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Abstract

Experimental and Computational Assessment of Tailings Binder Matrices for
Construction Purposes in Cold Regions

Ali A. Mahmood, Ph.D.
Concordia University, 2012

Mine tailings are the waste materials of the mining industry. They are typically disposed
of in tailings ponds surrounded by tailings dams. This traditional method of disposal has
caused severe environmental damage throughout the years. In this study a new approach
of sustainable development of tailings is attempted. The study consisted of two phases —
experimental and computational. In Phase 1, six different types of tailings are gathered
from mines in Eastern Canada and subjected to a series of laboratory tests. Tailings were
stabilized using different compositions of binder materials: Portland cement, slag, fly ash
along with a new type of binder called Calsifrit. These experiments aimed at verifying the
suitability of tailing-binder matrices as road construction material. Furthermore,

weathering tests assessed feasibility of using the matrices in cold regions.

In Phase 2 a computational program was developed using the Discrete Element Method
to support the engineer’s decision with regards to the application of the binder tailing

materials in construction.

Experimental results show that these tailings binder matrices passed the freezing/thawing
durability and TCLP tests. In addition, these matrices sustained high compression loads.

Using these results, a statistical equation is developed to predict the unconfined
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compressive strength of the tailings binder matrices. Simulations show that the computer
program developed was able to model successfully the unconfined compressive strength

and freezing/thawing durability characteristics of the tailings binder matrices.
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Chapter 1

INTRODUCTION

1.1 Introduction

Tailings are the waste materials (byproducts) of the mining industry. The tailings contain
all other constituents of the ore but the extracted metal, among them heavy metals and
other toxic substances that are either added to the tailings in the milling process or

available with the ore before that (ICOLD 2003).

Most of the mill tailings mass-produced worldwide are dumped in large surface
impoundments (Simieritsch et al. 2009). The embankments forming these impoundments
are earth fill dams. Over the years these earth fill dams have had several serious failures
some even fatal. An example of the disasters originating from tailings dams failures is the
Merriespruit dam tailings failure that resulted in the deaths of 17 people and extensive
damages to a residential township in South Africa in 1994 (Fourie and Papageorgiou
2001 and Fourie et al. 2001). Another disaster took place in the Philippines in 2002 were
tailings spilled into Mapanuepe Lake and eventually into the Saint Tomas river.
Low lying villages were flooded with mine waste. At least 250 families were evacuated

from that area.



Therefore, it is necessary to devise another approach for the storage and disposal of mine
tailings with the aim of eliminating the hazards and risks associated with mine tailings
dams. Research on mine tailings stems from the necessity to prevent the danger posed by
mine tailings to the environment. This danger is characterized by the tendency of mine
tailings to release acids and heavy metals once in contact with oxygen and water (Gautam

et al. 2000).

Recently, there has been a shift in the way of thinking when dealing with mine tailings
from considering these tailings as “waste materials” that need to be disposed of to
“managing” these tailings. Researchers, in recent years, made several attempts to utilize
these tailings in a sustainable manner beneficial economically. Researchers like Demers
and Haile (2003), Zou and Sahito (2004) and Roy at al. (2007) attempted to investigate
the possibility of using mine tailings as filler or construction materials with the addition
of binders that include Portland cement. Portland cement was used since it produces
stronger matrices than other inorganic binder systems, and they do it at lower mix ratios,
which results in a smaller volume of waste requiring ultimate disposal (Weitzman et al.
1988). Portland cement, however, is relatively expensive, hence the need to use additives
other than cement to reduce cost without compromising effectiveness. This effectiveness

is specifically important in cold climates such as that of Canada.

Calsifrit™ is a special cement that was developed recently by NovaFrit International
(NovaFrit International 2006). It is a totally amorphous material, a matrix of calcium and

sodium fluoro-aluminosilicate. It is a homogenous solid substance possessing high



reactivity potential and shows cementitious properties when finely ground. No research to

date has been published on the utilization of this product.

This research will investigate the applicability of using mine tailings - Calsifrit matrices

as construction materials in cold climates thus attempting to eliminate the hazard

associated with storage of tailings in ponds while economically benefiting from an

unused widely available resource. Calsifrit™ will be used in this study as a cement

replacement in addition to fly ash and slag.

1.2 Objectives

Development of a new sustainable approach to road construction using mining waste in

cold climate by implementation of the following:

1. Formulation of tailings binder matrices and investigating their properties,

2. Investigation of feasibility of using formulated matrices for construction,

3. Determining the resistance of the matrices to weathering (freezing/thawing and

wetting/drying),

4. Determining the predictive equation that governs the behavior of the tailings-

binder matrices,



5. Development of a Discrete Element Method program as a tool for simulating the

strength characteristics of the newly developed tailings-binder matrices,

6. Simulating the vulnerability to cold climate, through the freezing/thawing

characteristics of these matrices, using the Discrete Element Method.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

Mine tailings are the waste materials left after the extraction of the ore mineral. They are
traditionally stored in tailings ponds located not far away from the mine opening
(Simieritsch et al. 2009). This method of storage has created several environmental

problems in the past and has prevented the use of a widely available resource.

In order to make use of mine tailings and reduce their bulky method of storage, Robinsky
(1978) proposed the thickened tailings disposal (TTD) system for the disposal of mine
tailings. He showed that by the process of thickening the tailings to heavy slurry before
disposal, it is possible to create a self supporting deposit of tailings and to eliminate the

typically used settling pond.

Robinsky (1978) argued that a major setback of conventional flat disposal ponds is that
they cannot be reclaimed until the mining operation is terminated many years after being
constructed. Such flat areas, since their initial operational life, collect and absorb
precipitation, allowing seepage to pass through the deposited tailings, thereby dissolving
undesirable metals and chemicals in the form of leachates into natural water bearing

mediums. On the other hand, if allowed to dry, these flat areas are exposed to dusting.



Using the TTD system, rapid runoff from the sloping deposit prevents infiltration of
precipitation and dusting is reduced to a great extent because the fines in the
homogeneously dispersed tailings tend to bond the particles of the entire mix, thus
preventing serious dusting. In addition, the TTD approach to disposal will permit the

progressive reclamation of the area under consideration (Mahmood and Mulligan 2001).

Robinsky (1978) stated that the inherent problems associated with the operation of
conventional tailings disposal schemes are eliminated using this new technique. Some of

the problems that are eliminated or reduced are the following:

e Danger of failure of steep-sided tailings dams caused by earthquakes, blasting

vibrations, or movement of heavy equipment;

e FErosion and undermining of the dams by seepage from the raised pond in the

center of the tailings deposit area;

e Infiltration of undesirable tailings fluid into the underlying natural soil strata from
the liquid pond on top of the tailings; in addition to commencement of

reclamation only after the mining operation is terminated and the mine closed.

The elimination of the conventional pond on top of the deposit also provides a major
environmental advantage; the hydrostatic head responsible for the seepage of process and

rainwater through conventionally deposited tailings is eliminated. Another very important



environmental advantage is that the confining dams are eliminated, or extensively
reduced in height which will, in turn, reduce or eliminate the problems of aging of
tailings dams (Murray et al. 2000 and Vanicek 2002) and liquefaction (Mahmood and
Mulligan 2002). Finally, implementation of the system may permit progressive

reclamation in some topographical settings.

Robinsky (1978) concluded that since the conventional tailings pond has been eliminated,
and without water to flow and wash out the tailings, a dam collapse becomes only a local
problem and not an ecological disaster. Another advantage of the TTD system is that the
system is capable of inhibiting acid drainage. The environmentally undesirable product is
sulphuric acid. It is produced when air and water come into contact with sulphur-
containing tailings. Once formed, it is capable of infiltrating the tailings and dissolving
other undesirable metallic elements that eventually may seep through and contaminate

the surrounding environment (Robinsky 1999).

2.2 Tailings thickening and hardening

The thickened surface tailings disposal concept has been applied at various mining
facilities for several decades, including the Kidd Creek Mine in the northern region of
Ontario and for managing the disposal of red muds produced by the alumina industry

(Robinsky 1999).



A study by Haile et al. (2000) described the use of the thickened (paste) tailings concept
with red mud tailings in tropical and temperate climates. Two such processes were
described, one in Jamaica and the other in Ireland. They noted significant decrease in
storage volume for the same weight of tailings post to dewatering. And they outlined the
applicability of the technique in both climates, which was significant taking into
consideration that the annual precipitation exceeds, to a large extent, the average annual
evaporation in the climate of Ireland. The authors indicated, as well, that bench scale and
pilot tests carried out by Alcan International Ltd. on copper and gold tailings showed the

applicability of the technology to several types of mine tailings (Haile et al. 2000).

Also, researchers started modifying and improving this technique by including additives
with the tailings to further solidify and strengthen them. For example, Peng and Lu
(1998) investigated the effect of the sequence of addition, mixing, type and dosage of
polymer addition on the overall performance and capacity of a tailings thickening
process. The objective of this research study was to evaluate the effect of a dual polymer
system on the sedimentation of copper flotation tailings under various operational
conditions using both batch and continuous dynamic tests. The authors used a
combination of two oppositely charged polymers. The anionic polymer was used to
flocculate the large particles and the cationic polymer was then added to coagulate the
negatively charged ultrafine particles (< 45 um). Peng and Lu (1998) concluded in their
study that the best thickening and clarification performances were made when the dual

polymer system was utilized.



As researchers started incorporating additives into the tailings mass for the purpose of
strengthening and stabilizing it, the terms “hardened” and “solidified/stabilized” tailings

came into existence.

Another example of this approach is the work by Zou and Li (1999) who studied direct
solidification and strengthening of dilute tailings slurry. Two types of mine tailings were
tested at water/binder ratios of up to 4.5 using specially-developed high-water binder.
The main objective of their research was to develop a backfill technology that can operate
without using the normally expensive dewatering process. The technology developed
should use the total tailings mass and be applicable to all types of mine tailings. A special
binder named HiFa Bond was used. HiFa Bond is a special cement with specific gravity
ranging between 2.5 and 3.0 and has a typical particle size of 96% below 90 wm. Its main
constituent is sulfate aluminate calcium. It was seen that the uniaxial compressive
strength increased as the HiFa Bond/tailings ratio increased. The study showed also very
rapid strength development; the 7-day strength was able to reach 80 to 94% of the 28-day
strength (Zou and Huang 1997). These results proved that the high water tailings slurry
could be solidified directly with sufficiently high early strength and that it was possible to
use the total tailings slurry without the dewatering process in backfill. It was concluded
that in order to achieve the best strengthening results, tailings should be solidified with

pozzolanic additives and binders.



2.3 Solidification/stabilization

Stabilization is defined as a process where additives are mixed with waste to minimize
the rate of contaminant migration from the waste and to reduce the toxicity of the waste
(LaGrega et al. 1994). Thus stabilization may be described as a process by which
contaminants are fully or partially bound by the addition of binders, supporting media or
modifiers (Conner 1990). Likewise solidification is a process that employs additives by
which the physical nature (measured by the engineering properties of strength,
compressibility and permeability) of the waste is changed during the process (Pojacek
1979). Thus objectives of stabilization and solidification encompass reductions in waste
toxicity and mobility in addition to an improvement in the engineering properties of the

stabilized material (Cullinane et al. 1986).

With reference to the nature of the solidification chemicals used, solidification systems

are of two basic types, inorganic or organic (Conner 1974). The most important inorganic

solidification systems used are the following (Conner 1990):

1) Portland cement,

2) Lime/fly Ash,

3) Kiln dust (lime and cement),
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4) Portland cement/fly ash,

5) Portland cement/lime,

6) Portland cement/sodium silicate.

2.3.1 Portland cement

Portland cement is made by heating together limestone and clay (or an alternate source of
silica) at about 2700 degrees Fahrenheit, forming a mass called clinker (Conner 1990). A
small amount of gypsum is added and the clinker is ground to a fine powder. Portland
cement is basically a calcium silicate mixture containing predominantly tricalcium and
dicalcium silicates, which are called in cement terminology Cs;S and C,S respectively.
Smaller amounts of tricalcium aluminate and calcium aluminferrite with the approximate
formulas C;A and C4AF, respectively, are also found in Portland cement (Double and
Hellawell 1977). Tables 2-1 and 2-2 show the typical chemical and mineralogical

compositions of Portland cement, respectively (Conner 1990).

Portland cement was used alone for many years for solidification of radioactive wastes
and other wastes containing hazardous constituents, especially for subsequent ocean
disposal (Conner 1990). In Japan, it is reported that in 1974 about 47,000 tons of sludges

containing mercury were subjected to solidification by concrete before ocean disposal.
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With the Portland cement process taking place, water in the waste reacts chemically with

the cement to form hydrated silicate and aluminate compounds (Conner 1990).

In general, Portland cement systems produce stronger matrices than other inorganic

binder systems, and they generally do it at lower mix ratios, which results in a smaller

volume of waste requiring final disposal (Weitzman et al. 1988).

Table 2-1 Typical compositions of Portland cements: chemical composition (%) (After
Conner 1990)

Cement | Designation or | C3S | C;S | C3A | C4AF | Free | CaSQy | Specific | Specific
Type Characteristics CaO Gravity | Surface
Area
cm’/g
I Normal 45 |27 |11 8 0.5 |3.1 3.17 3220
Portland-general
use
II Moderate heat 44 |31 |5 13 04 |28
evolution
III High early 53 (19 |11 |9 0.7 |4
strength
v Low heat 28 |49 |4 12 02 |32
evolution
\Y Sulfate 38 (43 |4 9 0.5 |27
resistance
Rapid hardening | 66 |11 |8 9 3.13 4340
Super rapid 68 |5 9 8 3.14 5950
hardening
Jet cement 52 10 22 |5 3.04 5300
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Table 2-2 Typical composition of Portland cements: mineral composition (%) (After
Conner 1990)

Cement | Designation or | Ignition | Insoluble | SiO; | AL,O3 | Fe;O3 | CaO | MgO | SO;

Type Characteristics | Loss Material

I Normal 0.6 0.1 22 5.1 3.2 65 1.4 1.6
Portland-
general use

11 Moderate heat 2.5
evolution

I High early 2
strength

v Low heat 1.8
evolution

\% Sulfate 1.9
resistance
Rapid 0.9 0.2 21 49 2.8 66 1.1 2.5
hardening
Super rapid 0.9 0.1 19.7 | 5.1 2.7 65 2 3
hardening
Jet cement 0.6 0.1 13.8 | 114 1.5 59 0.9 10

Although the concept of tailings thickening is relatively new, soil stabilization methods

using cement and lime have been applied for several decades now. Hilt and Davidson

(1960) discussed lime fixation in clays showing a decade of advancing technology in

lime and Portland cement stabilization of clay soils (Petry and Little 2002). Prusinski

(Little et al. 2000) recounts that since 1915 more than 140,000 km of equivalent 7.5 m

wide pavement bases had been constructed from different types of cement-stabilized

soils. Cement has been found effective in stabilizing a wide variety of soils, which

includes granular materials, silts and clays (Petry and Little 2002).
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Campbell et al. (1987) used seawater as a leachant in a sequential batch extraction
procedure. Samples of cement based waste forms were cured for 3 years before testing.
They correlated leaching with the macroscopic and microscopic (scanning electron
microscope SEM) observations of the waste forms. It was shown that increased release of
cadmium correlated well with the cracking of the solid, which was connected with the
formation of crystalline microstructures, especially the expansive ettringite, due to sulfate
attack. Total leaching over a 50-day period was about 1 percent of the total cadmium in

the solid with no detectable lead.

The stabilization of contaminated soil from a Superfund site was studied by Barich et al.
(1987). The Solid Waste Leaching Procedure (Conner 1990) was used to provide
engineering estimates of leachates that might be expected from treated wastes subjected
to land-filling on site. Several proprietary processes were compared: vitrification,
cement-based and two other cement-based processes. These methods produced a one to
two order of magnitude reduction in metal (specifically Cr, Pb, Cd, Zn) leachate

concentrations over those of the untreated waste.

Shin et al. (1988) investigated a number of factors in cement-based chemical fixation and
solidification design in a system that included the addition of sand, sand/cement,
water/cement, sludge content and a dosage of “precipitating agent”, which was defined as

an organic sulfide compound. They found that the sand/cement ratio had the greatest
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effect on Cr'® leaching, while compressive strength and Zn leaching were mostly effected

by the water/cement ratio.

Ryan and Jasperse (1989) chronicled deep soil mixing using cement to improve the
foundation soils for the Jackson lake dam in Wyoming. The authors found that up to 112
days and beyond there were significant strength gains in the soilcrete. Excellent in-situ
curing conditions that included high pressure and a cool moist environment assisted in

generating good results for this project.

A few years later, the same authors described two case studies detailing both methods of
soil mixing; deep soil mixing and shallow soil mixing (Jasperse and Ryan 1992). The
applicability of both technologies was demonstrated to major sites that contain
contaminated soils and sludges in terms of the economic and practical advantages that

favor this kind of treatment over offsite transport and disposal.

Adaska et al. (1992) illustrated remediation work for an oil refinery sludge basin. These
oily sludges had high concentrations of certain types of metals and volatile organic
compounds. The remediation method employed for this project consisted of in place
stabilization of the sludge and contaminated underlying soil. Part of the remediation
procedure included jet grouting (soilcrete), which is a technique that has been used in
Japan and Europe for several years. This technique entails the mixture of native soil and

cement slurry through the use of high pressure injection. Based on the results of their
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work, 21% cement content was recommended to acquire the minimum required 28 day

UCS of 242 kPa.

Aldridge and Naguib (1992) described two case histories of employing cement in shallow
soil mixing for the purpose of solidifying and stabilizing in situ hazardous and non
hazardous soils. They demonstrated the applicability of using this procedure to achieve

the minimum required UCS strength.

Pamukcu and Hijazi (1992) conducted a laboratory testing program to determine the
feasibility of stabilizing soils contaminated with fuel oil and transforming them into
usable products. The authors showed that the addition of lime and cement produced
marked improvement in the treated samples and the seven day cured samples of treated
clay showed unconfined compressive strength almost double the strength of untreated

clay samples.

Cement stabilized/solidified soil was also used for building coal retaining berms (Van
Riessen and Hansen 1992). The review of five projects constructed between 1974 and
1982 indicated that this technique could be used to solve a number of technical
requirements in an economical manner. Structure slopes of up to 55° were constructed
with little modification. These structures have shown excellent performance over the
years (Van Riessen and Hansen 1992). Cement contents, by weight, ranging from 8% to
10% provided the desired physical properties and required durability for these

applications.
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Andromalos and Ameel (1994) delineated stabilization work performed on the Geiger (C
and M oil) superfund site, which is located near Charleston, South Carolina. Stabilization
work on this site was done using a two pass injection process. The first pass involved the
injection of a reagent solution to chemically fixate the metals within the contaminated
soil mass and the second pass involved the injection of a cement based reagent to
physically stabilize and solidify the contaminated soil mass into a cement soil. An
extensive testing regime was employed throughout the program. It was concluded that in
situ stabilization was effective in stabilizing the site for the contaminants of concern;

specifically lead and chromium, and all strength and permeability criteria were met.

Andromalos et al. (2000) described a technique that illustrates the stabilization of loose
and soft soils. Cohesive and cohesionless soils were treated under static loading. Three
case histories of soil stabilization with soil-cement columns were described. The

procedure was proven satisfactory for the three sites in question.

Horpibulsuk et al. (2005) described test results on cement admixed soft clays in in-situ
deep mixing. Their aim was to identify the dominant parameters controlling strength
development to arrive at a means of combining them to formulate appropriate
phenomenological models. Characteristic tests, such as Atterberg limits, specific gravity,
pH of the pore fluid and sodium chloride concentrations, were performed to determine
the soil characteristics relevant to the investigation. Then unconfined compression tests

and consolidated undrained and consolidated drained triaxial compression tests were
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conducted on specimens cured for different periods of time. The authors, then, proposed
an identity to calculate variations in the cement content required to reach the target

specifications without altering the clay-water/cement ratio.

These studies proved the reliability and applicability of using Portland cement with
different waste and soil types. Use of cement notably increased the soil and waste
strength in these studies. The success in using Portland cement in these various studies
with different types of waste materials advocates its use for the stabilization and

solidification of mine tailing in this study.

Despite its favorable mechanical and chemical qualities, Portland cement is considered
relatively costly. Hence, many research studies that investigated the solidification and
stabilization of industrial waste have used industrial additives that are less expensive with
favorable properties. These additives are usually added to Portland cement matrices to
alleviate some of the cost and provide other complimentary mechanical properties. One

such additive is fly ash.

2.3.2 Fly ash

More than 65 million metric tonnes of fly ash is generated in the US each year as a by-
product of burning coal at electric power plants, making fly ash one of the most abundant
and versatile of the industrial by-products (Collins and Ciesielski 1992). Fly ash is a

pozzolan that is a siliceous or siliceous-aluminous material that acquires cementitious
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properties when combined with an activator (lime, Portland cement, or kiln dust) in the
presence of water. Many of the reactions are analogous to those of Portland cement, but
in general these reactions are slower than those of cement and do not produce the exact
same products in terms of chemical and physical properties (Conner 1990). Unconfined
compressive strengths of fly ash range from 1.38 to 6.895 MPa with permeabilities

ranging from 107 to 10™® cm/s (Conner 1990).

Fly ash is classified according to its chemical composition into two classes F and C. The
chemical requirements stipulated in ASTM C 618-08a (2008) for classifying fly ashes are
shown in Table 2-3. Type C fly ash has self hardening properties (since it contains
relatively large quantities of calcium hydroxide), hence the addition of water alone will

produce a cementing reaction without the addition of lime (Conner 1990).

Table 2-3 Chemical Properties of fly ash

Chemical Composition Class F (%) Class C (%)
Silica (SiO,) 35 35

Alumina ALL,O3 20 20

Iron Oxide (Fe,03) 6 6

Total Si0; +ALO;+Fe,O3 | 70 min 50 min sulfur
Sulfur Trioxide (SO3) 5 max 5 max
Calcium Oxide (CaO) 5 15
Magnesium Oxide (MgO) | 5 max 5 max
Moisture Content 3 max 3 max

Loss on ignition 12 max 6 max
Available alkali as Na,O; | 1.5 max 1.5 max
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Fly ash has been recycled for many years as an engineering material because of its
pozzolanic properties (Ghosh and Subbarao 1998). For example as early as 1914,
Engineering News Record published research results verifying that Portland cement

concrete can benefit from the addition of fly ash (FHWA 1995).

Although a majority of fly ash produced in the United States (for example) is currently
landfilled, 22% of fly ash is used in a variety of beneficial applications (FHWA 1995).
The increased costs and potential environmental hazards of landfilling have caused
regulatory agencies to encourage more beneficial use of fly ash (Ghodrati et al. 1995).
Consequently, new and innovative uses of fly ash are continuously being researched and

developed (Torrey 1978).

Fly ash is often used in Portland cement concrete, stabilized road bases, structural fills
and flowable fills. Fly ash is also utilized in soil stabilization, waste stabilization, asphalt
mixes, cold recycled bituminous pavement (Cross and Fager 1995) and in grouts for
concrete pavement subsealing. Fly ash has been utilized in soil stabilization to improve

the mechanical properties of soils for more than 20 years (Ferguson 1993).

Leaching characteristics of fly ash mixed waste systems were studies by other
researchers. Cote (1986) studied the leachate pH history of several chemical fixation and
solidification systems over a period of approximately two years, and found that the fly
ash containing processes had lower initial pH and the pH decreased faster as time

proceeded. This is explained by the pozzolanic reactions that consume lime produced
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from cement hydration. Concurrently the cement/fly ash process produced the lowest
leaching of metals with time in the dynamic leaching test. Cote (1986) attributed this
result to the moderation of pore water pH by the fly ash as well as to other effects such as

adsorption and decreased porosity.

Northeim (1989) declared that the acid neutralization capacity of fly ash is very high and
slow to be depleted. Later on, Cheng and Bishop (1990) explained that the penetration
distance of the leaching front is highly dependent on acidity of the leaching solution
while water/binder ratio had little or no effect on the penetration distance or rate of
penetration. They determined the relationship among hydrogen ion in the leachant, the
penetration depth of the leaching front and the alkalinity leached from the cement-based
and lime-fly ash (type F) based matrices. Acids attack pozzolanic-based matrices through

permeation of the pore structure and dissolution of ions.

Vipulanandan and Shenoy (1992) studied the properties of cement grouts and grouted
sands used with additives. The effects of additives such as condensed silica fume, fly ash,
clay calcium chloride sodium silicate on the cement grout (water to cement ratio of 1)
were researched. The authors found that use of fly ash as a substitute for cement affected
the initial and final setting times for the grout and caused substantial reduction in the

bleeding.
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Scanlon et al. (1995) used the Total Concentration Leaching Procedure test to
characterize the hazardous potential of fly ash and found that the heavy metals were

below the detection limits.

Robinson (1995) subjected lime/fly ash monoliths to the TCLP test for the hazardous
metals chromium, cadmium and lead. He showed that all monoliths were below the
detection limit for both lead and cadmium but one third of them were above the detection

limit for chromium.

Valles (1996) modified the TCLP test from a batch to a semi-batch operation to analyze
the leaching behavior of simulated evaporator bottoms/fly ash mixture. He observed the
presence of a declining concentration trend after undergoing a maximum at
approximately 24 hours. Chromium metal was the only detectable species in the modified

TCLP test effluent.

Zou and Li (1999) found during the study of two types of mine tailings that using fly-ash
to replace a portion of a new binder, called HiFa Bond, lead to mixture reinforcement and
strength increase. It was shown that strength also increased when adding fly ash to these
two tailings. An important aspect of using fly ash was to reduce the required quantity of

HiFa Bond, thereby reducing the total cost of the binder.

Kumar et al. (2001) investigated the geotechnical properties of fine coal refuse stabilized

with fly ash and lime. Geotechnical properties investigated in this study were:
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compaction characteristics, triaxial shear strength, California Bearing Ratio (CBR) and
permeability. Coal mine refuse used was taken from a selected mine in southern Illinois.
They found that the addition of 10-30% of fly ash content to the coal mine refuse gave
good compaction characteristics. This result was in general agreement with results of
other investigations (Moulton et al. 1974 and Usmen 1986). It was also shown by
performing grain size analysis on the coal refuse samples after compaction that no
measurable degradation took place for the fine coal refuse particles. Also it was found
that the addition of lime or mixtures of lime-fly ash had a beneficial effect on the shear
strength of the fine coal refuse. It was ascertained that the shear strength parameters

determined for the fine coal refuse were within the range reported in available literature.

Raouf and Nowier (2004) developed a simple and inexpensive method for the
immobilization of the hazardous metals Cd, Pb and Fe. They used fossil fuel fly ash as
the primary ingredient for the stabilization/solidification of Cd and Pb in compressed
formulations that are characterized by a rigid structure and have relatively high durability
and low leachability. The molded formulations were prepared by first mixing the
hazardous waste solutions with the fossil fuel fly ash material at a ratio of 17%. Then the
resulting pastes were pressed at the appropriate applied pressure using a manual hydraulic
press. The compressed formulations showed good water resistance, compression strength
and radiation resistance. The authors showed that loading fly ash formulations with Cd
and Pb at higher initial contamination concentrations (up to 20,000 mg/kg) did not affect

their leachability (Raouf and Nowier 2004).
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These beneficial leaching characteristics of fly ash when added to waste systems have
encouraged its use in the current study. Consequently, it is desired to investigate its
leaching and mechanical effects when added to Portland cement in the binder-mine

tailings matrices.

2.3.3 Slag

Another example of an industrial additive that is used in conjunction with Portland
cement in waste systems is slag. Blast furnace slag is a nonmetallic coproduct produced
during the production of iron. Granulated blast furnace slag is defined as the glassy
granular material formed when molten blast furnace slag is rapidly cooled as by
immersion in water, ASTM C 125 (2007) and ACI (1994). Its main constituents are

silicates, aluminosilicates, and calcium-alumina-silicates (FHWA 2007).

Due to its high content of silica and alumina in an amorphous state, GGBFS shows
pozzolanic behavior akin to that of natural pozzolans, fly ash and silica fume (Atis and
Bilim 2007). Slag is added to Portland cement- waste matrices to reduce the total cost and

to contribute other beneficial properties.

Blast-furnace slags have been widely used as ingredients in cement or concrete with

potential hydraulicity from the perspective of effective use industrial byproducts (Bijen

1996). Erdogan (2003) reported that the use of granulated blast furnace slag as a mineral
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admixture in Normal Portland cement (NPC) concrete mixes had started in South Africa

in 1953 (Atis and Bilim 2007).

Oner and Akyuz (2007) conducted a laboratory investigation on the optimum ratio of
ground granulated blast furnace slag (GGBFS) on the compressive strength of concrete.
They showed that as the GGBFS content increased, the water to binder ratio decreased
for the same workability indicating a positive effect of GGBS on workability. They also
showed that the compressive strength of GGBFS concrete increased with the increase of
the GGBFS content up to an optimum level after which the compressive strength began
to decrease. The optimum level of GGBS content for maximizing strength found was at

about 55-59% of the total binder content in the mix (Oner and Akyuz 2007).

Ann et al. (2008) used pulverized fuel ash (PFA) and ground granulated blast furnace
slag (GGBFS) to compensate for the loss of strength and durability of concrete that
contains recycled aggregate. Recycled aggregate from crushed concrete was used and
PFA and GGBFS were partially replaced for cement in binder to enhance the concrete
durability properties. It was found that 30% PFA and 65% GGBFS concretes increased
the compressive strength to the level found in control specimens cast with natural granite
gravel. Replacement with PFA and GGBFS was also effective in increasing the resistance
to chloride ion penetrability into the concrete body. It was also found that after the onset
of steel corrosion, the corrosion rate was significantly reduced by PFA and GGBFS, due
to the restriction of cathodic reaction that normally needs a sufficient supply of oxygen

and water (Ann et al. 2008). The positive effect of slag on workability, durability and
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compressive strength of concrete has prompted its use as another additive in the present

study.

2.3.4 Calsifrit™

It is shown from the previous research studies above that no researcher had attempted to
investigate the effect of adding Calsifrit™ on the waste-binder system. Calsifrit™ is a
totally amorphous material developed recently by novaFrit International. It is defined as a
matrix of calcium and sodium fluoro-aluminosilicate. It is a homogenous solid substance
possessing high reactivity potential and shows cementitious properties when ground to a
fine powder (NovaFrit International 2006). Calsifrit™ is currently utilized as a concrete
durability improver. A report published by the University of Sherbrook in Quebec stated
that using 25% Calsifrit™ to substitute for Portland cement decreased the permeability of
concrete to chloride ion by 50%. Calsifrit, it is explained, does this by promoting a
discontinuous pore structure (NovaFrit International 2006). No research to date has been
published on the utilization of this product in other industries. One of the objectives of
this study is to investigate the effect of using Calsifrit™ on the overall mechanical and

leaching properties of the tailings-binder matrices.

Calsifrit™ was chosen since it contains chemical components that aid and enhance binder
materials setting. A component such as sodium silicate fills micropores densifying the
mixture (Girard 2005), increasing pH and binds colloidal molecules together (Kazemian

et al. 2010), thus, reducing the porosity of the matrix. This is important since the pH for
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cement setting is highly alkaline. CaO adsorbs moisture and coagulates colloidal
particles. Aluminum neutralizes charged particles. Calcium fluoride reacts with sulfate
(or sulfuric acid) to form calcium sulfate, which is a coagulant. Iron helps in controlling
the pH of the mixing environment (Boyer 2002). Additionally, Calsifrit™ contains
carbon, which adsorbs organic matter, if found in the material (Amuda and Ibrahim

2006).

2.4 Mine tailings as construction materials

Success in the process and results of mine tailings hardening led researchers to further
think the possibility of using these hardened tailings in the construction industry thereby
utilizing a vastly available untapped resource and hindering, albeit to a certain extent, the
harmful effects of unprocessed tailings on the environment. This success coupled with
historical evidence that told of using tailings in the mine backfilling business further

strengthened this new approach.

The earliest reported use of mine tailings as a construction material was its use as a mine
backfill material. Use of mine tailings for backfilling started in the early years of the
potash industry by use of dry and wet residues (Wasayo 2003). Different technologies
were developed in the last 80 years. One of these, the slurry backfill technology is
considered a very efficient backfill method, because of its combination of tailings and

brine disposal. Since 1908, the slurry backfill technology has been successfully practiced
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in the German potash industry, especially in flat-lying deposits of the South Harz potash

district (Wasayo 2003).

Success in these early attempts led researchers to attempt a thorough investigation
approach of mine backfilling using more advanced technologies and methods. Garand et
al. (2000) discussed the effects of flocculent deposition of tailings sludge in the
Bouchard-Hebert mine in northern Quebec. ASTM standard tests were performed on the
tailings to characterize their particle size, specific gravity and Atterberg limits. Then a
flocculent PERCOL E-10 was added to the tailings sludge before it was mechanically
thickened in the paste backfill plant. These flocs showed grain size distribution larger
than or similar to coarse silt. The authors stated that the beaches formed with these flocs
could be used as competent foundation material for upstream raises (Garand et al. 2000).
This study presented a modification on Robinsky’s thickening principle (1978) by adding

a flocculent to the tailings to enhance thickening and increase stability.

Another study by Benzaazoua et al. (2002) investigated in some detail the influence that
several chemical factors have on the performance of mine sulphidic paste backfill. They
used four samples from three different mines located in Canada, which were mixed with
four types of binders and six different types of mixing water chemical characteristics.
This was done as an attempt to simulate field conditions. It was found that the paste
backfill matrix texture is directly related to its strength development. Also it was found
that the mixing water is an important parameter that affects the quality of the paste

backfill mass and that, in contrast to the Portland cement based binder, slag-based binder
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hydration seems to be inhibited by the presence of soluble sulphates (Benzaazoua et al.
2002). The results of this study clearly demonstrated the inefficiency of choosing paste

backfill mixtures without testing first the tailings and mixing water characteristics.

Theriault et al. (2003) described the surface disposal of paste tailings at the Bulyanhulu
Gold mine in Tanzania. This mine is managed by a subsidiary of Barrick Gold
Corporation. Goals of this process were, as stated by the authors, to conserve water,
manage runoff, reduce risk and minimize containment dyke construction. The tailings
slurry was dewatered before transportation to the paste plant where process water was
added in the paste conditioner to produce a paste of the desired consistency. The authors
affirmed that the cycling of the tailings deposition in thin layers has been successful in
generating a stable paste stack. It was concluded that paste stack can be engineered to

meet the required geotechnical and environmental objectives.

These earlier studies ascertained the applicability of using mine tailings as backfill
materials and encouraged investigation of the use of mine tailings for other construction
disciplines. One such discipline is exemplified by the work of Demers and Haile (2003)
who described the stabilization of zinc tailings (called Jarosite). Jarosite was deposited in
ponds sustained by clay dykes until 1998. Since then, Jarosite was thickened first using
vacuum filters and then lime, cement and water were added to the thickened Jarosite to
make a product that was termed Jarofix. Laboratory testing and stack modeling were
performed to determine the feasibility of using the cured Jarofix to build containment

dykes and service roads. Field tests were performed, as well, after which the authors
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concluded that Jarofix is chemically inert. It was observed that cured Jarofix was an
excellent fill material for raising the containment dykes. The research was carried out

inside the tailings storage facility and limited testing was done in this case.

Another different example lies in the work of Zou and Sahito (2004) who studied the
applicability of using a new type of binder termed HiFa Bond for shotcreting in
underground support. The authors used mine tailings as aggregate in shotcrete. These
tailings were mixed with sand, polymer and steel fibers. Test results showed that mine

tailings have potential for shotcreting for underground support.

Meanwhile, Celik et al. (2006) investigated the effects of the mineralogical composition
and chemical properties of gold tailings on the compressive strength of Ordinary Portland
Cement. The authors used silica fume and 2 types of fly ash, with the tailings as Portland
cement additives. It was shown that the compressive strength values of mortars prepared
by these additives were acceptable as they were within the range of European standards.
The authors presented the conclusion that the gold tailings could be used as an additive in
Portland cement production. No weathering resistance or leaching testing had been done

in this study.

Another study by Roy at al. (2007) investigated the use of gold tailings in making bricks.
The authors mixed the tailings with 4 types of soil and Portland cement. The quality of
bricks was characterized in terms of compressive strength, linear shrinkage and water

absorption tests. The authors did a cost analysis as well. They showed that the quality of
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these bricks was improved when mill tailings were mixed with the soils. The study
showed that soil-tailings bricks passed the required criteria defined by means of
compressive strength, linear shrinkage and water absorption. The cost of producing these
tailings-soil bricks was shown to be less than that of traditional clay bricks. However,

there were no leaching or weathering environmental tests conducted.

Swami et al. (2007) investigated the use of Kimberlite diamond mine tailings in road
layers. For this purpose, the authors carried out a field and laboratory testing program.
Physical tests including Proctor, CBR and unconfined compression were executed before
and after stabilization with cement and bitumen. Chemical properties of the tailings were
also determined before the laboratory and field experiments. The field experiments
consisted of construction of a test road section using these tailings, which were evaluated
for use in sub-base, base and wearing courses. It was shown that Kimberlite tailings could

be used in cement bound sub-bases.

The study did present a new approach in the area of road construction. However, the
testing regime implemented was not comprehensive and there were no weathering
resistance or leaching tests conducted. These tests are considered essential in cold
environments such as that of Canada. Also the experimental program lacked correlation

with numerical analysis techniques.

Other researchers like Fall et al. (2005), Fall et al. (2008), Benzaazoua et al. (2008),

Ercikdi et al. (2009), Fall and Pokharel (2010), Ercikdi et al. (2010) and Helinski et al.
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(2010) investigated the use of mine tailings in the most traditional manner by using them
as cemented paste backfill. Meanwhile, the research group of Yang et al. (2009)

investigated the use of mine tailings in the glass-ceramic/ceramic tile industry.

2.4.1 Concluding remarks for mine tailings in construction

It appears from the above that although several research studies discussed the
applicability of using mine tailings in several types of construction practices, none had
comprehensively addressed the issue of using mine tailings as construction materials for
temporary roads in cold climates. Simulation of the strength and weathering properties of

these tailings using a powerful numerical technique was lacking in these studies, as well.

2.5 Numerical modeling

2.5.1 Introduction

Although granular media are a multiphase particulate system they have generally been

modeled as a continuum. Problems occur with this assumption due to the known granular

nature of soils and tailings and their multi-force multiphase nature. The problem is

especially evident with non linear stress-strain behavior or when significant local cracks

and yielding appear in compression tests.
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Numerical methods are desired over experimental setups in modeling particulate media
since the latter are more expensive to build and operate. Numerical modeling has
advantages over physical testing: parametric studies can be performed with ease, non-
destructive and obtrusive sample testing can be performed, boundary conditions can be
controlled explicitly, sample reproducibility can be guaranteed, and tests can be stopped

and restarted to suit a particular need (Khwaja 1996).

2.5.2 Continuum based numerical methods

Traditionally, continuum based numerical methods have been used qualitatively and
quantitatively to analyze particulate and granular media. The most notable example in

soil mechanics is the Finite Element Method and its various hybrids.

Although the finite element method was used to study discontinuous problems, it has
certain disadvantages. For example this method is continuous in nature, which means that
it cannot efficiently mimic the discontinuity property. Also, as the accuracy of the model
is as good as the assumptions used, reproducing complex behavior with continuous
methods requires complex constitutive models, containing sometimes dozens of
parameters and/or internal variables in order to capture discontinuous behavior. This can
improve results but on the other hand they are computationally intense and time

consuming (Matar 2005).
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Due to its particulate nature, soil can experience significant local deformations and
bifurcations. Continuum based methods cannot compensate for such anomalies without
incremental analysis involving non-linear elasto-plasticity based constitutive relations.
Even so this approach is lacking in adequately modeling the most rudimentary behavior

of soil, including non-linear deformations and local yielding, (Khwaja 1996).

2.5.3 The Discrete Element Method

It was not until 1979, that Cundall and Strack developed the Discrete Element Method,
Cundall and Strack (1979a). The method models particulate media as a discrete collection
of particles. This random collection of particles interacts through contact forces. The
method calculates the displaced positions and rotations of these particles at discrete time
steps. The DEM-simulation is started by first generating a model, which results in the
random orientation of particles with assigned initial velocities. The forces and moments
acting on each particle are computed form the initial data and the relevant physical laws
and contact models. Generally, the simulation consists of three parts: the initialization,

the explicit time stepping and post processing.

In DEM the microstructure of the system is modeled rather than using constitutive laws
or complicated elements. Using DEM we can capture the changes in microstructure,
change in shape and deformations, dynamics and forces within the system in real time
and in detail. Compared to conventional continuum methods, the DEM uses fundamental

and much fewer parameters when modeling discontinuous behavior (Matar 2005).
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The method is capable of analyzing multiple interacting continuous, discontinuous or
deformable interacting bodies undergoing large displacements and rotations. In the
scheme developed by Cundall and Strack (1979a) the particles are not allowed to deform,
instead they overlap and the method monitors each contact between particles and
computes the new positions and orientations accordingly. Also since the algorithm can
model dynamic stress propagation from particle to particle, it can be used to analyze
dynamic as well as static soil behavior, (Ting et al. 1989). In addition, data evaluation at

a macroscopic level can be achieved (Khwaja 1996).

Matar (2005) states that DEM is more suited for discontinuous materials for the

following reasons:

1) Model is localized by nature, so there is currently no better tool to model

discontinuous material than DEM,

2) Modeling discontinuous material is straightforward,

3) Any type of inter-particle forces can be incorporated,

4) Any particle shape can be considered,

5) Results obtained are more related to discontinuous materials than other methods,
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6) It can be coupled with other methods to model continuous-discontinuous

properties.

Cundall (2002) made the case that continuum methods, such as finite element, for rock

and soil might be completely replaced by particle models, such as DEM, in 10-20 years.

2.5.3.1 General Discrete Element Method theory

The calculations performed in the discrete element method alternate between the
application of Newton’s second law to the discs and a force-displacement method at the
contacts. Newton’s second law gives the motion of a particle resulting from the forces
acting on it. The force-displacement law is used to find contact forces from displacements

(Cundall and Strack 1979a).

The DEM simulation consists of an assembly of particles, which has a certain shape
contained in a bounded area. Those particles interact with each other under certain
conditions based on a specific relational equation. The bounded area can be two or three
dimensional. The DEM method involves the cyclic calculation of the inter-particle force

between particles in contact.

The simulation starts by assuming some initial configuration of particle positions and

then contact detection module finds which set of particles are interacting. Based on type

36



of interaction, forces are applied to these interacting particles. The simulation then
proceeds by stepping in time. Velocities, orientations and positions are calculated based

on Newton’s second law of motion (Matar 2005).

Velocities and incremental displacements are calculated by integrating the equation of

motion. The equation of motion for the center of mass of body (1) is given by:

= ¥ Fxij+mig - (2-1)

m
1 g

Where:

m; = Mass of body i

vi= Velocity of body i

n= Total number of particles

Fyij = Inter-particle force between body i and j

g= Acceleration of gravity

The angular velocity is given by:

dei

L——=27= Ly i (2-2)

Where:

I;= Inertia of body 1
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;i = Angular velocity of body i

Lij= Angular momentum for body i and j

2.5.3.2 DEM applications in geotechnical engineering

After the pioneering work of Cundall and Strack (1979a) in developing the first discrete
element scheme for analyzing particulate and granular media, researchers started

evaluating and improving the technique.

Dobry and Ng (1992) performed a literature survey of publications which have used the

DEM of compliant particles or blocks for simulations of granular media during the years

from 1982-1992. Tables 2-4a-d show the 42 publications listed by the authors.
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Table 2-4a Literature survey of DEM up to

1992 (After Dobry and Ng 1992)

Criterion

Bathurst and

Rothenburg
(1989)

Rothenburg

and Bathurst
(1992)
Cundall

(1971)

Cundall
(1974)

Cundall
(1976)

Cundall and
Strack

(1979a)

Cundall and
Strack

(1979b)

Cundall and
Strack

(1979¢)

Cundall and

Strack (1983)

Cundall
(1988)

Cundall and

Strack (1989)

Boundaries

Periodic
Space

Boundaries

Dimensions

3D

2D

Particle
shape

Polygon

Rounded

Particle size
distribution

One size

Two sizes

Three sizes

Four to eight
sizes

Model size

<100 grains

101 to 1000
grains

1001 to 8005
grains

Contact law

Linear

Linear
Pressure

Simplified
Mindlin

Complete
Mindlin

Relaxation
scheme

Special
scheme

Newton’s
2nd law

Particle
rotation

Rotation not
allowed

Rotation
allowed

Type of
equilibrium

Dynamic
equilibrium

Static
equilibrium

Type of
loading

Cyclic
loading

Monotonic
loading

Type of
problem

Soil
mechanics

Rock
mechanics

Grain flow

Engineering
problem
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Table 2-4b Literature survey of DEM up to 1992 (After Dobry and Ng 1992)
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Boundaries Periodic
Space
Boundaries
Dimensions 3D
2D
Particle Polygon
Rounded
Particle size | One size
distribution
Two sizes

Three sizes

Four to eight
sizes

Model size

<100 grains

101 to 1000
grains

1001 to 8005
grains

Contact law

Linear

Linear
Pressure
Dependent

Simplified
Mindlin

Complete
Mindlin

Relaxation
scheme

Special
scheme

Newton’s
2nd law

Particle
rotation

Rotation not
allowed

Rotation
allowed

Type of
equilibrium

Dynamic
equilibrium

Static
equilibrium

Type of
loading

Cyclic
loading

Monotonic
loading

Type of
problem

Soil
mechanics

Rock
mechanics

Grain flow

Engineering
problem
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Table 2-4c¢ Literature survey of DEM up to 1992 (After Dobry and Ng 1992)

Criterion

Petrakis and
Dobry (1989)
Strack and
Thornton and
Randall
(1988)

Cundall
(1978)
Strack and

Cundall
(1984)
Tarumi and
Hakuno
(19R9)
Ting et al.
(1986)
Ting et al.
(1987)
Ting and
Corkum
(1988a)
Ting and
Corkum
(1988b)

Boundaries Periodic
Space

Boundaries

Dimensions 3D

2D

Particle Polygon
shape

Rounded

Particle size One size
distribution

Ting and
Corkum
(1988¢)
Ting et al.
(1989)

Two sizes

Three sizes

Four to eight
sizes

Model size <100 grains

101 to 1000
grains

1001 to 8005
grains

Contact law Linear

Linear
Pressure

Simplified
Mindlin

Complete
Mindlin

Relaxation Special
scheme scheme

Newton’s
2nd law

Particle Rotation not
rotation allowed

Rotation
allowed

Type of Dynamic
equilibrium equilibrium

Static
equilibrium

Type of Cyclic
loading loading

Monotonic
loading

Type of Soil
problem mechanics

Rock
mechanics

Grain flow

Engineering
problem
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Table 2-4d Literature survey of DEM up to 1992 (After Dobry and Ng 1992)

Criterion

Uchida and

Hakuno
(1989)

Uemura and

Hakuno
(1987)

Uemura and

Hakuno
(1989)

Walton

(1982)

Walton

(1983)

Walton and

Braun (1986)

Wu and Liu
(1989)

and Hakuno
(1989)

Yamamoto

Zhang and
Cundall
(1986)

Boundaries

Periodic
Space

Boundaries

Dimensions

3D

2D

Particle
shape

Polygon

Rounded

Particle size
distribution

One size

Two sizes

Three sizes

Four to eight
sizes

Model size

<100 grains

101 to 1000
grains

1001 to 8005
grains

Contact law

Linear

Linear
Pressure

Simplified
Mindlin

Complete
Mindlin

Relaxation
scheme

Special
scheme

Newton’s
2nd law

Particle
rotation

Rotation not
allowed

Rotation
allowed

Type of
equilibrium

Dynamic
equilibrium

Static
equilibrium

Type of
loading

Cyclic
loading

Monotonic
loading

Type of
problem

Soil
mechanics

Rock
mechanics

Grain flow

Engineering
problem
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A major conference conducted by the American Society for Civil Engineers (ASCE) in
2002 in New Mexico, USA, presented several major trends in the DEM modeling and
practice. Participants discussed and analyzed several topics in this field including the

following:

1) Theory and algorithms: (Favier and Kremmer 2002, Feng and Owen 2002,

(Hopkins 2002, Kuhn 2002, Ng 2002),

2) Model generation: (Boutt and McPherson 2002), (Feng et al. 2002), (Johnson and

Williams 2002),

3) Simulation environments: (Hashash and Ghaboussi 2002), (Komodromos and

Williams 2002), (Masala et al., 2002),

4) Solid continuum and discrete element methods (Bangash and Munjiza 2002), (Lin

2002), (Salami and Amini 2002), (Tavarez et al. 2002),

5) Fluid discrete element methods: (Cook et al. 2002), (Kawaguchi et al. 2002),

(Mori et al. 2002), (Thornton and Kafui 2002),

6) Experimental validation: (McBride et al. 2002), (Murakami et al. 2002),

(O’Sullivan et al. 2002),
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7) Cohesive materials: (Anandarajah and Yao 2002), (Lechman et al. 2002),

(Newson and Duliere 2002),

8) Granular mechanics: (Shen 2002), (Zhang 2002),

9) Powders and soils: (Cheng et al. 2002), (Nezami and Hashash 2002), (Zeghal et

al. 2002),

10) Rock: (MacLaughlin and Clapp 2002), (Olson et al. 2002), (Potyondy 2002).

Table 2-5 shows some of the research studies conducted between the years 1992 and

2009.

Later on Potyondy and Cundall (2004) presented a numerical model for rock using the
DEM. They showed that the model reproduced many features of rock behavior including
elasticity, fracturing, acoustic emission, damage accumulation producing material
anisotropy, hysteresis, dilation, post peak softening and strength increase with

confinement.

Matar et al. (2007) modeled the evolution of particle subdivision in Montmorillonite clay
using 3 dimensional DEM. They wrote a program using ANSI C++ that studied the
swelling and swelling pressure response with various amounts of particle breakdown in a

unidirectional swelling cell.
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Table 2-5 Some DEM research studies conducted between 1992 and 2009

Criterion

Tavarez et al.
(2002)

Zeghal et al.
(2002)

O’Sullivan et
al. (2002)

Sarracino et
al. (2002)

McBride et

al. (2002)

Tannant and

Wang (2002)

Olson et al.
(2002)

Matar et al.
(2007)

Chen et al.
(2009)

Potyondy and

Cundall
(2004)

Boundaries

Periodic
Space

Boundaries

Dimensions

3D

2D

Particle
shape

Polygon

Rounded

Cuboid

Particle size
distribution

One size

Two sizes

Three sizes

Four to eight
sizes

Model size

<100 grains

101 to 1000
grains

More than
1000 grains

Contact law

Linear

Linear
Pressure

Simplified
Mindlin

Complete
Mindlin

Relaxation
scheme

Special
scheme

Newton’s
2nd law

Particle
rotation

Rotation not
allowed

Rotation
allowed

Type of
equilibrium

Dynamic
equilibrium

Static
equilibrium

Type of
loading

Cyclic
loading

Monotonic
loading

Type of
problem

Soil
mechanics

Rock
mechanics

Grain flow

Engineering
problem
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Chen et al. (2009) performed a 3 dimensional modeling of sinkhole repair using the
DEM. They showed that the DEM was a reasonable method to investigate sinkhole repair

procedure.

More recently, researchers used the DEM to model geosynthetic reinforced soils (Park
and Lee, 2010), geotextile reinforced soils (Bhandari and Han, 2010) and geogrid

reinforced soils (Han and Bhandari, 2009).

2.5.3.3 DEM applications in mining engineering

Most DEM applications dealt with either rock or soil materials. However a few

researchers investigated the use of mine tailings as granular media.

McBride et al. (2002) performed an experimental and numerical study using a laboratory
ball mill. In the experimental part they recorded the three dimensional trajectory of
particles using an automated tracking technique and bi-planar X-ray filming. This was
followed by 2 dimensional DEM modeling to determine the parameters needed for the 3
dimensional DEM simulation to avoid the extra computational overhead. Then 3
dimensional DEM simulation was performed. The methods presented provided rigorous
benchmarking of DEM’s predictive capabilities based on 3 dimensional trajectory data

and the experimental measurement of material properties.
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Sarracino et al. (2002) performed another experimental and numerical study of mills in
their granular form. In the experimental work, they measured incident and final
velocities, final angular velocity and the coefficient of restitution of tumbling mills. The
experiments were then modeled numerically in order to find contact and damping models

that best reproduced the experimental results.

These two research studies represent a noticeable incursion into the area of DEM
modeling of tailings in their granular form. However, beyond the granular form
simulation of mills, no investigation of hardened tailings simulation and analysis had

been performed.

Another study by Tannant and Wang (2002) modeled using 2 dimensional Particle Flow
Code (PFC), (Itasca, 1999) spray-on, rapid setting polymeric liner materials for
underground rock support in Canadian mines. Two dimensional tensile and block punch
tests were modeled. The authors showed that the PFC models of liners were capable of
exhibiting many features in the field including: progressive de-bonding, liner bending and
elongation, isolated zones of high tensile load, progressive liner rupture in tension and
eventual liner failure. The study did not investigate the mechanical properties of the

actual mining residues or the mine rock.
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2.6 General conclusion

This shows that application of the DEM method to various rock and soil materials was
found to be most promising and adequate. The limited amount of work done on
simulating mine tailings also appears to be going on the right track with initial good

results.

The DEM method seems to be the most adequate for particulate systems. It should be
noted that the DEM has never been tested for strength and weathering characteristics. It

also has never been tested on solidified tailings.

Thus from the above it appears that although several studies discussed the applicability of
using mine tailings in several types of construction practices, none had comprehensively
addressed the issue of using mine tailings as construction materials for temporary roads

in cold climates.

It is also concluded that no research study had addressed the issue of DEM simulation of

hardened mine tailings. The current study aims to address this by doing the following:

1) Determining the unconfined compressive strength and weathering characteristics

of several types of Portland cement-fly ash-slag stabilized/solidified Canadian

mine tailings matrices,
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2) Investigating the suitability and effect of using Calsifrit on the properties of the

mine tailings-binder matrices,

3) Determining the freezing/thawing and wetting/drying resistance of these tailings

matrices,

4) Simulating the strength and weathering characteristics of the tailings matrices

using the Discrete Element Method.
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Chapter 3

METHODOLOGICAL APPROACH

3.1 Introduction

In order to assess the applicability of using mine tailings as construction materials, an
experimental and computational program was devised to find their index properties and
to assess their engineering properties with respect to the proposed function. The

methodological approach is shown in Figure 3-1.

Investigations consist of two phases: experimental and computational. The Experimental
Phase 1 is divided to 3 stages: characteristics of materials, formulation of tailing matrices
and assessment of matrices usefulness for read construction material. Phase 2 consists of
3 stages: development of an adequate program predicting matrices usefulness for road
material, verification of the program for strength tests and verification for weathering

tests.
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3.2 Phase 1: Experimental investigations

3.2.1 Stage 1: Characteristics of materials

The following characteristic and engineering tests describe the different properties of the

tailings and tailings-binder mixtures that need to be investigated for the assessment of the

use of these tailings-binder mixtures as construction materials.

3.2.1.1 Binding materials

Portland cement

The Type I ordinary Portland Cement (OPC) has the chemical characteristics shown in

Table 3-1 (Conner 1990).

Table 3-1 Chemical characteristics of type I ordinary Portland cement

Cement | Designation or | C3S | C,S | C3A | C4AF | Free | CaSQy | Specific | Specific
Type Characteristics CaO Gravity | Surface
Area
cmz/g
I Normal 45 127 |11 8 0.5 |3.1 3.17 3220
Portland-
general use
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The mineralogical composition of Type I ordinary Portland cement is shown in Table 3-2

(Conner 1990).

Table 3-2 Mineralogical composition of type I ordinary Portland cement

Cement | Designation or | Ignition | Insoluble | SiO; | AL,O3 | Fe;O3 | CaO | MgO | SO;
Type Characteristics | Loss Material

I Normal 0.6 0.1 22 5.1 3.2 65 1.4 1.6
Portland-
general use

Fly ash

The chemical composition of fly ash type F used in this study is shown in Table 3-3,
ASTM C 618-08a (2008). Unconfined compressive strengths of fly ash are in the range
1.38 to 6.895 MPa with permeabilities between 107 to 10 em/s, (Conner 1990). This fly

ash was obtained from St. Laurence Cement Company in Longueuil, Quebec.

Table 3-3 Chemical composition of type F fly ash

Chemical Composition Class F (%)
Silica (SiO,) 35
Alumina Al,0O3 20

Iron Oxide (Fe,O3) 6

Total 8102 +A1203+F6203 70 min
Sulfur Trioxide (SO5) 5 max
Calcium Oxide (CaO) 5
Magnesium Oxide (MgO) 5 max
Moisture Content 3 max
Loss on ignition 12 max
Available alkali as Na,O; 1.5 max
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Slag

Ground granulated blast furnace slag used in this work was obtained from Lafarge North
America Cement Company in Montreal, Quebec under the trade name NewCem®. It is a
light grey odorless powder produced in accordance with ASTM C 989 (2006). Its
composition and physical and chemical properties are shown in Tables 3-4 and 3-5

respectively (Lafarge 2007).

Table 3-4 Composition of slag used

Component Percent (By Weight)
Slag 100

Calcium Oxide 30-50

Magnesium Oxide 0-20

Crystalline Silica <1

Particulate Not Otherwise Regulated -

Table 3-5 Physical and chemical properties of slag used

Characteristic Description

Physical State Solid (powder)

Appearance Gray/black or brown/tan powder
Odor None

Vapor Pressure NA

Vapor Density NA
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Specific Gravity 2-3
Evaporation Rate NA

pH (in water) 8-11
Boiling Point > 1000 °C
Freezing Point None, solid
Viscosity None, solid
Solubility in Water Negligible
Calsifrit™

CAISiFrit™ is a totally amorphous siliceous material, a matrix of calcium and sodium
fluoro-aluminosilicate. This homogeneous solid substance has a blackish grey color,
possesses a high reactivity potential and shows cementitious properties when finely
ground. This product was obtained from the manufacturer NovaFrit International. Tables
3-6 and 3-7 show its chemical composition and physical and chemical properties

respectively (NovaFrit 2006).

Table 3-6 Chemical composition of Calsifrit™

Carbon | Fe;O3; | Na,O | CaF, Ca0O ALO; | SiO,

3-5% 2-3% | 10-14 | 16-20 |5-8% | 18-22 |37-43%
% % %
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Table 3-7 Physical and chemical properties of Calsifrit™

Characteristic Description

Physical State and Appearance | Solid (particles < 10mm)
pH (1% soln/water) 6.5-7.5

Melting Point 800 °C

Specific Gravity 1.3

Solubility No (Water)

Color Grey-Blackish

% Moisture <10%

Dispersion No (Water)

3.2.1.2 Tailings materials

Bench scale and pilot tests carried out by Alcan International Ltd. on copper and gold
tailings had shown the applicability of the thickening technology to a variety of tailings
(Haile et al. 2000) in addition to the alumina tailings that were investigated by the latter
authors. Therefore in this study, six different mine tailings were selected and obtained to

evaluate a wide range of tailings from different types of mines;

1. Musselwhite tailings: Placer Dome (gold) mine: Musselwhite, Ontario,
2. Noranda Tailings: Noranda Inc.: Brunswick (lead-zinc) mine, Bathurst, New
Brunswick,
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3. Louvicourt tailings: Louvicourt (copper-zinc) Mine, Val. d’Or, Quebec,

4. Golden Giant tailings: Newmont Canada Limited, Golden Giant (gold) Mine,
Marathon, Ontario,

5. Mont Wright tailings: Quebec Cartier mineral company, Mont-Wright (iron)

mine, Quebec

6. Copper tailings: Murdochville. Gaspe (copper) mine, Quebec.

The mineralogical composition for Noranda, Louvicourt, and Golden Giant tailings is

shown in Table 3-8. Table 3-9 shows the mineralogical composition for Mont Wright

Musselwhite and copper tailings.

Table 3-8 Mineralogical composition for Noranda, Louvicourt and Golden Giant tailings

Noranda Louvicourt Golden Giant
Constituent | Percentage | Constituent Percentage | Constituent | Percentage

(%) (%) (%)
Iron Sulfide | 55 Silica 0.4-0.8 Silica 20-50
(Pyrite) (Crystalline,

quartz)

Lead 5 Chalcopyrite 1 Sulfur (as 3-6
(Sulfide) Sulfides)
Silica 15 Sphalerite 1 Iron 3-6
(Crystalline,
Quartz)
Zinc 15 Sulfide 35 Barium 2-5
(Sulfide)
(Zn.Fe.S)
Arsenic 0.5 (max) | carbonates 63 Aluminum | <0.5
(Sulfide)
(As.Fe.S)
Copper 0.3-0.5
(Sulfide)
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Table 3-9 Mineralogical composition for Mont Wright, Musselwhite and copper tailings

Mont Musselwhite Copper

Wright

Sandstone Quartz (Si0,)

(quartzite) sulfide tailings embedded
Mica schist | Birnessite-syn (MnO,) in limestone rock

Amphibolite | Calcium manganese
oxide hydrate
(Cale’l14027.XH20)
gabroique Dannemorite

Granite (Fe,Mg,Mn);Si30,,(OH),

gabroique
feldsphate

Specular
hematite
Specular
Magnetite

quartz

diopside

Tremolite

actinolite

Gruenerite
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3.2.2 Laboratory tests for characterization of tailings

Laboratory tests on these tailings were carried out and the measured physical and

chemical properties of the tailings are presented below.

The following chemical and physical characteristic tests will be performed on the tailings
to determine their index properties. These Index properties will include particle size
distribution, moisture content, organic content and specific gravity of the tailings. The

following sections explain the procedures used to determine these properties.

3.2.2.1 Particle size analysis

Representative samples from each tailings type were chosen after removing any
unusually big chunks of tailings. Dry sieving (gravity sieving) was performed according
to ASTM D 422 (2002) after drying these tailings specimens in an electric oven at 105°C
for 24 hours. For Golden Giant, Musselwhite, Copper and Louvicourt, the sieving sample
was 100 g each, whereas for Noranda and Mont Wright tailings, 115 g of tailings was

sieved for each type.

Hydrometer tests were performed, as well, as suggested by Bowles (1986), on the
Louvicourt, Musselwhite and Golden Giant mine tailings since more than 12% by mass
of these tailings was smaller than 75 micrometers. Hydrometer analysis was performed in

accordance with ASTM D 421 and D 422 (2002) using a solution of 4% NaPO; (sodium
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hexametaphosphate) made by mixing 20 g of the NaPO; powder with enough water to

make 500 milliliters.

3.2.2.2 Moisture content for the tailings

Initial moisture content for each type of tailings was determined as defined by ASTM D
2216 (1998) and by taking representative samples from each tailings container. After
determining the wet weight, these samples were placed in an oven at 105 °C for 24 hours,
after which another weight measurement was taken. This procedure was continued until

constant weight was achieved.

3.2.2.3 Specific gravity for the tailings

Specific gravity tests were performed according to ASTM D 854 (1998). A representative
sample was obtained from each of the six tailings types. These samples were oven dried
for 24 hours at 105°C prior to determining their specific gravity. After that 100 grams of
these oven-dry samples were put in 500 milliliters pycnometers with distilled water added
after that. An electrical vacuum pump was connected to the pycnometer in order to
remove any air bubbles entrapped within the tailings-distilled water mixture. By gently
rotating and agitating the pycnometer it was assured that all air bubbles were eliminated
from within these samples before taking the weight measurements. After vacuuming, a

thermometer was inserted in the pycnometer to determine the temperature of the mixture.
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Weight determinations of the pycnometer with tailings and water and the pycnometer

with water alone were made using an electronic balance sensitive to 0.01 g.

The following equation was used to determine the specific gravity of the tailings, ASTM

D 854 (1998):

Gsat Ty= M, /[M, + (M,-My)] -(3-1)

Where:

M, = mass of sample of oven-dry tailings, g,

M, = mass of pycnometer filled with water at temperature Ty, g,

My, = mass of pycnometer filled with water and tailings at temperature Ty, g,

Ty = temperature of the contents of the pycnometer when mass My was determined, °C.

It is customary to report specific gravity values at 20 °C, hence the following corrective

equation was utilized for this purpose, ASTM D 854 (1998):

Gsat 20 °C=K x (Gsat Ty) - (3-2)
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Where:

K = a correction factor found by dividing the density of water at temperature Ty, by the

density of water at 20 °C.

3.2.2.4 Metal content

The six tailings types detailed above were examined for a list of heavy metal
contaminants normally encountered in the tailings leachate (Fahey et al. 2002, Yanful et
al. 2000, Adu-Wusu et al. 2000 and Yanful and Verma 1999). This list includes copper,
nickel, zinc, iron, chromium and lead. Atomic absorption analysis was performed to

determine the exact amount of these heavy metals that each type of tailings contains.

Atomic Absorption Analysis for the tailings

Mine tailings were digested using an Ol analytical microwave digester. The tailings were
oven dried at 105°C in a gravimetric oven. Digestion vessels were loaded with one gram
(0.01g) of the oven-dry tailings and 40 m/ of trace metal grade nitric acid. One control
vessel containing nitric acid only was included as a procedural blank. A four stage
pressure program was used whereby internal vessel pressure ranked to 140 psi during a
30 minute period. Metal content was then determined with a Perkin-Elmer Analytical 100

atomic absorption spectrometer.
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3.2.2.5 Organic content

The loss on ignition test was performed to determine the organic content of the tailings
whereby a representative sample of about 10 grams of each type of tailings were oven
dried for 24 hours at 105 degrees Celsius. Then it was placed in a furnace to be exposed
at 550 degrees Celsius for 3 hours and the change in weight between the two drying
periods was used as an indicator to determine the amount of organic matter present in the

tailings mass (Skempton and Petley 1970).

3.2.3 Stage 2: Formulation and characteristics of tailings binder matrices

Since the tailings-binder solidified mixtures investigated possess different content than

the tailings alone, they will be referred to throughout this study as”tailings matrices”.

3.2.3.1 Formulation of cubic specimens

Cubic specimens 2.5 cm3

Initially, it was decided to use small cubes; 25-mm ones since they are easier to cast,
require less sample, have considerable less mass than 50-mm cubes and are therefore
easier to handle, and require less moisture curing space. In addition, the smaller cross
sectional area allows higher compressive strengths to be reached by a testing machine

that has a smaller load capacity, (Kosmatka et al. 2002). Other researchers used the same
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size of cubes for compression testing (Bhatty et al. 1999). These preliminary tests were
conducted with the aim of finding the strength efficiency of using Portland cement alone
and in combination with a pozzolanic material as a binder, and for finding the optimum

cement combinations for these tailings matrices.

Type I ordinary Portland cement (OPC) was mixed with each type of tailings using a
mechanical mixer as outlined in ASTM C 305 (1999). This type of cement is usually the
least expensive and the most commonly used in chemical fixation and solidification
applications (Conner 1990). In general, Portland cement systems produce stronger
matrices than other inorganic binder systems, and they do it at lower mix ratios, which
results in a smaller volume of waste requiring ultimate disposal (Weitzman et al. 1988).
In the first part of these tests it was desired to determine the effect of the change in binder
ratio on the compressive strength. Therefore Portland cement was mixed in proportions
ranging from 30% to 52.5% by wet weight of tailings. Ten different proportions that
increase by 2.5% were used for each of the six tailings. Each mix was poured
subsequently in three different wooden cubic moulds of 2.5 ¢m’. These mixes were then
left to cure at room temperature (23 °C) for 24 hours before placing them in the moisture

chamber.

The moisture chamber was constructed for the storage of the cured specimens.
Temperature inside the chamber was maintained at 23.5°C and the humidity at 98%
(Wang and Vipulanandan 1996; Diez et al. 1997; Zamorani et al. 1989). Having a pool of

water at the bottom of the chamber ensured that humidity was maintained at this
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prescribed level at all times. Weight of these cubes was measured before placement in the
chamber in order to determine density. The water content was kept constant in these tests

for each type of tailings.

The same procedure was repeated to determine the change in water content on the

compressive strength of the cubes in which cement content was maintained constant.

Cubic specimens 5 cm3

Since compressive strength of mortar is typically measured by preparing 50-mm cubes
and subjecting them to compression according to ASTM C 109/C 109 M (1999),
(Mamlouk and Zaniewski 1999). Further strength testing was conducted on the tailings
matrices using (5 X 5 X 5) cm metallic molds after curing periods of 1, 7 and 28 days in

the same humid environment.

3.2.3.2 Preparation of cylindrical specimens

Cylindrical specimens of tailings matrices measuring (44 diameter x 74 height) mm were
molded for this purpose in accordance with ASTM D 4842 (1996). These cylindrical
specimens were, then, cured in the moisture chamber described above for 28 days in the
case of the wetting and drying samples, and for 43 days for the freezing and thawing.
Unconfined compression tests were conducted on these tailings matrices after subjecting

them to 12 cycles of drying at 60 °C and wetting by being submerged in room
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temperature distilled water. The remaining samples will be compressed after 12 cycles of
freezing at -20 °C in a freezing cabinet and thawing in distilled water at room
temperature (22 °C). Table 3-10 shows the codes implemented for the cylindrical

specimens of the tailings matrices.
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Table 3-10 Cylindrical tailings matrices specimen codes

Tailings Type | Weathering Code Binder/ OPC/ Calsifrit/Binder Fly Slag/Binder
Type Specimen | Tailings Binder (%) | (%) ash/Binder | (%)
(%)
Mont Wright Wetting/ MCl1 1,2,3,5, 0.5 100 0 0 0
Drying 6
MC3 1,2,3,4, 0.5 90 10 0 0
5,6
MC6 1,2,3,4, 0.5 75 25 0 0
5,6
MCF1 1,2,3,4, 0.5 75 0 25 0
5,6
MCEF3 1,2,3,4, 0.5 75 10 15 0
5,6
MCF5 1,2,3,4, 0.5 75 20 5 0
5,6
MCSI 1,2,3,4, 0.5 75 0 0 25
5,6
MCS3 1,2,3,4, 0.5 75 10 0 15
5,6
MCSS5 1,2,3,4, 0.5 75 20 0 5
5,6
Musselwhite MWI 1,2,3,4, 0.375 100 0 0 0
5,6
MW3 1,2,3,4, 0.375 90 10 0 0
5,6
MW6 1,2,3,4, 0.375 75 25 0 0
5,6
MWF1 2,3,4,5, 0.375 75 0 25 0
6
MWE3 1,2,3,4, 0.375 75 10 15 0
5,6
MWF5 1,2,3,4, 0.375 75 20 5 0
5,6
MWSI1 1,2,3,4, 0.375 75 0 0 25
5,6
MWS3 1,2,3,4, 0.375 75 10 0 15
5,6
MWS5 1,2,3,4, 0.375 75 20 0 5
5,6
Mont Wright Freezing / MC’1 1,2,3,4, 0.5 100 0 0 0
Thawing 5,6
MC’3 1,3,4,5, 0.5 90 10 0 0
6
MC’6 1,2,3,4, 0.5 75 25 0 0
5,6
MCEF’3 1,2,3,4, 0.5 75 10 15 0
5,6
MCEF’5 1,2,3,4, 0.5 75 20 5 0
5,6
MCS’1 1,2,3,4, 0.5 75 0 0 25
5,6
MCS’3 1,2,3,4, 0.5 75 10 0 15
5,6
MCS’5 1,2,3,4, 0.5 75 20 0 5
5,6
Musselwhite MW’1 1,2,3,4, 0.375 100 0 0 0
5,6
MW’3 1,2,3,4, 0.375 90 10 0 0
5,6
MW’6 1,2,3,4, 0.375 75 25 0 0
5,6
MWF’1 2,3,4,5, 0.375 75 0 25 0
6
MWF’3 1,2,3,4, 0.375 75 10 15 0
5,6
MWEF’5 1,2,3,4, 0.375 75 20 5 0
5,6
MWS’1 1,2,3,4, 0.375 75 0 0 25

67



3.2.3.3 Characterization of matrices

Specific gravity of the tailings matrices

Specific gravity of the tailings matrices was determined, similar to the above, in
accordance with ASTM D 854 (1998). Each mixture was broken down into powder
consistency and dried at 60 °C before performing these tests. 20 grams of this dried

powder was used for performing these tests (Stegemann and Cote 1991).

Moisture content of the tailings matrices

Stegemann and Cote (1991) had shown that for hardened wastes, moisture content can be
found by considering the wet weight of the sample rather than the dry weight as is
traditionally used for soils. This approach was used in determining the moisture content
of the hardened tailings matrices. A representative sample from each mixture was
selected for this purpose. All samples were broken down into powder consistency before

being put to dry in an oven at 60 °C.

Porosity

Porosity (P) of the solidified tailings was calculated using the following equation

(Stegemann and Cote 1991):
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P = 1- [BD (1-w)/(Gs d)] (3-3)

Where:

BD = bulk density,

W = moisture content,

G, = specific gravity,

d = density of water (= 1 g/cm’).

3.2.4 Stage 3: Assessment of the feasibility of tailings binder matrices as road

construction materials

The methodological approach to assess feasibility of the matrices usage as road
construction materials included engineering tests such as uniaxial compressive testing on
cubes, unconfined tests for cylinders, Modified Proctor tests, California Bearing Ratio
(CBR). The engineering tests were complimented by environmental tests such as
wetting/drying and freezing/thawing weathering resistance tests and Toxicity

Characteristics Leaching Procedure (TCLP).

Analytical methods were also used to assess the feasibility of using the tailings binder

matrices as construction materials. These analytical approaches included finding the layer
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coefficients for the tailings binder matrices and determining the predictive equation that
governs the behavior with respect components involved in the formulation of the

matrices.

3.2.4.1 Engineering tests

Index property tests were followed by engineering tests to determine the relative
resistance of these mixtures to physical degradation caused by stresses resulting from
physical and weathering processes. The uniaxial and unconfined compression testing,
California Bearing Ratio and freeze/thaw weathering resistance will determine these
properties. Once that has been established, the Toxicity Characteristics Leaching
Procedure (USEPA 1992) was performed to assess the tailings-binder combinations’

capability to retain heavy metals.

Uniaxial compressive testing

The integrity of the tailings matrices was assessed by subjecting these matrices to one
dimensional compression testing to determine their structural suitability for land disposal
and load bearing. Determining the strength of the tailings block is the first part of
ensuring that they are suitable environmentally for disposal and for construction

thereafter.

A first attempt was made to measure the compression strength for all the tailings
matrices. Uniaxial compression testing was performed by subjecting the 25 mm cubes to
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one dimensional compression from a Com-Ten Industries™ uniaxial machine with a peak
compression force of 8.896 kN, which applied a constant speed of descent. The peak
force and peak deflection maintained during each test were recorded and used

subsequently in calculations.

The speed of descent of the platen was kept constant at an average of 70 mm/minute and
the test was continued until visual observation of failure of the cube. After which the

machine was cleaned and made ready for another test.

Uniaxial compression testing was performed on the 50 mm cubes through the application
of compression loads on these specimens in their “virgin” state; immediately after being
cured in the moisture chamber for the specified curing periods. Uniaxial compression
testing was performed here by the use of an Instron® 4400 R testing machine applying a
constant speed of descent. The peak force and peak deflection maintained during each

test were recorded using an Instron® Series [X data logging system.

Unconfined compression testing after weathering

It 1s known, that, solidified waste in the field undergoes continuous weathering cycles.

Therefore, strength testing will not be complete without investigating the effect of

weathering cycles on the compression strength.
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Speed of descent of the platen was also kept constant here at 70 mm/min. with the
exception of a few samples from of Mont Wright where it had to be changed to 50
mm/min. in order to increase the maximum load the machine can apply, since these

samples had higher compression loads than the other matrices.

Modified Proctor test

The modified Proctor compaction test was performed to find the optimum moisture
content and maximum dry density for the tailings. This test is necessary to show the
laboratory compaction characteristics and their relation to field densities. In addition,
these values will be used to perform the California Bearing Ratio test. This test was
conducted in accordance with ASTM D-1557 (2007). The test was performed at

Terratech, a division of SNC-Lavalin, in Montreal, Quebec.

Initially, both types of tailings; Mont Wright and Musselwhite, were oven dried to
remove any traces of moisture present. Then they were spread on a large metal plate with
an initial amount of water added and mixed thoroughly with the tailings. Then, a
mechanical compactor was used to compact the tailings in a standard Proctor mold
having a diameter of 101.6 mm and a height of 116.43 mm, to a minimum compaction
degree of 92%. The tailings were compacted in 5 equal layers using the blows of the
mechanical hammer dropped from a height of 457 mm. Tailings surface was made

smooth flush with the top surface of the mold, after which the mold assembly was
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weighed to determine the density of the mix. When that was done, a sample of

approximately 100 grams was taken from the tailings for moisture content determination.

After that tailings were extruded and the whole operation repeated a few times until a

maximum value of density was achieved and reduced with the addition of extra water.

California Bearing Ratio test (CBR)

Compaction characteristics of the tailings-binder combinations were investigated using
the density-moisture content California Bearing Ratio test (ASTM D 1883 2007). This
test is used to determine the relative quality of subgrade, subbase and base soils for
pavements (Bowles 1986). The test was performed at Terratech, a division of SNC-

Lavalin, in Montreal, Quebec.

Accordingly an amount of about 4.5 kilograms of each type of tailings was oven dried
and then mixed with the appropriate amount of water to reach its optimum moisture
content, as found by the modified Proctor test conducted earlier, and compacted in a
standard CBR mold using the mechanical compactor. Tailings compaction was done in 5
equal layers, each compacted with 56 blows, inside the CBR mold using this hammer
dropped from a distance of 457 millimeters, until a minimum compaction effort of 96%
was achieved. One moisture content sample was taken before compaction to ascertain
the value of the moisture content previously mixed. A surcharge of 4.54 kilograms was

placed upon each sample before testing. Then load was applied from a standard triaxial
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machine piston using a strain rate of 1.27 mm/min. Load and penetration data were
recorded using the compression machine and two more moisture content samples were
taken after the test was done. Stress and penetration data were recorded using a
LabView™ data logging program and these data were then compared to those of a
standard unit load required to obtain the same depth of penetration on a standard sample

of crushed stone (Bowles 1986).

The CBR number is the ratio of the unit load required to affect a certain depth of
penetration to the standard unit load required to obtain the same depth of penetration on a
standard sample of crushed stone. Table 3-11 shows the standard unit load for a sample

of crushed stone (Bowles 1986).

Table 3-11 CBR standard unit loads for a sample of crushed stone

Penetration (mm) Standard Unit Load (MPa)
2.5 6.9

5 10.3

7.5 13.0

10.0 16.0

12.7 18.0

CBR = (test unit load/standard unit load) X 100 percent
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The CBR number will be based on the load ratio for a penetration of 2.5 mm or 5 mm,

whichever is higher.

3.2.4.2 Environmental tests

Freeze/thaw and wetting/drying weathering resistance

In cold climates repeated cycles of freezing and thawing can cause physical deterioration
of the solidified waste matrix thus exposing it to contact with water and leaching
mediums. Hence a method for measuring the solidified waste resistance to freezing and
thawing was employed to determine its resistance to these environmental conditions
according to ASTM D 4842 (1996). This test is intended for the evaluation of the

freezing and thawing resistance of monolithic solidified wastes.

As such, small cylindrical specimens were molded in metallic molds measuring 44 mm
diameter by 74 mm in height. After casting solidified tailings matrices in these molds,
they were left to thaw in the moisture chamber for a period of 43 days. These samples
were, then, subjected to 12 cycles of freezing at -20 degrees Celsius for 24 hours,
followed by thawing in water at room temperature for 24 