F%, with
distance from the discharge point. Depositional dynamics also created significant
horizontal and vertical heterogeneity. In contrast, the Suncor NST facility maintained its

desired design qualities, exhibiting relative homogeneity.

] The PLT results along the beach portion of the Coal Valley tailings impoundment
illustrated that the bearing capacities decreased with increased distance from the discharge
jocation. Bearing capacities recorded at the surface were considerably greater than those
at depth, and significant increases in capacity were realized from 1991 to 1994. The
factors which contributed individually and combined to these findings are water table

proximity, matric suctions through evaporation and evapotranspiration dewatering, and

fibre reinforcement effects of vegetative root systems.

° The PLT’s conducted at Coal Valley and the Suncor NST facility both exhibited punching
shear failure mechanism, however contrasting pressures-settlement relationships were
experienced. The ultimate bearing pressures within regions of the Coal Valley tailings

impoundment approached 1 order of magnitude greater than within the Suncor NST Cells.
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The CPT, SASW, and field vane shear test results within the Suncor NST Cells indicate
the presence of a strengthened crust. This crust, the result of matric suction development
from evaporation, was of limited strength, huwever, provided sufficient serviceability to

facilitate the geotechnical investigations.

Cyclic freeze-thaw consolidation resulting from seasonai temperature variations, coupled
with selfweight induced moisture migration and consolidation have considerably enhanced
the shear strength of the saturated silt and clay within the pond region of the Coal Valley

tailings impoundment.

Exc. :--. :nsitu pore water pressures existed within the Suncor NST Cells at the time of
investigations. The insitu pore pressures and stress conditions are critical for evaluation of
soil behavior type and geotechnical properties using the cone penetration test. Pore
pressure dissipation tests within the NST Cells using the cone showed promise in

predicting consolidation properties.

A fibre reinforcing model was developed to analyze the plate load test results conducted on
root permeated compressible tailings. The model, which is contingent on a variety of
soil-fibre interaction variables, showed considerable promise in predicting the increase in

bearing capacity of the Coal Valley tailings from 1991 to 1994.

The range of geotechnical investigation techniques provided opportunity to investigate
select correlations established in the literature. Cone correlation factors for tip and pore
pressure showed promise in predicting field vane shear strengths in these weak deposits. A
new factor for the cone tip to predict the bearing capacity of root reinforced soils was

formulated.

The PLT and CPT apparatuses provided the greatest information concerning geotechnical
material properties and insitu behavior. In light of the confirmed and developed
correlations, enhanced portability and information gathered, the portable CPT system is the

preferred and perhaps quintessential investigation instrument to evaluate weak tailings
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deposits and gauge reclamation performance. An important link is established between the
' 7, and seismic techniques to establish shear wave velocity and shear modulus profiles.
However, some difficulties were obtained using SASW techniques on the weak tailings
deposits investigated. Although these difficulties may result from the authors iimited field
experience with the technique, possibly simpler methods of discrete shear wave velocity

measurement including the seismic CPT techniques are worth exploriag.

The definition of what constitutes a dry landscape from a geotechnical perspective is undefined in
a regulatory sense. This is due in part to the range of geotechnical integrity and diversity
encountered in dry landscapes found in natural undisturbed environments. The level of
geotechnical stability of reclaimed facilities must satisfy the end land use requirements and
operate harmoniously with the regional landscape conditions. The level of desired ultimate
geotechnical stability may range from recreational grasslands to productive forest conditions.
Recognizing that the duration of reclamation activities may vary from several years to 10's of

100’s of years, engineering of natural surface enhancement processes is a cost effective vehicle to

help achieve these goals.

9.2. SUGGESTED FUTURE RESEARCH

During the course of this relatively broad research initiative and subsequent analysis, several

exciting issues were encountered which possibly deserve further investigation. Some of these

issues are presented below.

] Extension of the simplified root reinforcing model to more accurately model the soil-fibre
stress-strain behavior beneath a loaded footing. Considerations could be extended to the

range of vegetative root and soil systems encountered in natural and reclaimed

environments.
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Development of predictive capabilities/corzelations to forecast the inc.zs= in bearing
capacity resulting from vegetative root systems based on simiple surface tests. In addition

to the soilfibre interaction variables, issues to consider are vegetation type and maturity.

Utilize existing evaporation/evapotranspiraticn models on a regional scale to predict the
dewatering, matric suction and shear strength development of tailings facilities undergoing

reclamation.

Develop a more sensitive cone or seismic cone to investigate weak tailings facilities.
Dimensional modifications may be advantageous to facilitate increased portability and

sounding ability.

Verify the encouraging consolidation properties predicted with the cone pore pressure
dissipation tests within Coal Valley tailings and more importantly the Suncor NST
mazerial. Acknowledging the importance of penetration and dissipation pore pressure in
soft clay (slurry) deposits, develop dimensionally correct, possibly enlarged cone devices
equipped solely with pore pressure transducers to investigate insitu strength and

consolidation properties of saturated high void ratio fine tailings.

The structural enhancement through dewatering and fibre reinforcement offered by
vegetative root system highlighted herein was significant. These benefits should not,
however, be testricted to surficial soils. Investigations into aggressive, deeply penetrating
root systems warrants further study. In addition to enhancing surficial stability, the
hydro-mechanical contributions of deeply rooting systems provide enhanced subsurface
dewatering and reinforcement. This dewatering and reinforcing effects, contributing to
increased shear resistance and internal confining stress, not only ampiify serviceability
with respect to static loading conditions, but may foster reduced liquefaction potential
and/or cyclic mobility of weak deposits subjected to seismic loading.

In addition to structurally enhancing existing impoundments uhdergoing reclamation,

research into robust vegetative species which withstand periodic inundation of the stems
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with tailings in active impoundments, resulting from sequential deposition, is an attractive
research focus. Vegetative responses to partial tailings inundation, including vertical
growth and lateral root development have far reaching effects. In addition to the structural
reinforcement, the ongoing vegetative development and transpiration dewater the tailings
and encourage consolidation and strength gain. Furthermore, migration pathways along

active and expired root cavities may enhance drainage and consolidation under selfweight

loading.

As a course of scope limitation, reference to tailings contaminants and remediation was
excluded from this thesis. However, the author maintains interest in a variety of
remediation technologies including the application of phytoremediation: the use of
vegetation to clean up pollution. In addition to the hydromechanical component offered
through vegetation, enzymes and organic carbons secreted into the soil by select species
can help break down contaminants and trigger bacteria to initiate different degradation
processes. In addition, pollutants adsorbed through the root systems and distributed
throughout the vegetation may ultimately be removed from the environment through

harvesting. This cost effective and efficient remediation technology deserves consideration

in dry landscape reclamation of tailings.



143

Appendix A

Index And Vane Shear Testing At Coal Valley And Suncor NST Cells

A.l. INTRODUCTION

The following index and vane shear information, which has been partially presented in the
chapters of the thesis, is included in entirety in this appendix. The information contained herein
has also been utilized for geotechnical analysis as discussed in later appendices. The following
provides a brief summary of the tables and figures included herein. Additional laboratory
information including sedimentation behavior and freeze-thaw consolidation tests (Sego ‘1990) on

the Coal Valley tailings have been omitted from. this thesis for brevity.

A.2. INDEX TABLES

Table Al includes a summary of the insiiu density measurements conducted along the beach
portion of the Coal Valley tailings impoundment in 1992 using an insitu freezing technique
utilizing dry ice. The coarser samples were subsequently subjected to relative density
measurements as illustrated in Table A2. Both samples had very low relative densities which
support the punching shear failure mechanism observed with the field plate load tests. Table A3
details the results of the large insiru sampling conducted in 1995 at Sites 1 through 4. The

samples, obtained using a modified volumeter technique, were dissected in the laboratory to
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determine the Root Area Ratios (RAR) and facilitate analysis of the potential contribution of the
roots to bearing capacity as discussed in Appendix E. Selected samples from Table A3 and
recent investigations within the pond portion of the Cox: Valley impoundment were analyzed for

ash content determination and ash specific gravity measurements. These results are summarized
in Table A4

Table A5 includes a summary of the Atterberg limit data obtained on the thickener underflow
material and pond material illustrated previously in Chapters 2 and 3 respectively, with Figure
A6 summarizing the grain size distributions of these materials. Lastly, Table A6 includes

Atterberg limit data obtained on selected samples from the Suncor NST Cells 3, 4 and 5.

A.3. GRAIN SIZE DISTRIBUTIONS

To compliment the shallow subsurface stratigraphy illustrations in Chapier 2, Figures Al
through A4 include grain size distributions from Sites 1 through 4 along the beach portion of the
Coal Valley tailings impoundment, which were obtained during the 1995 investigations. To
contrast the figures in Chapter 1 which only include grain sizes greater that 0.074 um (# 200
sieve), these grain size distributions include hydrometer results conducted on the material passing
the # 200 sieve. Figure AS includes the grain size distribution of several samples obtained from
Sites 1, 2, and 3 within the pond portion of the Coal Valley impoundment. As observed with the
figures in Chapter 2, and Figures Al to A4, considerable heterogeneity also exists within the
pond. As comparison, the constructed average of the grain size distribution within the pond is

combined with the two Coal Valley tailings waste streams as illustrated in Figure A6.

The grain size distribution of several samples obtained in 1994 from the NST Cells 3, 4, and 5
are illustrated in Figures A7, A8, and A9.
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Ad4. MOISTURE AND SOLIDS CONTENTS

Frozen and unfrozen samples were obtained from Sites 1, 2, and 3 within the pond portion of the
Coal Valley impoundment. The frozen core samples obtained in 1995 were sliced into disks for
analysis. Some of the consolidated soil “peds” (Chapter 3) were removed at various stages prior
to, and during thaw to investigate their consolidated solids content prior to moisture reabsorption
during thaw of the complete segregated frozen structure. The consolidated soil “ped” solids
contents are compared with the frozen, unfrozen, and thawed solids contents at Sites 1, 2, and 3
in Figure A10to A12.

Samples were obtained at 0.15 m intervels at the Suncor NST Cells 3, 4, and 5 in 1994 with the
computed moisture and solids contents illustrated in Figures A13 and A14. The NST Cells have
a relatively uniform moisture content below the surface, with Cells 3 and 4 illustrating a reduced
moisture content in the upper 0 to 0.4 m indicating slight desiccation as a result of evaporation.

Soil desiccation in Cell 5 was eliminated due to the relatively thin, maintained water cap.

A.5. FIELD VANE SHEAR STRENGTH PROFILES

Shear strength measurements were conducted using a Field Vane Shear Test (FVST) apparatus
along the beach and pond portion of the Coal Valley tailings impoundment, and within the NST
Cells. The FVST results at Sites 1 to 5 in 1991 and 1 to 4 in 1994 and 1995 along the beach
portion of the Coal Valley impoundment are included in Figures A15 to A17 respectively. The
FVST results within the pond portion of the Coal Valley tailings impoundment from 1989 to
1996 are included in Figures A18 to A2S, with a summary of the average shear strengths
included in Figure A26. The shear strength results from the NST Cells are included in Figure
A27.

It is important to note that the Genor FVST employed to determine shear strength profiles does
not include a slip coupling device to facilitate direct measurement and subtraction of the torque

associated with rod friction from the total torque including rod friction and vane shear. The
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torque required to overcome rod friction is determined by replacing the vane with a pin device and
essentially repeating the profile without the vane. The soil disturbance and resulting stress
conditions associated with the vane and rods compared with the pin and rods are different, and
the measured torque associated with pin and rod friction may not represent (over predict) the
actual value mobilized during vane measurements. This cautionary statement is of minor concern
when investigating very soft soils at shallow depths where a large vane is used and the volume of
soil sheared with the vane and rods is large compared to that sheared by the pin and rods alone.
Such is the case with the vane shear profiles determined within the pond portion of the Coal
Valley impoundment and within the NST Cells. This is not the case, however, during shear
strength profiling along the beach portion of the Coal Valley impoundment. In stiffer soils which
necessitated using a smaller vane, the reduced ratio of soil disturbed by vane and rods compared
with rods alone limits confidence in the computed shear strength values determined at depth.
Recognizing this problem, torque measurements with the pin and rods were conducted down the
same hole created by the vane and rods. Limited success was achieved with this technique,

however, some uncertainty still remains regarding the actual vane shear strength computed at
depth.

A.6. REFERENCES

Sego, D.C., 1990. Use of Freeze-Thaw to Assist in Reclamation of a Coal Tailings Pond.
Submitted to Luscar Sterco (1977) Ltd., 27 pgs.

Suthaker, N.N., 1995. Geotechniques of Oil Sand Fine Tailings. Unpublished Ph.D. Thesis,
Department of Civil Engineering, The University of Alberta, 223 pgs.
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Table Al Summary of 1992 Density Measurements at Coal Valiley
Samples Obtained by Surface Insitu Freezing
Site Depth Bulk Density Dry Density Dry Density Specific
(cm) Soii Soil Soil Gravity
(gm/cm’) (gm/cm’) (gmicm’)
1 14-34 1.37 1.15 1.15 2.14
1 14-34 1.44 1.80 1.80 2.05
1 35-55 1.42 0.98 0.98 2.10
1 35-55 141 0.98 0.98 2.05
2 10-30 1.44 1.19
2 10-30 1.35 1.07
3 10-30 1.37 0.97 0.97 2.02
3 10-30 1.35 0.95 0.95 2.10
3 30-50 1.33 0.93 0.93 2.06
Table A2 Summary of Relative Density Measurements on 1992 Samples
Site Depth Maximum Minimam Averuge Relative
(cm) Density Density Insitu Density Density (D,) |
(gm/cm’) (gm/cm’) (gm/cm’)
1 3s 1.306 0.979 1.164 0.64
2 30 1.386 1.041 1.132 0.32
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Table A3 Summary of 1995 Density and Root Area Ratio Measurements at Coal

Valley

Samples Obtained Using Field “Large Sample’ Volumeter Technique

Site | Sample Depth Bulk Density | Bulk Density | Dry Density Ag/A Specific
(cm) Soil + Roots Soil Soil RAR Gravity
(gm/cr’) (gm/em®) (gm/em’)
1 Al 0-4 1.34 1.37 0.92 7.6%
1 A2 4-3 1.44 144 1.05 1.2%
1 A3 8-12 1.48 1.48 1.00 0.3%
1 A4 12-15 1.44 1.44 1.02 0.1%
1 B 15-32 1.44 144 0.91 0.2% 1.94
1 C 32-53 1.55 1.55 1.05 0.1%
2 Al 0-4 1.28 1.31 0.83 12.8% 1.68
2 A2 4-8 1.43 1.44 1.01 0.7% us above
2 A3 8-12 1.37 1.37 0.94 0.2% as above
2 Ad 12-15 1.40 1.41 0.79 0.39% as above
2 22-36 1.52 1.51 1.04 0.3% 1.86
2 C 36-54 147 1.46 1.04 0.1%
3 Al 0-4 1.33 1.36 0.85 5.6% 1.69
3 A2 4-8 1.40 1.41 0.99 0.7% as above
3 A3 8-12 1.40 1.40 0.92 0.2% 1.95
3 A4 12-15 1.27 1.27 0.80 0.2% as above
3 B 22-35 1.41 1.40 0.79 0.2% 1.76
4 Al 0-4 1.24 1.27 0.75 8.9% 1.66
4 A2 4-8 1.27 1.27 0.81 0.5% as above
4 A3 8-12 1.35 1.35 0.80 0.7% as chove
4 B >12° 1.32 1.32 0.80 0.1% 1.72
*Note: sample
hole callapsed
thigh water
table)

Notes:

(1) Soil + Roar and Soil Densities determined using laboratory volume displacement method.
(2JRAR determined based on mass measurements, assuming deasity of unsaturated roots (partially dried) = 0.7 g/emn !

Table A4 Ash Content and Ash Specific Gravity of Selected 1995/96 Samples at
Coal Valley

Sample Ash Content (%) Specific Gravity of Ash
Site 1C 63.2 2.61
Site 2C 60.0 2.62
Site 3B 52.7 2.57
Site 4B 37.9 2.66

1996 Pond Sample 55.2 2.49
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Table AS Summary of Atterberg Limit Data From Coal Valley
Description Liquid Plastic Plasticity Specific
Limit Limit Index (%) Gravity
(%) (%)
Fine Saturated Slurried Tailings 37.2 25.1 12.1 1.87
(Thickener Underflow)
1992 Pond Sample 70.0 34.8 35.2 1.89

Table A6 Summary of Atterberg Limit Data From Suncor NST Cells
Location Depth Liquid Limit Plastic Limit Plasticity Index
(m) (%) (%) (%)
NST3 0.7-0.8 12.1 10.6 1.5
NST 4 1.3-1.4 12.6 104 2.2
NST5 24-25 14.1 11.0 3.1

Test Results Supplied By AGRA Earth and Environmental Lid., Edmonton, Alberta.

*Note : Suncor Mature Fine Tails (Liquid Limit = 41%; Plastic Limit = 21%; Plasticity Index = 20 %) Suthaker (1995).
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Appendix B

Plate Load Test Results At Coal Valley And Suncor NST Cells

B.1. BACKGROUND

Plate Load Tests (PLT) were conducted along the beach portion of the Coal Valley impoundment
in June 1991 and August 1994, The PLT locatins, designated as Sites 1,2,3,4, and 5 are
illustrated in Chapter 2. In 1991, PLT’s were conducted at all five sites, however, time
constraints experienced in 1994 prevented complete testing at all sites and only Sites 1, 2 and 4
were selected for investigation. Plate load tests were also conducted within the Suncor NST Cells
3 and 4 in October, 1994. The NST facility detailing the site investigation locations is illustrated
in Chapter 4.

A brief description of the plate load test apparatus is included in Chapter 2. This chapter also
provides a brief discussion of bearing capacity thecry for shallow foundations. The traditional
bearing capacity formulations are restricted to incompressibie soils or the general shear failure
mode as discussed in Chapter 2. These formulations cannot be suitable applied to analyze the
punching shear failure mechanism exhibited by the compressible tailings without account for
compressibility. Factors to incorporate within the bearing capacity formulation which attempt to
account for compressibility are discussed by Terzaghi and Peck (1967), Vesic (1973), and Ismael
and Vesic (1981). To compliment the early description of the PLT apparatus presented in

Chapter 2, Chapters 4 and 6 discuss the system in greater detail highlighting the design
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constraints, terminology employed to describe the following results, and the various boundary

conditions investigated.

B.2. PLATE LOAD TEST RESULTS

The PLT results obtained from Coal Valley in 1991 are included in Figures B1 through BS, and
the 1994 results are included in Figures B6 to B8. Figures B9 and B10 include the 1994 PLT
results from the Suncor NST Cells 3 and 4. These figures include plots of pressure versus
settiement presented on both arithmetic and logarithmic scale, as well as pressure versus relative
settlement on logarithmic scale. As described by Vesic (1973), first failure in a PLT is only
ciearly defined in the general shear failure mechanism, with difficulty realized in estabhishing
failure with tests experiencing local or punching shear failure. Hence, a common method of
selecting the point of failure on PLT's conducted compressible soils is to select the “point of
break™ of the pressure versus relative settlement relationship portrayed on logarithmic scale.
Presentation of the PLT results in this format was valuable for previous studies, which included
determination of the effective mobilized shear strength considering the compressibility factors
mentioned above. The PLT information is presented in this format herein, however, only to

illustrate and compare the pressure-deformation behavior trends of the various deposits.

In additional to evaluating the ultimate bearing capacity of soils, the PLT results may provide an
indication of the insitu modulus properties of the soil. As discussed by Jamiolkowski ¢r al.
(1985), the plate load test may be interpreted using formulac from the theory of elasticity. The
immediate settlement, s, of a circular rigid plate at the surface of a semi infinile isotropic,

homogeneous elastic half space is given as (Craig 1983):

5= 2222 (1-v2)2 (B1)

where AQ is the applied pressure to the plate, D, is the plate diameter, £ is the elastic modulus

over the loading range, and v is the Poisson’s ratio. As outlined by Jamiolkowski er al. (1985),
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[B1] may be rearranged as shown below to predict the shear modulus ,G, of a relative large

volume of soil stressed beneath the PLT conducted at the surface.

G=£—Q—D—"—(l—v)z [B2]
s 8

It is acknowledged that the assumptions made to arrive at this formulation (ie. isotropic,
homogeneous, elastic) are not valid for the tailings deposits investigated (compressible, nonlinear
stress-strain behavior), particularly the extremely heterogeneous Coal Valley tailings facility.
However, this formulation provides some insight regarding the stiffness of the surficial tailings at
the sites investigated, and presents a comparison between the shear modulus response of the
tailings measured at small settlements, and the maximum shear modulus. G, , determined through
shear wave velocity measurements using the Spectral Analysis of Surface Waves (SASW)
technique presented in Appendix D. The SASW technique is briefly discussed in Chapter 4, with
the predicted shear wave velocities and computed small strain shear modulus, G, , values
presented in Appendix D. The shear modulus determined using the PLT results and [B2] are
subsequently compared at the various sites through a relative pressure relationship, Q/Qumax..
where Q... is the maximum bearing pressure sustained by the tailings within the settlement range
investigated. Figures B11 through B15 and B16 through B18 include the 1991 and 1994 results
at Coai Valley, and B19 and B20 include the 1994 results at the Suncor NST Cells.

The key observation forwarded comparing Figures B11 through B18 is the rate of attenuation of
shear modulus in the 1991 results compared with the 1994 results. The shear modulus appears to
attenuate more rapidly with Q/Q,.., in 1991 than in 1994. As discussed in Appendix E, fibres or
roots try to resist deformation through development of increased internal shear strength and
internal confining stress witiin the stressed soil. These effects likely restricts the shear modulus

attenuation as observed with the 1994 PLT results.
The shear modulus values determined from the PLT results were employed to help predict the

approximate rigidity irdex, /, of the tailings as discussed in Appendix F. The rigidity index,
defined as the shear modulus divided by shear strength (/, = G/s,), was used for a variety of
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analysis purposes inciuding prediction of cone tip factor, N, (Chapter 5) for shear strength
prediction from the CPT profiles.

A comprehensive summary of the plate load test results at Coal Valley in 1991 and 1994 is
presented in Chapter 6. Figure 6.8 from this chapter summarizes the PLT results comparing the
bearing pressures at the sites in terms of 10% and 20 reétative settlement, and the maximum

recorded bearing pressure. This figure has been reproduced in this appendix as Figure B21.

Mathematical relationships were derived from the pressure versus scttlement results obtiained
from Coal Valley in 1991 and 1994. These “averaged” relationships facilitated flexible portrayal
and comparison of the results from the two years. The products of this exercise are surmmanzed
in Figures B22 and B23. Figure B22 includes the bearing pressure increase versus settlement
from 1991 to 1994, comparing the various boundary conditions. Figure B23 includes the
percentage of bearing pressure increase versus settlement of the 1994 results compared with those
in 1991. It is interesting to note that the percentage increase in bearing capacities in Figure B23
generally occurs very rapidly, within the first 10 mm of settlement. This early percentage
increase is subsequently maintained within continued settlement. Also, as previously illustrated
in Figure B21, significant increases in capacity are observed at Sites 1 and 4 with less of a

relative increase observed at Site 2.

B.3. MATRIC SUCTIONS AND BEARING CAPACITY

The chapters of this thesis discussed the contribution of matric suction, resulting from
evaporation and evapotranspiration processes, on the increased bearing capacity experienced at
the surface of the tailings compared to the capacitics determined at depth. Althocugh matric
suctions were not recorded in the field, visual observations indicated that an excessive
evaporation profile (Chapter 6) was present in the field. Although the following was not
presented in the main chapters of the thesis due to lack of supporting physical data, it is

instructive, “conceptually”, to relate the effect of matric suction on bearing capacity.
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The impact of matric suction in a clay on the ultimate bearing capacity of a footing was
illustrated by Fredlund and Rahardjo (1993). Considering a total stress approach using
undrained shear strengths, the initial (prior to matric suction changes) ultimate bearing capacity

of an unsaturated soil may be written as:

Shear Strength of Unsaturated Soils

Qo =N, Syy = N fCHG =, )y tand'+u, —u,,); tand® J (B3]

The variables included in shear strength and oearing capacity formulation of unsaturated soils are
defined in Chapter 6.

A change in matric suction from changing climatic conditions or varying footing elevations, resuit

in a change in bearing capacity as given by:
Aqf = ‘V(.‘ASMH = N.A(u, —u, )f tanq’b (B4]

By dividing [B3] by [B4], the percent change in bearing capacity versus percent change in matric
suction can be evaluated for various ¢” values as illustrated in Figure B24. This figure illustrates
the effect of evaporation and resulting matric suction development (A(u,-uw)/S..(%)—) on
increased bearing capacity for a range of ¢” values. Conversely, this figure also highlights the
decrease in bearing capacity through a reduction in matric suction (A(u,-u,)/S,, (%) <)
sponsored by precipitation or a rising water table. As illustrated in the inset matric suction
profiles in Figure B24, matric suctions may also vary spatially, particularly with depth. Once
again empbhasizing that matric suctions were not recorded and only visual observations provide
support, the decrease in bearing capacity observed below the tailings surface (compared to the
tailings surface) in 1994 and particularly in 1991 is likely the result of decreasing matric suction
with depth. Emphasis is placed on the 1991 PLT results since the 1994 likely had a coupled

eifect of reduced matric suction and reduced vegetative root reinforcement.
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Although the previous discussion conceptualizes the effect of matric suction on bearing capacity.
it simplifies the actual stress-strain matric suction changes as the ansaturated compressible

tailings undergo compression and shear following load application.
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Appendix C

Cone Penetration Yests At Coal Vallg'y And Suncor NST Cells

C.1. BACKGROUND AND SCWUNDING RESULTS

Cone Penetration Test (CPT) soundings were conducted at Sites 1 through 4 along the beach
portion of the Coal Valley tailings impoundment in August, 1994. Soundings were also
conducted within the Suncor NST Cells 3 and 4 in October, 1994. The locations of the
soundings and a brief description of the CPT apparatus developed to investigate these weak
deposits is bitefly outlined in Chapter 4. The cone used for the investigations, provided by
ConeTec Investigations Ltd. of Vancouver, B.C., was a standard “low capacity” 2.5 ton cone
with a 10 cm? cone tip area, 150 cm?® friction sleeve area, and pore pressure sensor located
directly behind the cone tip. The cone was pushed into the ground at the standard rate of

peretration of 2 cm/sec.

A variety of soil classification charts have been developed in the past to provide an indication of
the soil behavior type (Robertson and Campanella 1983, Robertson ez al. 1986, Robertson and
Van Impe 1987). Perhaps the most recent and comprehensive technique which is employed by
consultants and insitu contractors was presented by Robertson (1990, 1991). These latest soil

behavior type charts were coded into a microcomputer spreadsheet program to interpret the CPT

soundings obtained as part of this research.
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The CPT soundings are summarized in this appendix in the following sequence. Each sounding
includes 3 figures with the first figure detailing the direct CPT data, profiling versus depth the
total cone bearing resistance, g,., friction sleeve resistance, f.., pore pressure during penetration,

u, and friction ratio, R, . The initial cone resistance, g, is corrected for unequal end areas to

estimate g, using (Robertson 1990):

q,=q.+(1-aju [C1)

where a is the net area ratio, equal to approximately 0.85 for the cone used in these

investigations. As defined in the first figure of the soundings, the friction ratio is defined as:

Rf =-£'—><100% {C2]
a:

The second figure of the soundings includes nresentation of the normalized data on the soil

classification charts outlined in Robertson (1990, 1991). Thne data was norinalized using the

following parameters:

Normalized Cone Re sistence={), = -@——TG"—” [C3]}
G\’"
Normalized Friction Ratio= Fp, =——!L—— x 100% [{C4]
4; —Ovo
and

u—u,

Pore Pressure Ratio= Bq
ql - c\m

ICS]
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These charts represent a threz dimensional classification system which includes all the
components of the CPT data. Details of the various regions within the charts is outlined by
Robertson (1990) and the reader is encouraged to review this information. It is stressed that
these charts are global in nature and should be used as a guide defining soil behavior type. A
variety of factors including changes in stress history, insitu stresses, sensitivity, stiffness,

macrofabric, and void ratio will influence the classification (Robertson 1990).

The third and final figure of each sounding includes profiling of the normalized data versus depth.
This representation assisted the interpretation of the subsurface stratigraphy encountered within

the CPT soundings.

The CPT soundings along the beach portion of the Coal Valley tailings impoundment, Sites 1
through 4, which include the three sets of figures at each site, are included in Figures C1 through
Ci2.

The CPT soundings from the Suncor NST Cells 3 and 4 required considerably more
interpretation and analysis than those at Coal Valley due to the lower insitu strength and stress
conditions during the investigations. Although the NST material was deposited almost 1 year
prior to the investigation period, excess pore pressures were still present. The insitu pore
pressues, recorded using pneumatic piezometers installed along vertical posts within the cells
(locations shown in Chapter 4), were recorded up to 5 months (May, 1994) prior to the October
1994 investigation period and are included in Scott and Caughill (1994). These pore pressure
profiles indicated that very little effective stress had developed within the NST material.
Furthermore, the pore pressures profiles indicated the seal at the post-liner interface was
ineffective and localized bottom drainage was occurring. The range of estimated' pore pressures
profiles determined from the May 1994 pore pressure readings at the posts are illustrated in the
shaded regions in Figures C13 and C14. The shaded region within these figures illustrate the
range of excess pore pressures within the NST Cells, as well as the elbocw in pore pressure

profiles supporting the concept of an ineffective seal and subsequent drainage at the post-liner

interface.

! Pore pressure profiles determined 5 months prior to CPT investigation were reduced by about 10 % assuming single drainage and
infinitesimal stain consolidation theory.
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Since the CPT soundings were conducted several meteis away from the posts (and their
associated localized bottom drainage condition), these measured pore pressure profiles could not
be used to accurately analyze the CPT soundings. Furthermore, insitu static pore water pressure
profiles could not be constructed from the pore pressure dissipation tests due to insufficient test
duration and incomplete dissipation. Consequently, a reverse approach of estimating the pore
pressure profiies from the vane shear results was adopted. Linear relationships from the vane
shear strength profiles (Appendix A) were established, and these profiles were merged with

typical shear strength ratio relationships presented in the literature as considered in Chapter 3 and

summarized in [C6].

—Slf— =0.2—> 0.3 {0.25 chosen} 1C6]

v
The shear strength is defined as S, , and G, is the vertical effective stress.

The results of the insitu pore pressure prediction within the Cells constucted from the vane shear
strength profiles and [C6] are illustrated in Figure C13. These predicted pore pressure profiles
are designated globally for future reference as PWP 1. These profiles are encouraging since they
closely resemble the magnitude and slope of estimated profiles from the posts, and exclude the

elbow associated with bottom drainage.

To complicate the pore pressure prediction within the NST Cells, Liu et al. (1994) highlight from

laboratory tests that the shear strength ratio at a fines content greater than 20 % equals:

-if—= 0.15 1C7]
(o]

c

where ©.’ is the effective consolidation stress. This equation approximately converts to

24 =014 1C8)
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The pore pressure profiles estimated using [C8] are designated as PWP 2 condition and are
illustrated in Figure C14. These profiles are considerably less than those predicted in Figure C13
and are approaching or less than hydrostatic conditions. Due to the similarities and contrast in
PWP 1 and PWP 2 with respect to the post profiles respectively, PWP 1 conditions were selected
for subsequent analysis. Due to strategic and commitment changes, pore pressures have not (to
the authors knowledge) been recorded within the NST cells since May, 1994. Although
considerable time has elapsed, recording exiting pore pressures today would be very valuable and
may possibly providing insight or confirmation on the estimated October, 1994 profiles. The
author is currently investigating the possibility of “post™ May 1994 readings to assist analysis.

The CPT soundings from the NST Cells 3 and 4, considering the pore pressure profiles in Figure
C13 (PWP 1), are included in Figures C15 to C26. The CPT soundings have also been analyzed
considering the PWP 2 conditions, however the detailed figures have not been included in this
appendix. The impact of the reduced pore pressure condition of PWP 2, compared to PWP 1, is
to reduce the computed normalized cone tip resistance, Q,. Comparison of the charts indicate:
that this reduction in £, is minor and only accounts for small shifts in the soil behavior type
classification. As illustrated in Appendix F, however, the insitu pore pressure influences the

predicted shear strength correlation’s determined from the CPT.

To summarize and extend the above pore pressure discussion, it is emphasized that correc
interpretation of soil behavior type and estimation of mechanical properties requires a sufficien
understanding of the insitu total vertical stresses and pore pressures. The importance o
understanding the insitu pore pressures was critical, in particular, for evaluation of the CP’
results within the Suncor NST Cells. Prediction of soil behavior type and geotechnica

properties requires this understanding and appreciation.
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C.2. INTERPRETATION OF SOIL BEHAViIOR TYPE

Grain size distribution curves of shallow subsurface samples obtained (to a maximum depth of
about 0.6 m) at Sites 1 through 4 along the beach portion of the Coal Valley tailings
impoundments are included in Chapter 2 and Appendix A. The grain size description at the four
sites based on the detailed grain size distributions in Appendix A, and estimated from the limited
grain size distribution data contained in Chapter 2 is summarized in Table C1. This table also
includes the key soil behavior type classifications estimated from the CPT normalized soil
behavior type contained within Figures C1 through C12.

Based on the CPT soil behavior type classifications, the following general points are presented:

) The Qt vs Fr chart generally grouped more of the data points in the finer regions than the
Qt vs Bq chart. This is likely the result of the relatively high compressibility of the tailings
which would likely effect both Qt and Fr, but wouid likely provide less influence to Bq.

° The charts predict that the material behaves as (3 Clay - Clay to Silty Clay to a (5) Sand
Mixture - Silty Sand to Sandy Silt. Some data, particularly the surficial, higher Qt data is
plotted in regions (6) Sands - Clean Sand ¢o Silty Sand and (7) Gravelly Sand to Sand.

L Y]

The tailings are normally consolidated, and the charts acknowledge this by plotting much
of the data within the “Normally Consolidated” region of the Qt vs Fr chart.

o The high Qt values obtained in the upper surficial material are generally represented on the
Qt vs Fr chart in region (6) in the area of increasing “OCR, Age or Cementation™. This is
encouraging since the surficial material has likely undergone consolidation through matric
suction development sponsored through evaporation and evapotranspiration processes.

. Lastly, assuming that the stratigraphic range experienced in the samples is indicitive of the
material at depth, the global CPT classification charts satisfactorily predicted the range of
soils encountered within the surficial material.

The grain size distribution plots from the NST Cells included in Appendix A were also compared

to the soil behavior type classification (assuming PWP 1) as summarized in Table C2.
Table C2 clearly emphasizes the importance of recognizing the designation of “Soil Behavior

Type Classification” in the Qt, Fr, and Bq charts. Although the grain size distributions represent

the NST material as a sand with a trace to some silt and clay, the behavior predicted from the
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CPT soundings is much different. The charts generally predict the material to behave as a (3)
clay to a (4) silt mixture to a (1) sensitive fire grained soil. As with the Coal Valley soil behavior
classifications, a slight trend was noticed with the predictions based on comparison of the Qt vs
Fr, and Qt vs Bq charts. The Qt vs Fr charts represented the majority cf the data within the (1)
sensitive fine grained region, whereas the companion Qt vs Bq charts represented the majority of
the data within the (3) clay region. This trend is likely the result of the very low sleeve friction
(and resulting Fr) values recorded during penetration which resulted in migration of the Qt vs Fr
data into the (1) sensitive fine grained region.

2. valuable observation and lesson is gathered from this comparison. Armed soley with the grain
size distribution of the NST material, one may over predict the geotechnical properties (strength,
compressibility, hydraulic conductivity). Since soil behavior controls design and performance,
the valuable irifonmation gatherered from the CPT is paramount. The behavior predicted by the
CPT is confirmed by the other insitu tests presented in Appendix A and B.

C.3. SOUNDING AND ANALYSIS COMMENTS

A variety of issuzs were faced during the investigation and interpretation of the CPT soundings
conducted at these weak tailings facilities. One of the first issues deals with sensitivity. As
discussed by Robertson et al. (1986), the cone tip load cell may be required to record loads less
than 1% of rated capacity with an inaccuracy of up to 50 % of the measured value. For the 2.5
ton “low capacity” cone employed during the investigations, the 1 % + 50 % translates to a total
cone tip resistance of 25 kPa + 13 kPa. Although this is negligible in stiff or dense soils, this
sensitivity is significant in these investigations particularly in the NST Cells. Fortunately, the
pore pressures generated during penetration in soft clays are very high and accurate and provide a
valuable link in stratigraphic determination and estimation of geotechnical properties. For

example, penetration pore pressures were utilized for shear strength estimation as discussed in

Appendix F.
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In addition tc sensitivity, thermally induced baseline shifts in cone tip resistance, friction sleeve,
and pore pressure required significant consideratior in these soft tailings deposits. Although
extreme care was exercised trying to maintain thermal stability with the cone between and during
soundings, small temperature changes following soil penetration and intersection with the water
table resulted in (relatively) sigaificant baseline shifts. Baselines values were typically recorded
prior to, during, and following completion of penetration, with the resulting shifts effectively
factored into the CPT values. Many of these shifts and resulting corrections occurred at depths
which included pore pressure dissipation tests (discussed below). Within the NST Cells, these
corrections at depth reduced the tip resistance below the value of recorded penetration pore
pressure. Since the tip resistance must at least equal the penetration pore pressure, the algorithm
developed to analyze the data conditionally maintained the tip resistance at or above the recorded
pore pressure. The conditional arguments resulted in equivilency between tip and pore pressure

values beyond a depth of about 0.7 m and 1.5 min Cells 3 und 4 respectively.

C.4. PORE PRESSURE DISSIPATION TESTS

The pore pressure information gathered during continual penetration of the cone is extremely
valuable in deterimining soil stratigraphy, behavior type, and select mechanical properties.
Monitoring of pore pressure following interruption of the penetration processes (Pore Pressure
Dissipation PPD test) compliments the information gathered during steady penetration by
assisting stratigraphic interpretation, and providing valuable information on hydraulic properties

including permeability and coefficient of consolidation.

Pore pressure dissipation tests were conducted at Coal Valley and Suncor NST at various depths
to determine horizontal coefficients of consolidation, c¢,, and possibly gather additional
information on the insitu pore water pressure conditions. The PPD process and a brief

discussion of the theory and early formulations are provided in Robertson and Van Impe (1987).

The methodology employed to determine the horizontal coefficient of consolidation from pore

pressure dissipation results is outlined in Teh and Houlsby (1991). Based on model simulations
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using the Terzaghi-Rendulic uncoupled consolidation theory, Teh and Houlsby (1991) proposed
the use of a modified time factor, T*, for evaluation of #PD information. This factor is defined

as:

T*= ;—f—:'/—;_- [C9]

where ¢, is the coefficient of consolidation in the horizontal direction, a is the cone radius, ¢ is
the time, and /, is the rigidity index. The rigidity index is defined as the ratio of shear modulus to
shear strength (I, = G/s, ). Teh and Houlsby (1991) discuss that dissipation calculations
conducted considering isotropic soils are generally similar and that if ¢, >c,, the consolidation
behavior is dominated by ¢, with ¢, having negligible effect. The dissipation results considering
the pore pressure sensor located behind the cone tip for rigidity indices ranging from 25 to 500

are illustrated in Figure C27.

For short dissipation records which do not establish the extended dissipation curve, Teh and
Houlsby (1991) highlight an alternate method to determine ¢, which incorporates the initial
portion of the pore pressure dissipation record. When the pore pressure dissipation information is
plotted against NT*, the initial portion of the computed dissipation curves have been found linear.
The gradients of these curves considering various pore pressure element locations along the cone
are presented by Teh and Houlsby (1991). The slope of the initial portion of the Au/Au; versus
NT* considering the pore pressure location behind the cone tip is defined as 1.15. The results

which define the slope are valid for /, in the range of 50 to 500.

Equation [C9] may subsequently be rewritten considering the initial slope portion of 1.15 as:

[C10]

2 2
J7
ch:[l_Au] a‘|l,

Au; | (115)%:
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This equation allows one to plot the pore pressure dissipation information versus vt to establish

the early portion of the curve. Appropriate selections of Aw/Au; and Vr from this plot are

inserted into [C10] to compute c;.

Figure C28 illustrates two PPD records obtained at Coal Valley, and schematically outlines the
methodology employed to obtain Aw/Au; and 1. This figure is instructive since firstly it includes
PPD information from one of the more permeable layers (Site 2) and less permeable layers (Site
4) which were encountered at Coal Valley. In addition, these plots illustrate that the pore
pressure reaches a maximum some time after dissipation has proceeded. As discussed in
Robertson and Van Impe (1987) and analytically observed by Teh and Houlsby (1991), the pore
pressure behind the cone tip may initially increase following penetration interruption as a result of

local pore pressure redistribution from the high pore pressure region at the tip.

The results of the pore pressure dissipation data from Coal Valley and Suncor NST are outlined
in Tables C3 and C4. The ¢, and 75 values estimated in Table C4 are based on the estimated

pore pressure profiles (PWP 1) illustrated in Figure C13.

It is interesting to note that the estimated ¢, values in Table C4 are very close and within the
same order of magnitude, however, the extrapolated ts0’s indicate a slightly greater range.
Utilizing [C10] and assuming the slope of the pore pressure dissipation curve is approximately
constant up to s, the tso values in Table C4 produce c; values in the range of 1.0 E?t0 3.6 E*
cm?/s with a higher value of 1.4 E? cm?s associated with the 5o of 4.9 minutes. These results

are in general very similar to the ¢, values reported in Table C4.

As outlined in [C9] and [C10}, computation of ¢, requires an estimate of the appropriate rigidity
index. Since the theory does not prescribe the appropriate shear modulus, a average shear
modulus, Gsp was approximately chosen. A supporting comparison is provided by Luke (1995)
who selected the Eso from the triaxial test to establish the rigidity index for determination of an

appropriate N,, factor. The N, factor fostered comparison of undrained strengths from field CPT

results with anisotropic consolidated triaxial tests.
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Estimation of G5y was obtained using the elastic solutions for the plate load tests outlined in
Appendix B, and selecting the shear modulus associated with Q/Qn.; = 50 %. Although the
shortcomings of estimating G from these plate load test results were briefly discussed in
Appendix B, the method provides a usable approximation. The shear strength, which is the
denominator of the rigidity index relationship, was determined from vane shear results and
correlation’s with the CPT tip resistance: and penetration pore pressure as discussed in Appendix
F and Chapter 5. The computed rigidity indices for both Coal Valley and Suncor NST were
about 50, and this value was used in [C10] to calculate the values in Tables C3 and C4. It is
noted that computation of ¢, using [C10] is relatively insensitive to the selection of /, , increasing
by only a factor of 3.2 from /, = 50 — 500. This is encouraging considering that ¢, (and
hydraulic conductivity) may vary by several orders of magnitude (Robertson and Van Impe
1987).

To compliment the horizontal coefficient of consolidation values determined from the PPD using
the CPT, Table C5 includes a summary of the laboratory consolidation tests results conducted on
Coal Valley coal tailings by Thurber Engineering (Thurber, 1992). It is observed firstly that the
coefficients of consolidation are approximately within the same order of magnitude. Secondly,
the ¢, values in Table C3 range from 107 to 10 cm?s, and the ¢, values in Table C5 range
from 10™ to 10* cm%s. Neglecting the dissimilar loading conditions, different materials tested,
and theoretical assumptions and taking the numbers at face value, the data suggests possible
material anisotropy with coefficients of consolidation and possibly hydraulic conductivities

greater in the horizontal than vertical direction.

A comparison may also be conducted with the PPD results on NST material shown in Table C4.
Figure C29 includes the results of the large strain consolidation results reported by Liu ez al.
(1994). Superimposed on this figure are the field results determined from the CPT pore pressure
dissipation tests illustrated in Table C4. The shaded region represents the range of vertical
effective stress and ¢, values predicted insitu. Although difficult to draw hard conclusions

without consideration of potential anisotropy, the results are encouraging and deserve further

investigation.

Appendix C



199

C.5. REFERENCES

Jefferies, M.G., and Davies, M.P., 1991. Soil Classification by the Cone Penetration Test:
Discussion. Canadian Geotechnical Journal 28:173-176.

Liu, Y., Caughill, D., Scott, J.D., and Burmns, R., 1994. Consolidation of Suncor Non

Segregating Tailings. 47th Canadian Geotechnical Conference, September 21-23, 1994.
Halifax, Nova Scotia, pgs 504-513.

Luke, K., 1995. The use of ¢, from the Danish Triaxial Tests to Calculate the Cone Factor.
Proceedings of the International Symposium on Cone Penetration Testing, “CPT 95",
Linkoping, Sweden, October 4-5, pgs 209-214.

Robertson, P.K., 1990. Soil Classification Using the Cone Penetration Test. Canadian
Geotechnical Journal 27:151-158.

Robertson, P.K., 1991. Soil Classification Using the Cone Penetration Test: Reply. Canadian
Geotechnical Journal 28:176-178.

Robertson, P.K., and Campanella, R.G., 1983a. Interpretation of Cone Penetration Tests. Part I:
Sand. Canadian Geotechnical Journal 20:718-733.

Robertson, P.K., and Campanella, R.G., 1983b. Interpretation of Cone Penetration Tests. Part
II: Clay. Canadian Geotechnical Journal 20:734-745.

Robertson, P.K., and Van Impe, W.F., 1987. Cone Penetration With Pore Pressure

Measurement. Belgisch Comite voor Ingenieursgeologie, B.C.1.G., Belgium, Dec. 1987,
60 pgs.

Robertson, P.K., Campanella, D., Gillespie, D., and Greig, J., 1986. Proceedings of the ASCE
Specialty Conference “IN-SITU 86", Use of In-situ Testing in Geotechnical Engineering,
June, pgs 1263-1280.

Robertson, P.R., Sully, J.P., Woeller, D.J., Lunne, T., Powell, J.J.M., and Gillespie, D.G., 1992.

Estimating Coefficient of Consolidation from Piezocone Tests. Canadian Geotechnical
Journal 29:539-550.

Scott, J.D., and Caughill, D.L., 1994. Suncor Nonsegregating Tailings Summer 1993 Field
Experiment - Geotechiiical Analysis Report for the Tank and Cell Filling Program.
Presented to Sancor Inc., Oil Sands Group.

Teh, C.I., and Houisby, G.T., 1991. An Analytical Study of the Cone Penetration Test in Clay.
Geotechnique, 41(1):17-34.

Thurber Engineering Ltd., 1992. Coal Valley Mine Site Tailings Reclamation Research Project
Geotechnical Report. Submitted to Luscar Sterco (1977) Ltd. 80 pgs.

Appendix C



200

Table C1 Comparison of Soil Description and Soil Behavior Type at Coal Valley
Site Grain Sizes - Grain Sizes - CPT Soil Behavior Type
Appendix A Chapter 2 Classification
1 Sand, silty with | Sand, some silt — | (Qt vs Fr): Generally (3) Clays — (4) Siit
some clay — Sand, | Silt, sandy, clayey Mixtures, some (5) Sand Mixtures & (6) Sands
silty, clayey (Qt vs Bq): Generally (3) Clays — (5) Sand
Mixtures —(4) Silt Mixtures, some (6} Sands &
(7) Gravelly Sand to Sand
2 Sand, some silt, | Sand, silty, trace | (Qt vs Fr): Generally (4) Silt Mixtures — (5)
trace clay — Sand | clay — Silt and | Sand Mixtures, some (6) Sands
and Silt, clayey Sand, some clay (Qt vs Bq) Generally (4) Silt Mixtures — (5)
Sand Mixtures, some (6) Sands & (7) Gravelly
Sand to Sand
3 Silt, sandy, clayey | Sand, some silt, | (Qt vs Fr): Generally (4) Silt Mixtures — (5)
—> Silt znd Clay, | trace clay — Silt, | Sand Mixtures, some (3) Clays & (6) Sands
sandy sandy (22t vs Bg) Generally (4) Silt Mixtures — (5)
Sand Mixtures, some (3) Clays & (6) Sands & (7)
Gravelly Sand to Sand
4 Sand, silty. clayey | Sand, silty, trace | (Qt vs Fr): Generally (3) Clays — (4) Silt
-» Silt, sandy, | clay — Silt and |{ Mixtures — (5) Sand Mixtures, some (6) Sands
clayey Clay, sandy (Qt vs Bq) Generally (3) Clays — (4) Silt
Mixtures — (5) Sand Mixtures some (6) Sands &
(7) Gravelly Sand to Sand
Table C2 Comparison of Soil De: ‘ription and Soil Behavior Type at Suncor NST
NST Grain Sizes - CPT Soil Behavior Type Classification
Cell Appendix A
3 Sand. some silt and | 34
clay — Sand, some | (Qt vs Fr): Generally (1) Sensitive, Fine Grained — (4) Silt
silt, trace clay Mixtures, some (3) Clays, (5) Sand Mixtures, and (6) Sands
(Qt vs Bq): Generally (3) Clays some (1) Sensiiive, Fine Grained, (4) Silt
Mixtures, (5) Sand Mixtures & (6) Sands
3B
(Qt vs Fr): Generally (3) Clays
(Qt vs Bq): Generally (3) Clays — (4) Silt Mixtures some (5) Sand
Mixtures & (6) Sands
4 Sand, trace silt and | 44
clay — Sand, some | Qt vs Fr): Generally (1) Sensitive, Fine Grained — (5) Sand
silt and clay Mixtures, some (3) Cly's & (4) Silt Mixtures
(Qt vs Bq): Generally (3) Clays, some (1) Sensitive. Fine Grained, (4)
Silt Mixtures, & (5) Sand Mixtures
(Qt vs Fr): Generally (3) Clays, some (1) Sensitive, Fine Grained, (2)
Organic Soils, (4) Silt Mixtures, & (5) Sand Mixtures
(Qt vs Bq) Generally (3) Clays, some (1) Sensitive, Fine Grained, (2)
Organic Soils, (4) Silt Mixtures, & {5) Sand Mixtures
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Table C3 Summary of Pore Pressure Dissipation Test Results at Coal Valley
SITE DEPTH (m) Estimated ts, ' Estimated c, *

(min) (cm®/s)
1 2.6 17.0 42 E-3
1 3.6 0.9 7.8 E-2
1 4.7 353 20E-3
2 0.6 1.1 6.4 E-2
2 1.6 8.1 8.7E-3
2 2.6 2.0 35E-2
2 3.6 10.4 6.8 E-3
2 4.6 12.2 5.8 E-3
2 5.6 228 3.1E-3
2 5.7 24.0 29E-3
4 38 171 4.1 E-3
4 5.8 26.7 2.6 E-3

(1) tsp = time for 50% dissipation in excess pore pressure

(2) ¢, = horizontal coefficient of consolidation

Table C4 Summary of Pore Pressure Dissipation Test Results at Suncor NST
SITE DEPTH (m) Estimated tso ' Estimated c,, *
(min) (cm?/s)
NST 3A 23 19.5 45E-3
NST 3B 27 25.6 4.1 E-3
NST4A 25 68.3 26E-3
NST 4B 2.6 4.9 8.7 E-3

(1) tsp = time for 50% dissipation in excess pore pressure, extrapolated from PPD curve
(2) cx = horizontal coefficient of consolidation, estimated from initial slope of PPD curve
Note: Both tsg and c, subject 1o estimation of initial u,
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Table C5 Summary of Laboratory Consolidation Data Conducted By Thurber
(1992)
Site Sample | Depth (m) | Description | c,(cm®/s)' | m,(cm’/g)® | k. (cm/s)’
TH90-1 SA#1 0.8-1.1 “coarse” 43 E-3 5.6E-5 2.4E-7
TH90-1 SA#4 2.3-2.6 “coarse” 39E-3 5.3 E-5 2.1E-7
TH90-4 SA#1 0.6-1.0 *“fine” 42E-4 8.6 E-S 3.6 E-8
TH90-4 SA#3 2.6-2.9 “fine™ 8.6 E-4 7.1 E-5 6.1 E-8
TH89-4 SAi#2 1.5-22 “fine” 2.1E-3 59E-5 1.2 E-7

(1) ¢, = vertical coefficient of consolidation
(2) m, = vertical coefficient of volume change
(3) k, = vertical hydraulic conductivity
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Figure C13 Estimated PWP (PWP 1) Profiles in Suncor NST Cells 3 and 4
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Figure C14 Estimated PWP (PWP 2) Profiles in Suncor NST Cells 3 and 4
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Appendix D

Spectral Analysis Of Surface Waves Investigations At Coal Valley And Suncor NST
Cells

D.1. INTRODUCTION

This appendix includes the results of the Spectral Analysis of Surface Waves (SASW) technique
employed to determine the shear wave velocity profiles at the two tailings deposits investigated.
SASW investigations were conducted in June, 1992 and August, 1994 at Sites 1 through 4 along
the beach portion of the Coal Valley tailings impoundment, and in October, 1994 within the
Suncor NST Cells. The results contained herein exclude the June, 1992 results for reasons
described below. As with the PLT and CPT investigations described in the two previous
appendices, Chapter 4 illustrates the equipment and sounding locations for these investigations.
The following includes a complimentary discussion of the SASW technique included in Chapter

4, presentation of the results, and summary of the key issues faced.

D.2. SASW DESCRIPTION

Prior to the 1970’s the very time consuming steady state Rayleigh-wave technique incorporating
a steady state vibrator with adjustable frequencies was used to obtain the dispersion curve and
subsequent shear wave velocity profile at a site (Stokoe et al. 1994). Recent software and

hardware developments facilitated the use of impulse, swept-sinusoidal or random noise load
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applied at the surface of the soil with two or more vertical receivers located on the surface to
monitor the passage of waves generated at the source. The digitized signals from the receivers
are recorded and transformed to the frequency domain using a Fast Fourier Transform algorithm,

with the phase velocity, ¢(f), between the receiver signals calculated for each frequency. The

travel time, #(f), between receivers can then be obtained for each frequency by:

_9f)
1(f)= 2 (D1]

where the phase difference, ¢(f), for each frequency is in radians and the frequency, f is in cycles
per second. Since the distance between receivers (d;-d,) is known, Rayleigh wave velocity, Vj is

calculated using:

—_ d2 - dl
=) 2l

The corresponding Rayleigh surface wavelength, Az, is determined using:
Ag= 3 (D3]

The formulations above may be implemented at each frequency with the results combined to from
a field dispersion curve illustrating the variation of Rayleigh surface wave velocity with
wavelength. The concept of dispersion recognizes that surface waves of different wavelengths
propagate at different phase velocities in non-ideal media. Generally, longer wavelengths travel

through greater depths with shorter wavelengths sampling the near surface materials,

Establishing the field dispersion curve requires step wise incremental spacing of receivers and
source to sample the desired wavelength and depth spectrum. The wave sampling and data
acquisition at the site was conducted using the common receiver midpoint geometry technique as
shown in Das (1994) where a common center is maintained for all recciver spacings and tise

source is alternated to propagate forward and reverse wave signals.
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The process of determining the shear wave velocity profile from the insitu surface wave
dispersion curve is called forward modelling. As described in Chapter 4, the forward modelling
process is an iterative procedure where an initial soil model of a multi-layered system is proposed
and a theoretical dispersion curve is produced. The soil model parameters (shear wave velocity,
bulk density, Poisson’s ratio, and layer thickness) are then varied until the theoretical dispersion
curve matches the experimental dispersion curve. Since this is a modeling procedure, the results
of the method cannot be exact as discrete shear wave velocity measurements between fixed points
within the ground. However, previous experimental comparisons have shown that shear wave
velocity profiles determined by forward modeling of SASW re:-iits versus those determined by
direct insitu measurement have been within 10 to 15 percent of each other (Stokoe and Nazarian,
1985)

Of the available surface waves, the Rayleigh wave is used in SASW testing for soil and pavement
structures. This is because of it’s relative ease of generation and detection. The algorithm used
to forward model the Rayleigh wave dispersion curve is based on well accepted procedure
developed at the University of Texas. The formulations included in this Windows based forward
modelling program named WiuSASW are discussed in Stokoe et al. (1994). The analysis is not
biased by the user in that the answer is constrained by the fact that the theoretical and dispersion
curves match. Two of the input parameters, Poisson’s ratio, v, and bulk density, p, only weakly
influence Rayleigh wave velocity, thus leaving only the shear wave velocity, V,, and the layer

thickness as the main varyaMes.
Following the forward modelling procedure, the key izp«: parameters which modelled the field
dispersion curve (namely shear wave velocity and layer thickness) are used to develop profiles of

soil small strain shear modulus with depth. The small strain shear modulus, G,, may be

computing using:

G, =pV{ [D4]
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D.3. RESULTS

The 1994 SASW results from Sites 1 through 4 at Coal Valley are summarized in Figures D1
through D8. Figures D1, D3, D5 and D7 include the screened field dispersion profiles and
constructed theoretical dispersion profiles at each of the sites, with Figures D2, D4, D6, and D8
presenting the resulting shear wave velocity profiles. Figures D9 through D16 include the SASW
results obtained within the NST Cells 3 and 4, with the field and constructed dispersion curve(s)
similarly preceding the shear wave velocity profile(s). As indicated above and illustrated in
Figures D9 through D16, more than one theoretical dispersion curve and resulting shear wave
velocity profile was constructed at each site. The profiles represent the scatter of field dispersion
data obtained within the surficial soils. Enhanced screening of the data indicated the possibility
of two distinct profiles within the shallow surficial materials. These profiles are designated as
“With Crust” and “Without Crust”. The former profile attempts to model the possible presence

of a surficial crust, developed through evaporation dewatering and matric suction development.

Based on the shear wave velocity profiles in the previously described figures, the small strain
shear modulus, G, , profiles were constructed using [D4]. These profiles are included for Coal
Valley in Figure D17, and for the NST Cells in D18 and D19. Figure D18 and Figure D19

includes the results from the “With Crust” and “Without Crust” modelling considerations.

As illustrated in Appendix B with the presentation of the PLT data in G vs Q/Q,... space, the
shear modulus is strain dependent. To illustrate this dependency further. Figure D20
conceptually relates the computed small strain shear modulus, G, illustrated above, with the
shear modulus values illustrated in Appendix B. As discussed by Viggiani and Atkinson (1995),
at very small strains the shear modulus reaches a nearly constant value of &5, . The stiffness
begins to decrease for reconstituted soils at about 0.001% for low plastic soils and 0.01% for
plastic soils. Vucetic and Dobry (1991) presented graphically this plasticity dependent shear
modulus attenuation initiation location soils with plasticity indices ranging from 0 to 200%.
Beyond a strain of 1%, the stiffness is approximately 1 order of magnitude less than G, , with
continual reduction as failure is approached (Viggiani and Atkinson 1995). Based on the

relationship presented by Stroud (1988) the average shear strains estimated from the 1991 plate
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load test results at O/Qm., = 25% and 50% are 1.5% and 3.6% respectively. As presented by
Burland (1989) in a variety of case histories and examples, strains recorded in the field beneath
and adjacens structures founded on stiff soils are typically within the range small and very small
strain regions noted in Figure D20.

D.4. INVESTIGATION AND ANALYSIS COMMENTS

A few procedural issues were encountered through the implementation of SASW technology at
these tailings sites. These issues are believed to be a coupled results in the authors limiited
expertise in application of this technology, and the generally weak nature of the soils investigated.
The key issue which was never completely resolved included the clarity and magnitude of the
source. Significant impact energies were usually required in order for adequate signal detection.
Due to the weak nature of these soils, these energies would successively force the striking plate
into the soil with sequential impacts. Limited success was achieved by varying the plate
dimensions and material type. Although unconfirmed , this gradually changing source boundary

condition may have influenced the results.

Upon detaiied analysis of the “apparently” screened field results, some scatter was observed with
the field dispersion data. Coherence values usually in excess of 0.98 were required in order to
construct possible profiles. An indication of this scatter is illustrated in the dispersion and shear
wave velocity profiles for Coal Valley Site 3 presented in Figures D5 and D6. The cluster of
high coherence data at small wavelength’s, resulting in tha construction of Dispersion Curve (1)
is questionable. Although considerable scatter («—~authors classification of some field data) was
observed in the field dispersion data which required enhanced time consuming filtering, this
scatter resembles that produced in Das (1994).

The beginning of this appendix highlighted that SASW measurements were conducted in 1992 at
Coal Valley but were not included herein. These 1992 results were analyzed and produced shear
wave velocity profiles significantly greater than those determined in 1994. Although careful

screening of the signals in the field was conducted by others in 1992, the relative complexity
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associated with SASW investigations on these compressible soils likely contributed to error.
Acknowledging the authors (and others) early assen: of the procedural learning curve at the time
of the investigations, this problem may have been resolved through continued experience.
Considerable breadth of experience with the SASW system on a variety of soils has been

developed in industry with insitu contractors, namely ConeTec Investigations Ltd. of Vancouver,
B.C..

The SASW technique is an robust non intrusive technique for determining the shear wave
velocity profile at a site. Although the insiru profiles at Coal Valley and the Suncor NST Cells
were one of the most difficult to evaluate (ie. stiff desiccated crust overlying weaker material
which continually increases in stiffness with depth), the author is reasonably confident with the
final computed shear wave velocities. However, is light of some of the procedural
issues/problems faced and acknowledging the tremendous information gathered from the CPT,
future investigations such as these should consider utilization of seismic CPT (SCPT) techniques.
The SCPT not only furnishes valuable CPT information, but facilitates direct shear wave velocity
measurement. Although unprecedented, SCPT investigations using the lightweight CPT frame

discussed in Chapter 4 may deserve future research considerations.
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Appendix E

Increased Shear Strength And Bearing Capacity From Vegetaiive Root Systems

E.l. SHEAR STRENGTH FORMULATIONS

The effects of fibre reinforcement on the increased shear strength of soils has been discussed
extensively in the literature (Waldron 1977, Waldron and Dakessian 1981, Ziemer 1981, Gray
and Ohashi 1983, Gray and Al-Refeai 1986, , Maher 1988, Sotir and Gray 1989, Maher and
Gray 1990, Al-Rafeai 1991, Terwilliger and Waldron 1991, Day 1993). The focus of much of
the literature is directed towards the effect of natural vegetation root systems or artificially placed

natural, metal or synthetic fibres on the increase in stability of natural or constructed slopes or

embankments.

Based on the stress-strain response of fibre reinforced soils,. the effect of roots is to provide an
increase in the effective cohesion of the soil with no affect on the internal angle of friction (Gray
and Ohashi 1983, Sotir and Gray 1989, Day 1993). Several simplistic empirical formations are
presented in the literature which attempt to predict the increase in shear strength of root
permeated soils. Sotir and Gray (1989) quote from the literature the shear strength increase of
root permeated sands (ASk) based on field and laboratory shear tests between 7.4 to 8.7 psi/lb of

root/cf soil. Assuming a root density of 0.8 g/cm®, this increase in soil shear strength from roots

translates to:
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ASp{kPa} = 2550(%”—) = 3000( iAR-) [Ei]

where A, is the cross-sectional area of the roots within the shear zone and A is the total
cross-sectional area of the shear zone. The ratio of Ag/A is defined as the Root Area Ratio (RAR)
and is assumed in [E1] to equal:

RAK=——=—VR- (E2)

where Vi and V correspond to the volume of routs and total volume of roots and soil within the

shear zone respectively.

Waldron (1977) conducted a series of laboratory direct shear tests (following elimimation of
matric suction within the soil) on soil columns germinated with alfalfa, barley, and yellow pine
species. The soil columns included layered combinations of silty clay loam, loamy sand, and
sandy gravel. Based on the results, Waldron (1977) devised the following theoretical
formulations for the increase in shear strength due to barley roots for latcral displacements of 5

and 25 mm.

ASg( sym; {kPa} = 10,800RAR ~=> ASp( 5,m){<Pa} = 31 400RAR [E3)

Ziemer (1981) conducted insitu direct shear tests on coastal sands centaining mature pinus
contorta. The shear resistance of the root permzated soil was determined along two parallel
planes of a partially excavated block sample. After subtracting the shear resistance of the
severed soil-root plane cut with a knife, the shear strength based on the dry weight of live roots

(7oot diameter < 17 mm) is reported as:

Strength{kPa}= 3.13 + 3.31x Bior.-;.u.‘s{kg/ m’ } [E4]
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Although specific details regarding the shear test root morphology. and shear strength
calculations were not presented, it is assumed that [E4] may in fact represent the increase in shear
strength ASg rather than strength as reported by Ziemer (1981). Once again. assuming a dry root

density of 0.5 gm/cm3, and assuming [£2] as valid, [E4] may be rewritten as:

ASp{kPa} = 3.13+ 1660 RAR [ES]

Equations {E1], {E3], and [ES5] illustrate simplified formulations which predict the increase in
shear strength of soil resulting from vegetative root reinforcement. Although these equations
illustrate similar trends with respect to RAR, they unfortunately represent different boundary

conditions, loading condition. soil types, and root morphologies.

In addition to the empirical relationships above, force-equilibrium models have been developed to
predict the strength increase from fibre reinforced soils. These models consider randomly
distributed discrete fibers as well as multiple orientated fibre arrays within a soil matrix (Gray
and Al-Refeai, 1986). Figure E1 shows the initial model illustrated by Gray and Al-Refeai
(1986) which includes fibres orientated perpendicular and inclined within the shear zone, with the
inclined fibres orientated in the direction of shearing (i<90”). This model was subsequently
expanded as part of this research to reflect the random orientation of vegetative fibres within the
soil, and includes fibres which are initially positioned in a compression ori¢ntation through the
shear zone (i>90°). The model illustrating the two potential initial inclined fibre orientations with
i<90° and i>90° is illustrated in Figure E2. As illustrated in this model, roots initially in a
compression orientation do not contribute to shear strength until the deformation of the shear

zone causes sufficient rotation of the roots to develop tensile stresses.

The application of shearing stresses results in deformations, the development of a shearing zone,
and the mobilization of tensile resistance in the fibres through friction within the fibre-sand
interface. Distortion and development of tensile stress in the fibres results in a tangential stress
component which directly opposes shear, and a normal component which increases the confining
stress on the failure plane. The predicted strength increase from regular arrays of multiple,

orientated fibres is given by the following equations (Gray and Al-Refeai, 1986):
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PerpendicularFibres: ASg = tg(sin® + cos0 tan¢ ) [E6]

InclinedFibres: ASg = tp[sin(90 - )+ cos(90 -y )tan¢ ] {E7]

where ¢y = arctan ——-——l———— [(E8]
k+(an i)™’

and #z is the mobilized tensile strength of fibres (roots) per unit area of soil, ¢ is the angle of
internal friction of the sand; 0 is the angle of shear distortion; i is the initial orientation angle of
the fibre with respect to the shear surface: k is the shear distortion ratio (k = x/z) with z being the
thickness of the shear zone and x being the horizontal shear displacement. The mcbilized tensile
strength per unit area of soil is the product of the mobilized tensile stress in the fibre at the shear

plane and the area ratio or concentration of fibres in the shear plane and is given as:

I = (%)GR [EQ]

The tensile stress developed in the fibres (roots) within the shear zone is defined as Gg, with Ag

and A as defined above.

Maher (1988) modified this tensile stress component in the above equation to include a pullout
resistance factor which incorporates fibre skin friction, average confining stress in a triaxial
chamber housing reinforced sand, soil properties, probability function dzfining average number of
fibres intersecting a shear plane, fibre riiodulus, and maximum fibre {ensile stress. Maher (1988)
round that the modificd model satisfactorily predicted the behavior of laboratory experiments up
to an fibre length to diameter (L/d) ratio of 100.
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E.1.1. Fibre Orientation Effects

Gray and Al-Refeai (1986) highligit that predictive models indicate the maximum strength
increase occurs when reinforcements are oriented in the direction of maximum principal tensile
strain. In the direct shear test, this translates to a 60" inclination of fibre reinforcement with
respect to the shear zone using dry sand (¢ = 30°). This statement is verified experimentally as
shown by Gray and Al-Refeai (1986). For randomly orientated fibres, as may be the case in fibre
reinforced fill, statistical analysis, confirmed by experimental results, support that the failure

envelope for randomly distributed fibres virtually coincides with the envelope for perpendicular

fibres as given in [E6].

E.2. THEORETICAL SHEAR STRENGTH AND BEARING CAPACITY
PREDICTION

Several simplistic empirical formulations were presented above which attempt to predict the
increase in shear strength of root permeated soils. As discussed above, these equations generally
only require volume percentage of roots within the soil or area percentage of roots across a shear
plane, and are based on specific boundary and loading conditions, soil types, and root
morphology. The specifics of these formulations limits their applicability and prevents their
confident utilization in prediction of the enhanced shear strength and bearing capacity of root

permeated compressible tailings.

The theoretical prediction of the increase in shear strength and bearing capacity offered by
natural root systems was determined using the force-equilibrium model illustrated in Figure E2.
The stress-strain and deformation conditions beneath a plate load tests conducted on root
permeated compressible soils is complex and requires several formative steps and assumptions to

predict the increase in shear strength and bearing capacity using this model.

The theoretical approach, using equations {E7] through [E9], firstly requires determination of the

RAR distribution in the subsurface, followed by consideration of the subsurface fibre orientation
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and distribution within the shear zone, account for fibre strength, soil strength, and root puil out
or rupture under excessive stress. The sequence of steps fiilowed to determine the shear strength

and bearing capacity of root reinforced soils is discussed below.

Large volumeter disturbed samples (Appendix A) of root permeated soil were obtained in July,
1995 from Sites 1 through 4 along the Coal Valley tailings impoundment. The samples were
obtained using the ring volumeter technique. The volume of the roots per volume of soil were
determined in the laboratory, and the corresponding cross-sectional area of roots per area of soil

was determined using [E2}.

The Root Area Ratio (RAR) versus depth for Sites 1 through 4 at Coal Valley are illustrated in
Figure E3. This figure, which records the RAR on a logarithmic scale illustrates the exponential
reduction of root area with depth at the four sites. It is expected that the step wise reduction in
RAR is an artifact of the root measurement frequency technique of the otherwise expected

continuous nonlinear decreasing profile.

Figure E4 illustrates conceptually the plate load test behavior on root reinforced compressible
soils formulated and applied in this research. This conceptual shear zone development model is
similar (o that illustrated for compressible soils which fail in punching shear as illustrated in
Figure ES, part (c). The circumferential shear zone assumed to develop beneath the plate is
similar (orientated at 90°%) to that shown in Figure E2. The idealized fibre reinforced shear zone
deformation model shown in Figure E4 was employed to guide the stress-strain development

formulation.

In accordance with the random orientation of natural vegetative fibres intersecting the shear zone,
50% of the fibres are assumed initially to be in a tension orientation, with the remaining 50% in a
compression orientation. Following development of the shear zone through increasing settlement
of the plate (increasing k = x/z), roots in compression would rotate within the shear zone and
eventually develop tensile stress. Roots which are initialiy in a compression orientation do not

contribute to shear strength until sufficient rotation transpires to achieve a tensile orientation and

develop tensile stress.
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The shear zone development and ensuing rotation of roots from compression to tension
orientations is illustrated in Figure E6. The nondimensional ordinate, relating AS/r, as defined in
[E7], and the abscissa of initial orientation of the fibres, i, as illustrated in Figure E2, highlight
through plate settlement and shear zone development the mobilization of an increasing properiion
of roots. Reflection of this root rotation effect and resulting mobilization of an increasing

percentage of fibres contributing to shear strength is observed in the empirical formulation

presented in [E3].

The shear zone assumes to develops to a depth of 2D,, below the depth of the footing or plate (D,
= diameter of plate), with the shear zone displacement, k, decreasing linearly with depth from a
maximum of k=s/7 at the surface (where s is the plate settlement and : is the shear zone thickness
as illustrated in Figure E2 and assumed equal to 10 mm), to a minimum of zero at a depth 2D,..
The thickness of the shear zone is difficult to estimate. and is likely not invariant as shear
progresses (Waldron and Dakessian 1981). As iliustrated by Waldron and Dakessian (1981), the
effect of the estimated shear zone thickness on ASg is most significant at small displacements (2

to 20 mm), with th= =stimated shear zone thickness showing little effect on the computed ASy at

larger displacements.

In addition to the shear zone development assumption, consideration was given to potential root

slippage. The minimum length of root required te 2void slijspage is given as (Waldron, 1972):

O pd
Lyin = 4:8 [E10]

where L., is the minimum root length, Gg is the root tensile strength, d is the recot diameter, and
g is the limiting bond stress between soi! and root. Considering a Ox of 20 kg/cm? (Schiechtl
1980, Naeth 1995), an average d of 0.3 mm, and a 1z of 25 g/cm®, the Ly, of 5 cm is computed.
The average d of about 0.3 mm is based on laboratory measurements 2 visual estimations of
the roots obtained from Coal Valley. Estimation of independent and accurate root tensile

strengths is difficult; firstly because of gripping difficulties in laboratory experiments; and
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secondly because of root morphological variables inciuding growing environment, seasonal
variations, diameter, and species (Anderson and Richards (1987)). The root tensile strengths
reported in the literature (Schiechtl 1980, Anderson and Richaids 1987) indicated variations of
greater than one order of magnitude for specific vegetative species. Based on Schiechtl (1980)
and Naeth (1995), a lower bound estimate of Gz of 20 kg/cm® was chosen for the reed canary
root systems present at Coal Valley. A lower bound rather than an average value was chosen in
order to artificially account for potential root rupture beneath the sharp edges of the plunging

plate load test.

The 1 values reported in the literature are also extremely variable and depend on a variety of
factors including insitu soil conditions and soil type, root tortuosity within the soil, root skin
texture and presence of root hairs. Values of Tz reported by Waldron and Dakessian (1981)
range from 25 to 800 g/cm’ for a variety of conditions. Based on model simulations, Waldron
and Dakessian (1981) reported that saturated clay loam impregnated with barley and pine root
systems indicated a 15 of 25 g/cm?, and this value was chosen for the analysis. Based on these
assumptions and the resuiting corsp - 3 Lmin of 5 cm, the ASg in the upper 5 cm of was
subsequently reduced e “:seiotert for swoct siippage. Assuming an average inclined root orientation

of 30° to the vertical, th o it £Sk in the upper 5 cm of soil was reduced by 40%.

# 5 cmphasized that the assumptions above are gross approximations attempting to account for
#.> 'omplex stress-strain distribution beneath a plate foad test conduct on root reinforced
. ~npressible 1ails. Although the assumptions are unlikely completely correct, they follow a

rational approach and are indicative of the expected general trend of behavior.

With the assumptions above, the RAR measurements in Figure E3, the theoretical increase in
shear strength. ®om vegetative root systems, the ASz mobilized beneath the plate load test is
computed as 1iflustrated in Figures E7 to E10 for Sites 1 through 4 respectively at Coal Valley.
These figures assume an average friction angle ¢ for the soil of 22, and illustrate the influence of
inc-2asing plate load test settlement (increasing k) causing increased root rotation from

compression to tension orientations within the shear zorne.
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The nonlinear AS; profiles above were subsequently coupled with bearing capacity theory to
predict the increase in bearing capacity resulting from root reinforcement. The increase in
bearing capacity, AQr..: , resulting from root reinforcement was determined using, as a

framework, tiw cohesion component formulation of the general bearing capacity equation

(Bowles 1988, Vesic 1973, Vesic 1975) shown as:

AQmaIs = NcscASR IEI i ]

where N, is the bearing capacity factor for cohesion (5.14), s, is the shape factor for a circular

footing (1.2), and ASy is the theoretical shear strength from root reinforcement as shown in
Figures E7 through E10.

The theoretical contribution of vegetative root systems to increase bearing capacity at Sites |
through 4 at Coal Valley using [E11] is illustrated in Figures E11 to £14 respectively. These
figures illustrate the theoretical increase in bearing capacity from the vegetative root system,
coupled with the 1991 tailings surface (¢s) plate load test profiles. The plate load tests conducted
in 1994 on the vegetated tailings surface (vts) are also illustrated. Since plate load tests were not
conducted at Site 3 in 1994, no comparison could be provided in Figure E13. The bearing
capacity contri*uten Fom root reinforcement considers root tensile strengths, Og, ranging from
2000 kPa to 3000 kPa (20 to 30 kg/cm?), which still reflect lower bound strength ranges and

provide conservatisi: for potential root rupture as discussed above.

Although several preliminary assumptions and estimates were made to model the soil-root
interaction m=chanics beneath a PLT o;: v:smpressible tails at Coal Valley, thc predicted increase
in bearing capacity at Sites 1 and 4 are within the same range as the 1994 vegetated tailings
surface (vts) results. The comparison at Site 2 between the 1991 (rs) bearing capacities coupled

with root reinforcement predictions and the 1994 (vzs) results is less encouraging.
Several comments are forwarded to highlight the potential factors contribuiing to the

discrepancies, particulary those observed at Site 2. In addition to the assumptions discussed

above which may include some error, site heterogeneity may provide influences. As discussed in
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Chapters 2, S, and 6, the tailings are heterogeneous on the scale of millimeters to centimeters,
with plate load test and sampling locations positioned 1 to 2 meters apart possibly experiencing
slightly contrasting soil conditions. Secondly, the vegetative development at the various sites
exhibited some surficial nonuniformity, with likely some root development and density contrast-s
present on a local scale. Hence, slightly dissimilar RAR profiles may have existed between
sampling and PLT locations. Lastly, due to logistics and research development phase, the
vegetative root measurements were conducted in the summer of 1995 rather than in 1994 when
the plate load tests were conducted. Although the vegetation development appeared seemingly

unchanged from 1994 to 1995, some minor changes are expected with vegetation maturity.

E.3. SOIL-FIBQE INTERACTION VARIABLES

Maher (1988) developed a theoretical model employing the shear strength equations defined
above to investigate sand and fibre interactions. The works of Waldron (1972), Gray and Ohashi
(1983), and Gray and Al-Refeai (1986) were used to formulate the mechanics of fibre
contribution to “randomly distributed reinforced sand” composites as outlined in Maher (1988).
In addition, several laboratory triaxial compression tests were conducted using different sands
and associated granulometric properties, and several fibre types with varying strength, modulus,
«.d skin friction properties. Based on the laboratory tests which were generally collaborated by
the model, Tables E1 and E2 were prepared based on Maher’s (1988} findings. The strength
increase of the soil-fibre composite material, G, , (Tables E1 and E2) refers to the major principal
stress defined in triaxial compression tests. The critical confining stress, G ,defines the
confining stress at which a transition or break occurs within the curved-linear or bilinear failure
envelopes. Beyond the defined G\, the reinforced soil failure envelope displays the same slope

as the urreinforced soil envelope plotted in 6; and 3 stress space.
In addition to the summary provided above (which was in part collaborated by the earlier

laboratory tests outlined by Gray and Ohashi (1983) and Gray and Al-Refeai (1986)) Gray and
Ohashi (1983) report that fibres defined as ideally extensible which did not rupture, not only
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contributed to peak strengti, but also reduced the post peak 1eduction in shear strength of dense
sands (Gray and Al-Refeai 1986). Furthermore, Gray and Al-Refeai (1986) report that rougher
rather than stiffer fibres are more effective in increasing the strength of a fibre reinforced soil.
Waldron and Dakessian (1981) supported this finding through extension of the initial soil root
model to predict the amount of increase in soil reinforcement produced by stretching, slipping,
and breaking roots. Based on model simulations and experiments considering various parameters
including root length, shear zone thickness, and root strength. it was determined that the strength

of the soil-root bond, 15, is the most important unmeasured parameter.

A variety of issues were presented above which may explain some of the discrepancies observed
with the plate load test results illustrated in Figure E11 to E14. Althew.h the focus of the
information in this appendix is not to rationalize the differences, evidence i» provided in Tables
El and E2 which support the different theoretical capacities predicted at Site 4 and particularly
Site 2. This evidence is coupled with the potential errors provided in the previous section nainely

soil heterogeneity, vegetation nonuniformity, ind contrasting sampling and PLT inve..tigation

periods.

E4. PARAMETRIC ANALYSIS OF THEORETICAL MODEL PREDICTIONS

A limited parametric study was conducted to evaluate the impact of the vaiies discussed in
Section E2., in computation of the theoretical increase in bearing capacity. The key variables
which were evaluated include the soil friction angle, ¢, the root tensile strength, o and the level
of shear zone development, k. These variables were evaluated for Sites | through 4 at Coul
Valley considering the influence of footing size and the nonlinear decreasing shear strength
profiles offered by the vegetative root systems shown in Figures E7 through E10. The theoretical
increase in bearing capacities considering the parametric analysis is illustrated in Figures E15
through E18 for Coal Valley Sites 1 through 4 respectively. As illustrated in the figures, the
decreasing trend of AQ,,., with increasing footing diameter is reflective of the decreasing RAR

with increasing depth. This trend indicates that large footing areas (for example a wide pad
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construction vehicle designed for weaker soils) would benefit less from the root reinforcement

than smaller footing areas (for example human or animal traffic).

The parametric analysis also indicates that the selected friction angle of the soil has little effect on
the theoretical increase in bearir g capacity. However, the critical factors to consider include the
tensile strength of the roots, G,..,, and the degree of shear zone development, k. Although this
parametric analysis is not complete and a variety of other variables may be investigated, it
nonetheless indicates the sensitivity and perhaps the complications with accurate determination of
the increase in bearing capacity of root reinforced compressible tailings and perhaps provides a

starting point for future studies.
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Table E1 Infivence of Soil Properties on Increased Strength and Increased Critical
Confining Stress of Fibre Reinforczd Soil (developed from Maher, 1988).
Strength Increase (1o, ), {TASg } Critical Confining Stress Increase (TG )
Decrease Sand Grain Size ({Dsy) Negligible Effect of Sand Grain Size
Increase Sand Angularity (4 Sphericity Index) Increase Sand Roundness (T Sphericity Index)
Decrease Sand Uniformity (T C, = Deo/D0) Increase Sand Uniformity (4 C, = Dew/D)0)
Table E2 Influence of Fibre Properties on Increused Strength and Increased
Critical Confining Stress of Fibre Reinforcad Seil (developed from Mabher,
1988).
Strength Increase (1o, ), {TASg } Critical Confinis:z Stress Increase (T, )
Increase Fibre Content (T % Fibres) Negligible Effect or Fibre Content
Increase Length to Diameter Ratio (T L/d) Decrease Length to Diameter Ratio (4 L/d)
Increase Fibre Modulus (T E) Increase Fibre Modulus (T E)
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Appendix F

Correlations, Comparisons And Factors From Site Investigation Results

F.1. INTRODUCTION

The following appendix highlights extended analysis undertaken using site investigation results
obtained along the beach portion of the Coal Valley tailings impoundment and within the Suncor
NST Cells. The first section investigates the behavior of the Cone Penetraticn Test (CPT) and
Spectrai Analysis of Surface Waves (SASW) results with respect to a recently published Soil
Behavior Type chart. The successive section investigates the integrity of the contrasting 1992
and 1994 SASW investigations at Coal Valley using published correlations. This is followed by
a section discussing prediction of undrained shear strengths using CPT results, with subsequent
correlation with field vane shear test (FVST) profiles. The concluding section explores the
interaction of scale effect and fabric features by comparing the results of CPT soundings and

Plate Load Test’s (PLT’s), and presents cone tip factors tor root reinforced soils.

F.2. COMPRESSIBILITY CORRELATIONS

The CPT penetration resistance in sands is primarily a function of void ratio, insitu stresses, age,
cementation, fabric, and compressibility. The shear wave velocity of sand is influenced in
general by the same variables with some exceptions. Fabric is understood as having only a slight

influence, and as a result of the small degree of strain realized during shear wave velocity
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measurements, the large strain soil property of compressibility (Robertson er al. 1995) has little
to no influence. To summarize some of the significant findings in Robertson er a/.(1995), a trend
is observed with the normalized shear wave velocity. V., (illustrated in [F1]) and void ratio of
freshly deposited uncemented laboratory sand samples. Upon comparison of the normalized
shear wave velocity and the normalized cone resistance, g, (illustrated in [F2]) a relationship is

forwarded which compares normalized values as shown in [F3].

p 0.25
V.H = V\[—g—) [F1]
G '\’U
p 0.5
41 =4, (——) (F2]
o '|'l)
where: V, = shear wave velocity

¢. = cone penetration resistance
P, = atmospheric pressure (usually 100 kPa)

C'.. = vertical effective stress
v, \*
qde1 = (—_;L,_) [F3]
where: q.1 is in MPa
V. is in m/s

A s discussed in Robertson er al. (1995), the Y parameter appears to be controlled by fabric,
compressibility, age and cementation. Based on this parameter and the results of field seismic
CPT tests and laboratory tests, an illustration is presented in Robertson er al. (1995) which
relates Y to the inverse slope of the steady state line, 1/A, age, and compressibility. Based on
previous research findings, a graphical representation of the normalized cone tip resistance, Q,
(Appendix C) versus the ratio G, /g, (where G, is the small strain shear modvius determined from
seismic CPT shear wave velocity measurements - Appendix D, and g, is the corrected cone tip

resisiance - Appendix C) is proposed by Robertson et al. (1995) as illustrated i Figure F1. The
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ratio G, /q, embraces the factors which control the ¥ parameter, but is influenced by a ditferent

exponent.

This results from the CPT and SASW field investigations at Coal Valley and Suncor were
subjected to this extended graphical soil behavior type classification as illustrated in Figures F2
to F5 and F6 to F9 respectively. The data included in Figures F2 to FS from Coal Valley Sites |
through 4 were divided into the respective soil behavior type classifications defined in the CPT Q,
vs F, charts in Appendix C. It is remembered that shear wave velocities from the SASW
represent the sampling and forward modeling of a larger volume of soil than that sampled using
the discrete shear wave velocities from the seismic CPT, which these charts are based upon.

Several general comments based on these figures are presented below:

° In general, the materiai is grouped within and around the “Young Uncemented Soils™
region, with a significant scatter outstdv this region observed at Sites 1, 2, and 3 (Figures
F2, F3, and F4).

° The soil which exhibits (3) Clays - Clay to Silty Clay behavior in the @, vs I, charts in
Appendix C is generally represented in the “Clays™ region in Figures F2 and FS.

. The slightly desiccated crust as a result of evaporation and evapotranspiration is generally
represented above the “Young Uncemented Soils” region hedging towards the cementation
region.

L As discussed in Appendix C, the Q, vs B, generally represent the CPT information from

Coal Valley within the coarser regions than that from the Q, vs F, charts. Although the
data locations would remain unchanged, the charts produced from the different point
classifications obtained from the Q, vs B, charts in Appendix C would provide an
interesting comparison. The value of such a comparison would be amplified if the shear
wave velocities and computed G, values were determined using rnore discrete method such
as with the seismic CPT.

The CPT and SASW data obtained from the Suncor NST Cells is presented in Figures F6 to F9
and consider the two pore water pressure profiles (PWP | and PWP 2) represented in
Appendix C. The G, values were determined considering the “Wirh Crust” shear wave velocity
profiles illustrated in Appendix D. The specific data points defined along the G,/g, abscissa are

unchanged considering the two pwp conditions. However, the Q, values computed considering
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the PWP 2 profiles are reduced from that considering the PWP 1 profiles due to the higher
computed vertical effective stress denominator. In general, the data is represented within the
“Clays™ section of the charts, grouped within the “low void ratio” region. The data which
appears to migrate in a vertical fashion from the lower boundary of the “Young Uncemented
Soils” region represents the higher g, and resulting Q. data obtained within the upper
approximately 0 to 0.4 m of the NST Cells. This upper region has experienced strenigth gain as a

result of evaporation induced matric suction development.

Although definitive comments cannot be presented regarding the results in Figures F2 through F9
due to a variety of factors and issues as discussed in Appendix C and D and including contrasts
in shear wave velocity measurement, and site heterogeneity, this soil behavior type chart appears
encouraging. As discussed by Robertson ez al. (1995), the chart not only helps establish material
type. but may also signify unusual soils including cemented or aged soils, structured clays and

fine grained soils with either high or low water content.

F.3. SHEAR WAVE VELOCITY CONFIERMATION

Appendix D highlighted that SASW investigations were conducted in 1992 at Coal Valley,
however, the results were excluded due to their perceived erroneous nature. Qualification of this
fact was fostered through a brief review of established empirical correlations within the literature.
Hara e7 al. (1974) present a correlation which relates the small strain shear modulus, G,,, with the
undrained shear strength, S,. The small strain shear modilus was determined from downhole
seismic techniques and shear strengths were determined from undrained triaxial compression
tests. Standard Penetration Test “N” values were recorded at the 25 sites which were included in
the analysis and Hara ez al. (1974) also provides correlations with G, versus N and S, versus N.

The G..-S. relationship shown in [F4] is based on soils with the following physical properties:

° Soils are cohesive, with a wide distribution range of plasticity index values
o The OCR ranges from 1.0 to 3.0

L The void ratios range from 0.5 to 3.0 with the majority of the data within the 1.0 to 2.0
range
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. The degree of saturation ranges from 90% to 100% with the majority of the data nearly
100% saturated

G, = 48750°% [Fa]

where G, and S, are in kg/cm”.

Extensive data analysis from 31 clay sites which include insitu measurements of tnitial tangent
shear modulus G,.., and CPT cone tip resistance, ¢, is provided in Mayne and Rix (1993). The
G.. values were obtained at the various sites from either the seismic cone penetration test
(SCPT), crosshole (CHT), downhole (DHT), or spectral analysis of surface waves (SASW)
techniques with the ¢g. obtained using the CPT with and without pore pressure measurements.
As briefed by Mayne and Rix (1993), the data base represent clay deposits with a wide range in
plasticity, sensitivity, stress history, and consistency. Following multiple regression analysis, a

preliminary power function relating Gpmas » 4., and initial void ratio, e, was developed as shown in
[F5].

406 (qc )0.695

G max =713 {F5]
€0

where G...x and g, are in kPa.

Remembering Equation {C1] in Appendix C, and the shear strength formulation from the cone tip
resistance outlined in Chapter 5, [F5] may be modified as shown :n [F6].

406 695
Gomax =735 (O vo + SulNig — (- au)™® [F6)

[

If one assumes shallow depths of investigation with relatively low pore pressures (i.e. ©,, and

(1-a)u are small), [F6] converis to:

_ 406N &85 50695

Gmax - 1.130 u [F”
€9
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which is of the same form as that shown in [F4] after Hara er al. (1974), however, S, is

dominated by a different exponent.

Equation [F4] was initially employed to investigate the validity of the contrasting 1992 and 1994
SASW investigations at Coai Valley. Equations [F4] and [F5] were manipulated as shown in
[F8] and [F9] respectively to predict the shear wave velocities and compare themn with the shear
wave velocities determined from the SASW investigations. Equation [F8] assumes the shear
strength predicted from the CPT cone tip resistance represents approximately the shear strength

established from the triaxial tests used to Gevelop [F4].

677.5 G 0.928
V‘ = ‘[7 : [ql Vo) ] [FS]
P N Kt

406 .69
V, = \/W [a, - (1= ay]"® [F9)

N P 3 « .
where g, 4, and 0, are in kPa, p is in tonnes/m”, and V; is in m/s.

The results from the 1994 CPT investigations from Coal Valley were subseaquently subjected to
the formulations in [F8] and [F9] with the resulting profiles included in Figures F10 to F13.
These figures irclude the V, profiles predicted from the CPT data, as well as the predicted V.
profiles from the 1992 and 1994 SASW investigations. Thg values required for the dependent
variables in the formulations in [F8] and {F9] (i.e. Ny, p, and ¢) are included in the figures. The
link which affords utilizatior: of cone tip resistance for prediction of S, in the Hara et al. (1974)
formulation (Equation [F4]) is through the appropriate N, factor. Based on comparison of CPT
soundings with anisotropic consolidated triaxial tests, Luke (1995) found an average N,, value of

10 for six Danish clay soils. Cavity expansion theories and strain path methods showed good
agreement with this N, value (Luke 1995).

Based upon review of the contrasting trends of the 1992 and 1994 SASW YV, profiles in

comparison with those predicted from the CPT soundings, abandonment of the 1992 SASW V;
profiles is supported. In all cases, the Hara er al. (1974) predicted shear wave velocity profiles
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are less than that predicted using the Mayne and Rix (1993) formulation, with the difference
increasing with depth. Furthermore, the 1994 SASW V, profiles are generally less than that
predicted from the CPT results, with the best agreement observed at Site 3 in Figure F12.

Although detailed discussion highlighting reasons for the contrast in profiles from Hara er al.
(1974) and Mayne and Rix (1993) is prohibitive, two possible explanations are offered. Firstly,
the Hara er al. (1974) formulation is based on shear struigths determined from triaxial
compression tests whereas Mayne and Rix (1993) employ direct cone tip resistance. Secondly,
the Hara er al. (1974) formulation is believed based on mainly on Japanese soils whereas the

Mayne and Rix (1993) formulation is more global in nature.

The reader is advised that Hegazy and Mayne (1995) complimented the data base employed in
Mayne and Rix (1993) with 31 additional sites which include 24 sand, 5 clay, and one tailings
deposit(s). Multiple regression formulations are presented for clays, sands, and all sites which
empirically predict V,; based on a variety of parameters including initial void ratio, ¢,, cone tip
resistance, q., cone sleeve friction, f,, and effective overburden stress, 6',.. Although these latest
formulations deserved further investigation, they were not explored as part of this research since
they would unlikely effect the outcome of this stream of analysis (i.e. to evaluate the contrasting

1992 and 1994 SASW investigations at Coal Valley and subsequently validate the 1994 profiles).

F.4. UNDRAINED SHEAR STRENGTH

Determination of the undrained strength, S,, of a soil presents some difficulty due to the
uniqueness of this parameter. As discussed by Wroth (1984), the S, of a soil is dependent on a
variety of factors including testing technique and resulting stress path, strain rate, and orientation
of failure piane. An additional complication i the stress-strain behavior of the soil subjected to
undrained shear with brittle to strain hardening responses establishing the range of behavior. The

factors which affect the stress-strain response include sensitivity, stress-history, stiffness, as well

as fissuring or other discontinuities.
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In addition to the complications associated with soil properties, several different empirical and
approximate theoretical formulations exist in the literature which attempt to predict S, from CPT
sounding information. Konrad and Law (1987) provide a summary of these formulations which
employ the cone tip resistance, and introduce a new formulation which incorporates cavity

expansion pressure and friction along the cone-soil interface.

Added to the various formulations in the literature, several reference S, values have been used to
compare with the CPT predictions including values determined from anisotropic consolidated
triaxial tests (Luke 1995, Konrad and Law 1987) and field vane shear tests (Robertson and Van
Impe 1987). The previous section discussed an N,, value which correlates CPT results with S,
values from anisotropic consolidated triaxial tests. In the succeeding discussion (as
recommended in Robertson and Van Impe 1987), the author has chosen to employ the shear
strengths determined from the field vane shear test (FVST) results as a reference to those

predicted from the CPT soundings.

The undrained shear strength, S,, evaluated from the corrected cone tip resistance, gq,, is predicted
using [F10]

[F10]

where .., is the total overburden pressure and /V,, is the cone tip factor. Several other similar
formulations exist within the literature with slight modifications including using the uncorrected
cone tip resistance g, verses g,, and/or replacing the total vertical stress o, with the horizontal
total stress Oy, or the octahedral stress 0,-. The subscripts associated with the core tip factors in

these other formulations are varied to reflect the different stress variables.

The common variable which influences the theoretically predicted cone tip factor (except factors
developed from classical plasticity approach to bearing capacity) is the predicted rigidity index
(1,) of the soil defined as the shear modulus divided by the shear strength (I, = G/S,). Based on

an estimated /, of about 50 to 60 (Chapter 5), a preliminary cone tip factor of approximately 16
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was selected. This cone tip factor was approximated from a theoretical relationship .¢produced
graphically in Robertson and Van Impe (1987). The predicted shear strengths from the CPT
cone tip soundings from Coal Valley are compared with the vane shear profiles in Figure F14.
This figure, which is similar to that produced in Chapter 5, illustrates that the predicted shear
strengths are within the same range determined by the FVST, and that some of the heterogeneities

at depth which exhibit higher or lower shear strengths are reflected in the companion CPT and
FVST profiles.

The FVST strength profiles were directly cross-referenced with the CPT profiles to evaluate the
distribution of mobilized Ny, factors. The results of this comparison are illustrated graphically in
%igure F15. The computed N, cone factors are presented, with the stepwise average value
profiles illustrated for each site. The stepwise profiles were computed on approximately 1 m
intervals due to the increased uncertainty in the FVST shear strength profiles with increased
depth as a result of enhanced rod friction as discussed in Appendix A. Although considerable
scatter exists, the average N, value determined within the upper meter at Sites 1 through 3 is
about 14.5. Site 4 exhibits the lease amount of scatter with the computed average profile with

depth shifting between 9.5 and 11 from near the surface to a depth of about 2.9 m.

The direct computed N,, values in Figure F15 vary from about 5 to over 25. Although this
represents considerable scatter, factors such at local heterogeneity and uncertainty in FVST

results at depth are definite factors contributing to the dispersion.

Prediction of shear strength profiles from the CPT within the NST Celis provided a unique

opportunity to employ both cone tip resistance and penetration pore pressure. The following
quote is extracted from Robertson et al. (1986).

“In soft clays, the cone resistance can be very small and typically the cone tip load
cell may be required to record loads less than 1% of rated capacity with an
associated inaccuracy of up to 50% of the measured values. However, in soft
clays, the pore pressures generated can be very large and the pressure transducer
may record pressures up to 80% of its rated capacity with an associated accuracy
of better than 1% of the measures value. Therefore, estimates of S. in soft clays

will inherently be more accurate using pore pressure data as opposed to the tip
resistance.”
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The natural enhancement process of evaporation created a nonlinear strength profile within the
NST Cells, with a relatively stiff surficial crust overlying weaker material. Prediction of S, in the
surficial crust was achieved using the cone tip resistance, whereas highlighted in the exert above,

prediction of S, in the underlying weaker material required the penetration pore pressure.

Prediction of S, from penetration pore pressure is based on a semi-empirical solution using
cavity expansion theory and includes effects of over consolidation and sensitivity through use of
Skempton’s pore pressute parameter at failure, A. The solution provided in Massarsch and
Broms (1981) which predicts the pore pressure factor, Na,, which is the ratio ef the change in

pore pressure with the undrained shear strength is given as:

Ny, = “;“" =4ln-§+ln 1, + 17334, —0.577 [F11]

Equation {F11] is based on cylindrical cavity expansion theory, with the pore pressure recorded
behind the cone tip. The spherical cavity expansion solution presented in Massarsch and Broms
(1981) is applied when the pore pressure element is locatzd on the cone tip face. As previously
defined, [, is the rigidity index, r is the radius of the cylindrical cavity, p is the radial vector to a
point within the plastic zone, u is the penetration pore pressure, and u, is the insitu static pore
pressure. The difference between the penetration and static pore pressure is often referred to as
Au. This equation has been graphically presented in Robertson et al. (1986) and Robertson and
Van Impe (1987), with ranges of A, values provided for very sensitive (quick) to highly

overconsolidated clays.

The NST deposits may be considered as normally consolidated to very sensitive (or quick} clays
with A, values from 0.7 to 1.3 and 1.5 to 3.0 respectively (Robertson ez al. 1986). Considering
the CPT soil behavior type classificatior inciuded in Appendix C, a preliminary approximate
“mid-range” A, value of 1.5 was selected. Using [F11], the cone pore pressure factor, Ny, of 6 is

computed. This factor was used in [F12] to predict the S, profiles based on the penetsatict: pore

pressure.
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The results of the shear strength predictions using the cone tip resistance (Equation [F10]) and
the foregoing discussion using the penetration pore pressure are presented for the Suncor NST
Cells 3 and 4 in Figures F16 to F19. These figures also include for comparison the shear
strengths predicted from the FVST. As evidenced in these figures, the shear strengths predicted
from the cone tip resistance below a depth of 0.4 to 0.6 m are consistently less than those
determined from the FVST. Encouragingly, the undrained shear strength at depth, predicted
using the pore pressure profiles, are very close to the strengths determined from the FVST. This
excellent comparison is further amplified considering the very low range of shear strengths
experienced within the NST Cells, and the fact that the initial pore pressure profile, u,, was
approximated through a shear strength ratio relationship (Appendix C). Although a circular
argument exists though the establishment of u, using FVST, profiles and using this profile to
predict the S, from the cone penetration pore pressure measurements, the predicted u, is similar to

that estimated from the pore pressure posts (except at the base of the Cells - Appendix C) and the

encouraging results are uncompromised.

Boundary lines were established on Figure F16 through F19 at depths of between 0.4 m and
0.6 m. These boundaries approximately define the upper regions where the cone tip resistance is
more applicable in defining S,, versus the lower regions where the penetration pore pressure is
more applicable. A cone tip factor, Ny, of 15 was selected to predict the FVST S, in the upper
surficial crust. Although FVST readings were not extend to the surface, some of the vane shear
strengths in the upper layers (Figure F17 and F18) support the higher strength crust predicted
from the CPT. The unsaturated nature of the surficial crust precludes confident utilization of the
penetration pore pressures in shear strength prediction in the higher strength crust (bearing in

mind that N, likely changes in the upper crust as a result of consolidation through matric suction

development).
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F.5. DISCONTINUITY EFFECTS

The previous section briefly mentioned the factors which influence the S, of a clay including
sensitivity, stress-history, stiffness, fissuring and other discontinuities. The following includes a
brief discussion of the impact of fissures and other discontinuities (i.e. fabric features) on scale

effects and mobilized insitu bearing capacity.

Powell and Quarterman (1988) present a relationship which illustrates the back calculated cone
tip factor based on comparison with the mobilized bearing capacity from PLT’'s. The
relationship included in Figure F20 illustrates the effect of plasticity, but more importantly
fissures and associated CPT scale on the effective cone tip factor. The CPT soundings were
conducted with a cone of standard dimensions, and the PLT’s were conducted using circular
plates. Although specifics regarding the plate diameters at each site were not provided, the

authors discuss in the article plate diameters of from 140 mm, 292 mm, and 865 mm.

The fissures illustrated in Figure F20 represent planes or discontinuities of weakness. With
closely spaced fissures, the mobilized cone tip resistance will depend upon the properties along
the discontinuities. With increased fissure spacing, the mobilized cone tip resistance will be less
compromised by the discontinuities and primarily record the properties of the intact soil. In the
latter case of widely spaced fissures, the reduced sampling scale of the CPT fails to record the
properties of the weak discontinuities. Since such discontinuities would control the behavior of

large scale tests, the S, employed for design must be reduced (higher N.) to reflect the weak

discontinuities.

The effect of discontinuities was also observed through comparison of the Coal Valley PLT and
CPT investigations. In this case, the discontinuities are the vegetative root system, and contrary
to fissures, serve to reinforce and strengthen the soil. The results of the comparison between the
PLT's and CPT's are included in Figure F21. This figure represents the N, cone tip factor
versus the % Roots with the Root Area Ratio (RAR) profile at Site 2 used as a bench mark. As
illustrated in the caption in the upper left corner of the figure, an average g, and G,, were
obtained from the surface of the plate load test to a depth of 2D, + s were D), is the diameter of

the plate and s is the amount of settlement. The computed N,, values from the CPT and PLT
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results range from about 8.5 to 11 with a lower value of about 6.5 recorded at Site 4. This range
of values is below that illustrated in Figure F20, and is also below the average value of about
14.5 determined upon comparison with the FVST profiles at Site 1. 2, and 3 illustrated in Figure
F15. The extreme heterogeneity at Coal Valley provides difficulty with respect to establishing
the average plasticity index of the soil within the loaded zone for comparison with the results in
Figure F20. However, as discussed in Chapters 2, 6 and 7, the grain size at D5y decreases, and
percent fines F% increases in the downstream direction, with the maximum plasticity index of

35 % recorded within the pond (beyond Site 4).

Although insufficient data is available to confidently establish trends, it is hypothesized that the
effect of roots on N, may exhibit a mirrored effect to that of fissures illustrated in Figure F20).
The denser distribution of finer root patterns perhaps associated with grasses and legumes will
have some influence on the cone tip resistance and the Ny, may resemble the values illustrated in
Figure F21. As root species and morphology changes or matures with the development of larger
and more robust vegetation patterns associated with deciduous or coniferous tree species, reduced

N, factors below that determined in Figure F21 may be experienced.

It is recognized that rooting patterns are not uniform, with typically decreasing RAR with depth
as illustrated in Appendix E. Although unconfirmed, it is envisioned that the N,, factors may
increase as the CPT sounding migrates downward through the vegetative zonc. A similar
increasing Ny, relationship with depth may perhaps also occur with fissured clays as illustrated in

Figure F20, with the effects of weathering decreasing (fissure spacing increasing) with depth.

As a final comment, confirmation of these reduced N, factors associated with the higher strength
discontinuities offered by vegetative root systems is an interesting area for future research
initiatives. In addition, advances in CPT technology through the coupling of density and moisture
content modules may eventually provide the opportunity to directly record and correlate changes
in RAR and resulting N, with depth without the requirement for sampling. These potential
developments may not only enhance reclamation activities and associated progress monitoring,
but the promise of predicting thc enhanced surface stability of vegetated environments with the

CPT may also assist in resource and frontier development.
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Figure F10 Shear Wave Velocity Profiles from SASW Modelling and Predicted from
CPT Soundings - Coal Valley Tailings Beach - Site 1
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Figure F12 Shear Wave Velocity Profiles from SASW Modelling and Predicted from
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CPT Soundings - Coal Valley Tailings Beach - Site 4
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Figure F17 Shear Strength Profiles from FVST and Predicted from CPT Soundings -
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A Mans Finest Hour Is That Moment When He Worked His Heart
Out in A Good Cause And Lies Exhausted On The Field Of Battle,
Victorious.

- Vince Lombardi -



