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ABSTRACT

Geomaterials can be often classified into two gsowyirgin geomaterials such as soil and
rock, and by-product materials such as mine taslimgal fly/bottom ash, foundry sand, kiln dust,
blast furnace/steel slag, reclaimed concrete aptiadts Studies on these materials and their
mixtures have been carried out extensively for ggoeeering applications, including the
characterization of mechanical properties suclhastrength, compressibility, compactivity and
permeability, as well as mineralogical and geocleainproperties. The goal of this study is to
investigate the thermal and electrical propertiesebected geomaterials and their mixtures for
enhancement of knowledge and engineering applitaitidhe thesis consists of three parts as

follows:

The first part presents the electrical conductinitgasured on compacted kaolin clay using a
circular two-electrode cell in conjunction with jgesially designed compaction apparatus, which
has the advantage of reducing errors owing to sarhphdling. The experimental results are
analyzed to observe the influencing factors onstikelectrical conductivity. The performance
of existing analytical models for predicting theil selectrical conductivity is evaluated by

calculating empirical constants in these models.

The second part investigates the thermal and pgdb@haviors of mine tailings and tire
crumbs mixtures in dry and wet states, which arpoitant in engineering applications for
utilizing recycled tire particles as lightweightl fimaterials with improved thermal insulation.
The thermal and packing properties measuremerttseahine tailings and tire crumbs mixtures
with different mixing ratios are presented, whiate ghen analyzed to establish the thermal

properties relationships with respect to the mixiago of tire crumbs, porosity, bulk density,



water content, compactive effort and tire crumlze.sirhe multiple linear regression analysis
shows that the thermal conductivity of the dry ared mixtures can be estimated using a general

model consisting of the factors affecting the tharoonductivity.

The third part evaluates the thermal conductivabgmpressive strength, elastic modulus and
temperature changes of compacted mine tailingdlgradh mixtures during the curing period as
functions of the fly ash ratio, molding water cortand compaction energy. The microporosity

structure of the fly ash treated mine tailingslsoaxamined.

Keywords: Thermal conductivity, electrical conductivity, mei tailings, tire crumbs, coal fly ash,

compaction, packing, fabric, statistics, regressimtel, recycling.
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NOMENCLATURE

empirical constants

volumetric heat capacity of air (J7K)
coefficient of curvature

volumetric heat capacity of a constituent ¢Kin
volumetric heat capacity of mine tailings (3K
volumetric heat capacity of soil solid (Fk)
volumetric heat capacity of tire crumbs (3
coefficient of uniformity

volumetric heat capacity (Jf)

volumetric heat capacity of water (F)
compactive effort index

tortuosity factor

average particle size between two sieve sigay (
effective size of particlesi(n)
median particle diameteur))
median diameter of mine tailinggr)
median diameter of tire crumbgn()
mode patrticle diametepun)

mode diameter of mine tailinggr)
mode diameter of tire crumbgr(l)
mean particle diametepih)

mean diameter of mine tailinggrf)

XX



D, mean diameter of tire crumbsng)
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CHAPTER 1

INTRODUCTION

1.1 Background

Natural soil, crushed rock and cement concrete Hmeen traditionally used as fills of
earthworks. Heat and electrical conductions throtiglhn geomaterials may have significant
impact in geotechnical engineering design and coason (Mitchell and Soga 2005). The heat
flow is of importance to frost action, ground stedaition by freezing and heating, construction in
permafrost regions, geothermal energy exploitationderground storage (Farouki 1985;
Andersland and Ladanyi 2004). The electrical curflenv in geomaterials is essential in ground
improvement by electrokinetics, detection of growwhtamination, corrosion protection of
underground structures, subsurface characterizatibrand hydrocarbon recovery (McCarter
and Desmazes 1997; Rowe et al. 2001; Wheatcrof2;2R{itirong et al. 2008; Rousseau et al.

2009).

Due to rapid industrialization and urbanization,variety of by-products have been
generated worldwide, causing environmental concekssan alternative for their disposal, the
reuse of some by-products in civil engineering magions has been practiced. The promising
materials that can be recycled for use as fill mate such as granular/stabilized base and
backfill of embankments, include mine tailings,agtires, and coal fly ash (FHWA 2000). Mine
tailings can be often used for road constructigayraulic barrier and backfilling of underground
voids instead of natural soils (Sivakugan et aD&Call et al. 2009). Typically, there are two
distinct strategies for reusing mine tailings: uneated tailings and cemented tailings. In the

former case, the mine tailings are compacted oceplan the form of slurry for backfilling



without any binding agents, provided that they aom-reactive (Shelley and Daniel 1993;
Sivakugan et al. 2006). In the latter case, theentailings are mixed with binders such as
Portland cement, lime and fly ash (Misra et al. @&9%ellishetty et al. 2008). In particular, the
cemented tailings technique is beneficial for naitigg acid mine drainage caused by reactive
tailings, resulting from agglomeration process tinanobilizes the reactive components of the
mine tailings (Amaratunga 1995). Scrap tires im lgg natural geomaterials are either shredded
or grinded to various sizes for practical purposédse processed scrap tires have low density,
high durability, good thermal insulation, and higtergy absorption. Owing to these advantages,
they can be applied either alone or mixed with otfeomaterials as backfills of embankments,
retaining walls and bridge abutments, leachatendg® layers in landfill, subgrade thermal
insulators, and vibration damping media for railwadASTM 2008). Coal fly ash from coal-
burning facilities is commonly used alone or as amixture in construction due to its
pozzolanic and cementitious properties. The additb fly ash and/or cement to problematic
soils that include dredged soils, expansive saild arganic soils results in improving their
engineering properties such as strength and sgfiehani Kumar and Sharma 2004; Kim et al.
2010; Tastan et al. 2011). Fly ash is also usedotdrol mine tailings oxidation due to its
alkaline nature as well as to improve the qualitytree leachates through contaminant soils
owing to formation of toxic elements precipitaté&eljeyis et al. 2009). Thus, a number of
researchers have studied engineering characterstigarious by-products and their mixtures.
However, the majority of research is focused orrattarizing the deformation, volume change
and stability behaviors as well as on assessingrhi'Fonmental impact. The studies on thermal
and electrical characteristics of the by-produatsl #éheir mixtures have not been reported

extensively in the open literature.



1.2 Resear ch Objectives

The goal of this study is to measure and analyeetltermal and electrical properties of
selected geomaterials and their mixtures, includiaglin clay, rubberized tailings and coal fly
ash treated tailings, in order to enhance the sfi,ecanderstanding and to facilitate engineering

applications. To achieve this goal, the followinpgsific objectives are devised:

1. Toinvestigate the factors influencing the eleetrizehavior of the kaolin clay as well as
the factors affecting the thermal behaviors of thieberized tailings and coal fly ash
treated tailings;

2. To explore the effect of fabric on the thermal babtis of the rubberized tailings and
coal fly ash treated tailings;

3. To establish the empirical models for predictingrthal properties of the rubberized
tailings as related to their compositions and pigisstates; and

4. To examine the development of thermal and mechhmpicgerties of coal fly ash

treated tailings during the curing period.

1.3 ThesisOutline

The thesis is prepared in a manuscript format ktipd by the Faculty of Graduate Studies
at The University of Western Ontario. Chapters 5 tare written as independent articles. The

research objectives are stated separately in degtear.

Chapter 2 presents the results of the electricadactivity measurement on compacted
kaolin clay. The influences of packing propertipsrpsity and dry unit weight), amount of water
in a soil (gravimetric water content, degree ofisgtion and volumetric water content), and pore

water salinities on the electrical conductivity tie kaolin clay are investigated. The



experimental data are analyzed to compare theimgxigirediction models of soil electrical

conductivity, along with determining the empiricainstants in these models.

Chapter 3 presents the thermal and packings prepat dry mixtures of mine tailings and
tire crumbs with different mixing ratios, which atieen interpreted to explore the roles of tire
particles inclusion in modifying the thermal andkiag behaviors of mineral aggregates as well
as to examine their correlations with regard to pheosity of the mixtures. A statistical study
using multiple linear regression analysis is carr@ait to develop a prediction model for the
thermal conductivity. An analysis chart for estimgtthe volumetric heat capacity is proposed to

relate the volumetric mixing ratio of tire crumhsdaporosity of the mixtures.

Chapter 4 studies the thermal conductivity of cootgé mine tailings and tire crumbs
mixtures as affected by the molding water contemking ratio, compactive effort and tire
crumbs size. The thermal conductivity anisotropythed compacted mixtures is also observed.
Statistical data analysis is conducted to iderttiiy significance of these influencing factors. A
stepwise multiple linear regression analysis idgoered to establish an empirical model for

predicting the thermal conductivity of the compacteixtures of mine tailings and tire crumbs.

Chapter 5 evaluates the thermal and mechanicakpiep of compacted mixtures of mine
tailings and fly ash over the curing period of I#6urs through the measurement of thermal
conductivity, temperature, unconfined compresstuwength and elastic modulus of the mixtures.
The effects of the amount of fly ash added to miadings, molding water content and
compaction energy on these properties are examifledl.pore size distribution and surface

texture are analyzed to characterize the micrafabf fly ash treated mine tailings.



Relationships between the thermal conductivity gdperties that capture packing and

mechanical characteristics of mine tailings anda8if mixtures are demonstrated.

Chapter 6 presents conclusions of this study acmhmenendations for further research.

1.4 Original Contribution

The original contributions of this thesis are:

1. This thesis addresses the thermal and electride\iers of selected geomaterials (i.e.,
kaolin clay, rubberized tailings, and coal fly astated mine tailings) as influenced by
their compositions and physical states (Chaptds3). It identifies critical factors that
govern the thermal and electrical properties of gemmaterials. In the case of
rubberized tailings, empirical models for predigtitheir thermal conductivity are
developed as a function of the significant influegdactors (Chapters 3 and 4).

2. The thesis confirms the effect of the fabric chamgiiced by different mixing ratios
and natures of host materials, water contents askipg states on the thermal
characteristics of geomaterials (Chapters 3 td B¢. change of these factors leads to the
difference in the thermal properties that refleth® matrix transition, micropore
structure change and fabric anisotropy.

3. The thesis investigates the short-term evolutiothefmal and mechanical properties of
coal fly ash treated mine tailings (Chapter 5). Télations of the thermal conductivity

and the strength gain in the chemically treatdthtgs are established.
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CHAPTER 2

INFLUENCING FACTORSON ELECTRICAL CONDUCTIVITY OF

COMPACTED KAOLIN CLAY

2.1 Introduction

The interaction between an external electric fieldd a soil-water system can be
characterized in terms of the electrical conduttjwivhich represents the mobility of electrical
charges through soil mass. The electrical condiigtof any earth material reflects its physical,
chemical and geological properties. It is notewyptttiat the electrical resistivity is also used in

engineering practice, which is the reciprocal @f ¢éhectrical conductivity.

The study on electrical response of soil-wateresystis an emerging field with applications
in areas including agriculture, soil science, gelotécal and environmental engineering. Reliable
measurement of soil electrical conductivity is esisé for broad engineering applications, such
as the assessment of soil salinity and water co(aiinski and Kelly 1993; Hamed et al. 2003),
monitoring solute transport through soils (Kach&nas al. 1992; Vanclooster et al. 1995),
exploration of oil and hydrocarbon in brine-bearirgservoirs (Kim and Manghnani 1992;
Wheatcroft 2002), estimation of hydraulic propestad soils (Lovell 1985; Gorman and Kelly
1990), performance evaluation of compacted-soierbn (Kalinski and Kelly 1994; Abu-
Hassanein et al. 1996), characterization of liguteda potential of soils (Erchul and Gluarte
1982; Arulanandan and Muraleetharan 1988), and engingapplications of electrokinetics

(Mohamedelhassan and Shang 2003; Rittirong eDaB;2Shang et al. 2009).

A version of this chapter has been publishe@&mechanics and Engineering, An International Journal, Techno
Press, 2011, Vol. 3, No. 2, 131-151.



Electrical conductivity of soils can be measuredha laboratory, generally by using either
time domain reflectometry (TDR) or soil resistivilyoxes. However, TDR technique is
expensive, and overestimates the electrical condlycof highly saline soils (e.g., higher than
0.05 S/m, Nichol et al. 2002) that leads to inaatarestimate of water content (Hamed et al.
2003). On the other hand, soil resistivity boxesratatively cost effective and simple to conduct.
The standard method for electrical conductivitydes soils is specified in ASTM G 57 (ASTM
2006). For laboratory experimentation, soil isefillin a rectangular soil box. Four electrodes, i.e.
a pair of outer electrodes as the current electrade a pair of inner pin-shaped electrodes as the

potential electrodes, are employed.

As an alternative to use a standard soil box, soe@surement systems have been reported
in the literature. A cylinder with two electrodesanged horizontally or vertically was designed
by McCarter (1984) and Rinaldi and Cuestas (2002his device, a pair of end plate electrodes
was used as both the current and potential elezdroihother measurement device given in the
literature consisted of a circular cell that inamgites eight holes at 45° intervals for the inearti
of electrodes (Rhoades et al. 1976; Kalinski andlyK&993; Auerswald et al. 2001).
Measurements were obtained eight times around iticelar cell, moving each set of four
adjacent electrodes, known as a Wenner array, landiterage of the resistances was taken.
Abu-Hassanein et al. (1996) developed a four-eddetrcell with dimensions of the compaction
mold described in ASTM D 698 (ASTM 2007). More rettg, multi-electrode cells with several
circumferential electrodes were fabricated to itigese the electrical anisotropy of soils
(McCarter and Desmazes 1997; Bryson and Bathe 2008 aforementioned measurement
systems, however, have some limitations: 1) itfifscdlt to achieve uniform compaction of sail,

followed by the variation of soil density in thexy@and 2) it may result in poor contacts at the
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soil-electrode interface from insertion of eleceedTo compensate for these uncertainties in
measurement, a circular two-electrode cell in coction with a specially designed compaction

apparatus was developed in Scholte et al. (20028phmvas adopted in this study.

The objective of this study is to present the msswf the electrical conductivity
measurement on compacted kaolin clay at differengties, dry unit weights, amount of water
and pore water salinities, and to demonstrate ltiagacteristic electrical responses with respect
to these parameters. The experimental results e analyzed to compare the existing
prediction models of electrical conductivity of watted and unsaturated soils, together with

computing the empirical constants in these models.
2.2 Background
2.2.1 Influencing Factorson Soil Electrical Conductivity

Several researchers (Jackson et al. 1978; Abu-Hessat al. 1996; Rinaldi and Cuestas
2002) have shown that the electrical conductivityasoil-water system is related to inherent
factors such as the particle size, shape, gradair@ntation and mineralogical composition, and
to more variable factors including the porosityrgowater, temperature, concentration and type

of electrolytes, and frequency of the electricaldifor the measurement.

Three parameters used to define the amount of wataulk soil are: the gravimetric water
contentw (the weight ratio of water to solid), the degréesaturations (the volumetric ratio of
water to void) and the volumetric water conténfthe volumetric ratio of water to bulk soil).
The parameters are correlated in soil phase raktio

g=wrt = (2.1)
Vi
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where y,, is the unit weight of watery, is the dry unit weight of soil, and is the soil

porosity given as

_ Iz
n=1--4_ 2.2
GSyW ( )

where G, is the specific gravity of soil solid. Note th&etvolumetric water content is equal to

soil porosity when the soil is fully saturated.

The electrical conductivity of soils is comprisefitbree components, i.e., the pore water
electrical conductivity, surface electrical conduty and solid electrical conductivity. The pore
water contributes to the electrical conductivityotigh electromigration of dissolved ions, which
is dependent upon the salinity (ionic strengthygerature and the frequency imposed to ions. It
is noteworthy that the term salinity representsaberall effect of dissolved ionic species such as
Na', K*, C&*, Mg?*, CI, COy, HCO;, SQy, etc in an aqueous solution (Hamed et al. 20082. T
pore water electrical conductivity, therefore, isshable indicator to assess the concentration of
soluble salts in soils (U.S. Salinity Laboratoryaf6t1954). The second component of soll
electrical conductivity, i.e., the surface eledticonductivity, is attributed to migration of
absorbed counterions on the surface of soil solitis. surface electrical conductivity dominates
over the electrical conductivity of solids in soilith low salinities, and is influenced by the soil
fabric (which refers to the arrangement of graihalbsize ranges, shapes and associated pores)
as well as by organic matters (Auerswald et al.120The third component of soil electrical
conductivity, i.e., the solid electrical conductyiis typically much lower than the surface

electrical conductivity and hence can be neglected.
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2.2.2 Electrical Conductivity Modelsfor Soil

Archie (1942) established a simple one-conductammlel accounting only for the
contribution of water phase in completely saturaeits. The bulk soil electrical conductivity of

a fully water-saturated soi, is related to the pore water electrical conduttiwi, as a function

of soil porosityn, according to

K, =n"k, (2.3)

w

wherem is the constant termed the cementation expondrnthwncreases with increasing the
soil cementation. According to Abu-Hassanein et (2D01), the cementation exponent is

affected by compaction and anisotropy, as welbasi¢.

Winsauer et al. (1952) modified Archie model byaalucing a tortuosity factoe, yielding

K, =cn"k,, (2.4)

The ¢ and m may be considered to be covariant because bothoaiadependent parameters. It
is commonly accepted that the increase in soil itleily compaction leads to increasing the

tortuosity factor (Salem 2001).

Since soil pore water flows through similar patesfae electric current, both the hydraulic
and electrical conductivities of soils may be thautp be linked by a single parameter, the
tortuosity 7 which is defined as the ratio of the effectivegimof a flow path to the straight
length of a porous media. Based on this concem, thieoretical relationship between the

tortuosity and normalized electrical conductiviy/ x, (known as the formation factdf ) was

derived by Walsh and Brace (1984):
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r= |n=x (2.5)

As the degree of saturatidh decreases, the bulk soil electrical conductivityt decrease,
because some of the pore space formerly occupieslabgr is replaced by air of low electrical

conductivity. The electrical conductivity of unseited soilx; is related to that of fully saturated

soil k,(Keller and Frischknecht 1966) by:

Ky = K,SP (2.6)

where p is the saturation exponent. It should be noted Hug (2.6) was developed for porous

media having fixed pore structure that has no ldgekio continuous flow.

On the other hand, the electrical conductivity obaturated soils can be characterized in
terms of the volumetric water contefit Rhoades et al. (1976) proposed a two-conductance
model which is most widely used in soil sciencee fiiedominant conductance is through the
pore water, and the contribution of soil solidse&kplace along the continuous films of
exchangeable cations that reside on the surfackarfed solid particles. Accordingly, the soil
electrical conductivity can be regarded as beirgjagous to two electric conductors in parallel,

expressed by
K, =(a8” +bO)k,, + K, (2.7)

where «; is the surface electrical conductivity, and b are empirical constants, and other

parameters have been defined before. Hamed &0f3) reported that values afandb lie in

the range of -14.0 to 9.7 and -6 to 14.2, respelstiv



14

Shah and Singh (2005) suggested a generalizeddbAnchie model for unsaturated soils,
in which surface conductance effect was negle@sd, function of the volumetric water content

6 with two constantsr and S:

K, = ak, 0" (2.8)

They believed that the empirical constants detegthiny the measured electrical conductivity

will implicitly reflect the influence of the soilotid conductance. The values afand S are in

the range of 0.33 to 15.85 and 0.74 to 3.92, res@he
2.3 Experimental I nvestigation
2.3.1 Materials and Equipments

A commercially processed kaolin clay was used ia #study. The index properties of the
kaolin clay are summarized in Table 2.1. The s@bwven dried at 105 °C because no water
may be initially present before mixing with eledjtes. The electrolytes of three ionic strengths
were employed to create pore water with differdatteical conductivities: solutions of sodium
chloride (NaCl) at molar concentrations of 0.03, &nd 0.2 mol/L. The NaCl solutions were
made by dissolving NaCl in deionized water (eleefriconductivity of < 1 S/m). A
predetermined weight of the dried clay was mixethva NaCl solution of known weight to

obtain the desired gravimetric water content, dwach tstored in sealed containers for 24 hours.

A circular two-electrode cell in conjunction withcampaction apparatus is shown in Figure
2.1. The circular two-electrode cell consists obater electrode and an inner electrode, made of
stainless steel. The cell houses an annular sopksawith 50 mm outer diameter, 21.6 mm inner

diameter and 35 mm thickness. The compaction apsarsas designed to achieve uniform
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compaction and to eliminate gaps between the aoipte and cell. The apparatus comprises top
and bottom plates held together by connecting bdle bottom plate has an inset ring on which
the base of the outside electrode is located. mbelé electrode placed on the bottom plate is
secured on a threaded rod to ensure its locatiothercenter of the outside electrode during
compaction. The top plate has a circular openirdyaninset ring of the same size as the inside
diameter of the outer electrode. The plate is uselabld the outside electrode in place during
compaction. The compaction is carried out throughtandard Proctor hammer through an
annular ram that has slightly smaller diameter tthencell. An extension sleeve is added to the
center electrode as a guide for the ram. The soiipge is compacted in two layers. For better
continuity at the interface between the compactedlayers, the base of ram is fitted with small
prominent points that provide additional kneadimmtican when the soil sample is compacted.
After compaction, the excess soil is trimmed ofingsthe top edge of the outer electrode as a

guide.

An AC source is connected in series to a test spatiand a 50 resistor, generating a
radial electrical field through the soil sample @auted in the annular space of the cell, as
illustrated in Figure 2.2. The voltage across tlod sample between the inner and outer
electrodes is measured using a digital multimeted, then the current is calculated indirectly by
measuring the voltage across the 5@esistor. The electrical conductivity of the smimpacted
in the cell can be determined by knowing the dinerss of the cell, applied voltage and

current| (Scholte et al. 2002):

(Inr‘]I
. lo (2.9)
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wherer, andr, are radii of outer and inner electrodgjs the soil sample thickness. In this

study, the electrical conductivity measurementhmndoil sample was made under the frequency
of 60 Hz. It is based on the experimental evidetiseussed in Abu-Hassanein et al. (1996),

indicating that this frequency is high enough teehaegligible effects of electrode polarization.

2.3.2 Experimental Method

The soil cured was compacted directly into theutactwo-electrode cell, according to the
equipment setup described above. The density o$ddesample was controlled by blow counts
of the hammer (i.e., compaction energy). Figure dsplays the uniformly compacted soil
samples with gravimetric water contents of 10 a®863 showing that good contacts were
attained between soil and electrodes. Following pawtion, the electrical conductivity of the
soil sample was measured. The electrical measutearerll samples was performed at the
temperature of 19 + 1 °C. Within this range, thenperature dependency of electrical
conductivity is quite small and negligible. Aftereasurement, the weight of soil sample was
precisely measured for calculation of the bulk uvgight, and afterwards a small portion of saill
was taken from the top and bottom of the cell toficom the corresponding desired gravimetric
water content of the sample. The porosity, degfesaturation and volumetric water content of

the soil samples were calculated by using Eqs) éhd (2.2).

The pore water electrical conductivity of the kaotiays mixed with three NaCl solutions
was determined following the standard method desdriin U.S. Salinity Laboratory Staff
(1954). At each NaCl concentration, seven saturpéates, mixed with clay-to-solution weight
ratios of 0.1 to 1.5, were prepared. The pasteg wechanically agitated for one hour and then

centrifuged at 5,000 rpm for 15 minutes. Lastlye télectrical conductivities of decanted
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solutions were measured using a hand-held electacauctivity probe. The results of electrical

conductivity measurement on a total of 24 solutitested including pure NaCl solutions are
depicted in Figure 2.4. The electrical conductivdfydecanted solution increases slightly as the
clay-to-solution weight ratio increases. It is iétited to dissolving some of free and absorbed
ions in kaolin clay into the solution. The elecaticconductivities of the decanted solutions
obtained from pastes with the clay-to-solution i¢igatio of 1.5 were considered to be the pore
water electrical conductivities of three saline lkaelays: 0.289, 1.084, and 2.050 S/m (see
Table 2.2). These values are within the possibli@isarange of in-situ soil§{Rhoadeset al.

1976; Shah and Singh 2005).

2.4 Results and Discussion

A summary of experimental results for all soil séespested is presented in Table 2.2. The
data interpretation was focused on the relatiorssbipthe bulk soil electrical conductivity with
the soil porosity, dry unit weight, pore water sdli, and amount of water (gravimetric water
content, degree of saturation and volumetric watertent). The relations are of fundamental
importance to site characterization and other esaging applications (Arulanandan and

Muraleetharan 1988; Kaya and Fang 1997).

2.4.1 Effect of Soil Porosity: Saturated Samples

The relationship between the soil porosity and ftram factor for saturated soil samples
(Nos. 13-15, 28-31, 45-47, see Table 2.2) is showhigure 2.5. It should be noted that soil
samples with the degree of saturation above 0.8%ansidered to be fully saturated owing to
the limitation of the test methodology used. Thi gorosity lies within the range of about 0.53

to 0.60, which is consistent with results reporbgdKezdi (1974), i.e., soil porosity typically
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varies from 0.45 to 0.70 for silty clays. The fotioa factor decreases as the soil porosity
increases, indicating that at a given pore watknisg the bulk soil electrical conductivity of
saturated kaolin clay increases with increasing ploeosity. This is due to the fact that
conduction in saturated soil is dominated by poatewcontent. On the other hand, Figure 2.5
shows the somewhat scatter of experimental datatablest fit curve but which is systematic. It
may be attributed to the effect of surface concwtadepending on soil salinity, leading to

difference in the formation factor. According tocAre model, i.e., Eq. (2.3), the cementation

exponent calculated from the regression analysigtermined to be 2.14 witR* = 0.53. Based

on Winsauer model, i.e., Eq. (2.4), the cementagigoonent and tortuosity factor are analyzed

to be 1.86 and 0.85 witR?* = 0.54. These values are comparable to thosetespir literature

(see Table 2.3).

For more than 60 years, the relation between thmadtion factor and soil porosity has been
extensively studied for natural geomaterials (is®iJs and rocks) obtained from offshore and
onshore areas as well as artificial materials aagIploydisperse glass spheres and fused glass
beads. Of these materials, the electrical respoofsesils were reviewed, and the summary of
the empirical constants in Egs. (2.3) and (2.4)viarious soils is given in Table 2.3, together
with the number of data available for each of th@ime values of the constants were obtained
directly from the literature or calculated from tteported data of formation factor as a function
of soil porosity. It is revealed that practicallyet cementation exponent in Archie model falls
within the limits of 1.27 and 2.29 for soils, altlgh Wyllie and Gregory (1953) pointed out that
it can theoretically range from one to infinity. rPd/insauer model, the cementation exponent

and tortuosity factor are in the ranges of 0.45.52 and 0.86 to 2.49, respectively.
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This study includes the quantification of the engair constants in both Archie and
Winsauer models based on a number of measuremertseedormation factor with respect to
soil porosity. Figure 2.6 illustrates the geneedtionships between the formation factor and soill
porosity for reported data considered in Table @@er a wide range of soil porosities (0.2 —
0.9), the formation factor decreases from 16.0 16 With increasing the porosity. The

experimental data of this study are comparativalygood agreement with reported data. In
Figure 2.6, the dotted line represents Archie médet 1.65 with R* = 0.65), and the solid line

corresponds to Winsauer modat € 0.71 andm = 1.27 withR* = 0.73). The two general
relations can enhance the understanding of elatttienduction characteristics of soils over a

wide porosity range as well as predicting the goibsity with known formation factor.

From the experimental results of kaolin clay, tbeguosity is determined according to Eq.
(2.5). Figure 2.7 shows that the tortuosity deasasith increasing soil porosity at a given soill
salinity. Similar observation is investigated ire thiterature (Salem and Chilingarian 2000). The
result provides evidence to support the hypoth#sas in case of lower porosity, both the
hydraulic flow and electric current can be forcedtdke a longer and more tortuous path that

leads to increasing resistance and higher tortuosit
2.4.2 Effect of Gravimetric Water Content

The relationships between the bulk soil electricahductivity, dry unit weight and
gravimetric water content at three soil pore waimities are depicted in Figure 2.8. In each
case, a distinct relation between the bulk soiteleal conductivity and dry unit weight of soil is
noted. The figure indicates that the bulk soil #leal conductivity is sensitive to the gravimetric

water content and dry unit weight. The bulk soiéatfical conductivity increases as the
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gravimetric water content increases, as would Ipeeted. Moreover, increasing the gravimetric
water content causes the steeper slope of the dmillkelectrical conductivity versus dry unit
weight curve, associated with that particular gratric water content. This means that the
effect of soil unit weight on the bulk soil elecal conductivity becomes more important at the
higher gravimetric water content. On the other hanht observed under the same gravimetric
water content that the bulk soil electrical condudtst increases with increasing the dry unit
weight. This is attributed to the fact that, wittetincrease in the dry unit weight, the volumetric
water content increases as well, which results lingher bulk soil electrical conductivity. From
these results, it can be inferred that the sowigratric water content is not the sole influencing
factor to the bulk soil electrical conductivity evé the pore water salinity is kept constant. This
is parallel to the fact that conduction of currensoil is controlled by the volumetric fraction of
constituents (especially, the volumetric water eaftjtin a soil. However, the observation on soil
electrical behavior with respect to the dry unitigi® of soil at constant gravimetric water
content is still significant because this is thesecdor a compacted earth fill where water is

uniformly distributed in the soil but not compactienergy.

2.4.3 Effect of Degree of Saturation

The variation of the bulk soil electrical condudivagainst the degree of saturation under
various pore water salinities is presented in FBgB. It is seen that as the degree of saturation
decreases, the bulk soil electrical conductivitycrdases. This is due to the fact that the
continuous film of soil pore water over soil sofidrfaces becomes thinner and the conducting
channels become considerably tortuous. On the didwed, the bulk soil electrical conductivity
increases when the pore water salinity increasdss behavior is generally observed in

particulate-type materials in which water (for mrste) phase is distributed within a matrix
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(Rinaldi and Cuestas 2002). Figure 2.9 displays fioa a given soil salinity, a unique
relationship between the bulk soil electrical cortdaty and degree of saturation exists, which is
independent of the soil unit weight. However, ad%0saturation, considerable scattering of data
is observed, especially at higher pore water gglifi is attributed that the volumetric water
content at 100% saturated soil can be varied witferdnt porosities (see Eq. (2.1)) that
produces different bulk soil electrical conduciest Furthermore, the surface conductance that

depends on soil salinity and water content maycatfee bulk soil electrical conductivity.

Eq. (2.6) in combination with Egs. (2.3) and (2vhich relates the electrical conductivity
and degree of saturation, is fit to the experimestaiga. The results of the regression analysis are
summarized in Table 2.4. The correlation coeffitiBi is greater than 0.95 for the daféhe
saturation exponents are consistent with thosertegbon literature (Schwartz and Kimminau
1987), i.e., in the range between 1.0 and 2.5.r€lagionship between the normalized electrical

conductivity «,, / k,, and degree of saturation is illustrated in Figud®2vith a fitting curve as a

function of only the degree of saturation.
2.4.4 Effect of Volumetric Water Content

The influences of the soil volumetric water contantl pore water salinity on the bulk soil
electrical conductivity are examined. As plottedmigure 2.11, the experimental results indicate
that the bulk soil electrical conductivity increasaith increasing the volumetric water content.
On the other hand, it is observed that the eladtti@haviors are sensitive to the pore water

salinity.

The surface electrical conductivity can be theoadty determined by extrapolating the

fitting line between the bulk soil electrical comtivity and volumetric water content. However,
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better determination of surface electrical condiistican be obtained by arbitrarily selecting the
values (20, 30, 40 and 50%) of volumetric waterteohand estimating bulk soil electrical
conductivities corresponding with different poreterasalinities at the same volumetric water
content (Kalinski and Kelly 1993). This is illustea in Figure 2.12, in which the surface
electrical conductivities are estimated as theraejgts of linear regression lines. The results
reveal that the surface electrical conductivityges from 0.007 S/m to 0.027 S/m, which are
comparable to that of clayey soils in work of Shatal. (1993) and Hamed et al. (2003). It
means that the surface electrical conductivityasaonstant but depends on the amount of water

in soils.

The best relationship between the normalized etettconductivity («, — )/ x,, and soil

volumetric water content is obtained by Eq. (2.3)hg the surface electrical conductivity of

=0.011 S/m, and is illustrated in Figure 2.13. Télation (R*= 0.99) can be expressed as
K, = (11967 - 0186) «,, + 0.011 (2.10)

It is shown in the figure that Eq. (2.10) gives d@stimates of electrical behavior for kaolin clay

investigated despite using a fixed valuexQf Kalinski and Kelly (1993) and Hamed al.(2003)

have also noted that the Rhoades model providesratecapproximations of soil electrical

conductivity for a wide range of soils.

In order to estimate the parameters in Eq. (2.8)¢clvis the generalized Archie model as a
function of the volumetric water content, the nelaship between the normalized electrical

conductivity «,, / k,, and volumetric water content is established anplagted in Figure 2.14.

The regression equation has the form Bf £ 0.95)
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K, Ik, = 0796 (2.11)

In this figure, the model proposed by Shah andIS{2§05) shows its limitations for kaolin clay
tested due to neglecting the surface conductarfeetetlthough they assumed that this effect

will be appropriately included in the model usimgtempirical constants.
2.5 Conclusions

The electrical conductivity of kaolin clay was mesesl using a circular two-electrode cell
in conjunction with a specially designed compactmparatus. The influences of porosity, dry
unit weight, amount of water in a soil (gravimeti@ater content, degree of saturation and
volumetric water content) and pore water salinity the soil electrical conductivity were

investigated. The following conclusions can be drdwem this study:

1. The formation factors of saturated kaolin clay dall both the Archie model and
Winsauer models.

2. Based on the experimental data reported and mehdaresaturated soils, the two
general relationships according to both the Aramd Winsauer models are established,
which are useful for understanding electrical canidun characteristics of soils over a
wide porosity range. With known formation factdnetsoil porosity can be estimated,
which forms a background against actual soil poyosi

3. The tortuosity calculated from the measured foromafactor decreases with increasing
the soil porosity. Estimate of the tortuosity, eeting the complexities of soil fabric,
enables one to comprehend the mechanisms of hiaflowt and electrical current.

4. In unsaturated kaolin clay, the prediction modeisthe soil electrical conductivity are

evaluated with calculated the empirical constantthese models (Table 2.4, and Eqgs.



24

(2.10) and (2.11)). Among the models analyzed,Rheades model is shown to be the

best fit for the kaolin clay investigated compartogther models.
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Table 2.1 Index properties of kaolin clay tested
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Parameters Kaolin clay
Soil classification (USCS) CH
Specific gravity (-) 2.61
Liquid limit (%) 73
Plastic limit (%) 39
Plasticity index (%) 34
% Finer sieve # 200 97.6
Clay (< 0.002 mm) (%) 15.9
Maximum dry unit weight (kN/r¥) 14.1
Optimum gravimetric water content (%) 28.7
Void ratio at optimum gravimetric water content (-) 0.80
Cation exchange capacity (CEC) (meqg/100g) 5.82




Table 2.2 Summary of soil sample properties

Sample W (%) V4 (KN/m®) n() S (%) o (-) K, (S/m) Kk, (mS/m)
1 9.2 10.3 0.597 16.2 0.097 0.289 5.1
2 9.4 11.3 0.557 195 0.109 0.289 7.0
3 9.3 12.9 0.496 24.7 0.122 0.289 8.2
4 20.2 10.3 0.598 35.4 0.212 0.289 13.9
5 20.1 11.1 0.567 40.1 0.227 0.289 15.0
6 20.4 11.9 0.536 46.1 0.247 0.289 18.6
7 30.3 9.9 0.612 50.1 0.307 0.289 23.9
8 30.3 10.7 0.581 57.1 0.332 0.289 30.1
9 30.4 11.6 0.549 65.3 0.358 0.289 36.4
10 37.6 12.5 0.513 93.1 0.478 0.289 66.9
11 37.7 12.7 0.504 97.0 0.488 0.289 70.3
12 37.8 12.8 0.501 98.2 0.492 0.289 72.4
13 45.9 11.6 0.547 99.2 0.543 0.289 84.2
14 50.8 11.0 0.571 99.7 0.569 0.289 92.5
15 55.9 10.4 0.594 99.7 0.593 0.289 101.6
16 7.6 11.0 0.570 15.0 0.085 1.084 7.2
17 7.8 11.5 0.550 16.7 0.092 1.084 11.0
18 7.6 12.8 0.499 19.9 0.099 1.084 13.8
19 18.8 104 0.596 33.3 0.198 1.084 27.0
20 18.9 11.3 0.558 39.0 0.218 1.084 37.4
21 18.7 12.7 0.504 48.0 0.242 1.084 47.2
22 27.2 10.6 0.585 50.4 0.295 1.084 61.5
23 27.2 11.6 0.547 58.7 0.321 1.084 79.9
24 27.4 12.2 0.523 65.2 0.341 1.084 97.8
25 39.8 12.3 0.520 95.8 0.498 1.084 239.8
26 39.7 12.4 0.516 97.3 0.502 1.084 249.7
27 39.9 12.4 0.515 98.3 0.506 1.084 260.5
28 42.9 12.1 0.528 100.1 0.529 1.084 283.4
29 44.7 11.8 0.541 99.2 0.537 1.084 288.2
30 48.0 114 0.556 99.9 0.556 1.084 313.3
31 49.9 11.1 0.568 99.2 0.563 1.084 336.4
32 9.4 10.1 0.606 15.9 0.097 2.050 11.0
33 9.4 10.8 0.577 18.0 0.104 2.050 15.6
34 9.3 12.8 0.502 24.1 0.121 2.050 23.5
35 18.7 11.0 0.569 36.9 0.210 2.050 50.0
36 18.5 11.8 0.540 41.1 0.222 2.050 62.1
37 18.6 121 0.526 43.8 0.230 2.050 68.4
38 18.5 12.9 0.496 49.1 0.243 2.050 82.9
39 30.3 115 0.552 64.2 0.354 2.050 167.7
40 30.2 12.3 0.520 72.7 0.378 2.050 201.5
41 304 12.7 0.502 78.6 0.395 2.050 236.2
42 39.6 121 0.527 92.7 0.489 2.050 366.1
43 39.5 12.3 0.518 95.7 0.496 2.050 383.8
44 39.5 12.5 0.513 97.9 0.502 2.050 400.5
45 45.4 11.7 0.544 994 0.541 2.050 511.5
46 49.0 11.2 0.563 99.2 0.559 2.050 561.8

47 57.2 10.2 0.600 99.6 0.598 2.050 596.9




Table 2.3 Cementation exponém) and tortuosity factdic jor various soils

Site Medium No. of Porosity ~ Archie mode Winsauer mod References
Samples n m m C

Onshor:  Aquifer sand 62 0.25- 0.5 1.4¢ 0.7¢ 1.2¢ Jones and Buford (19¢
Offshore Sandy soil 42 0.58-0.87 2.2¢ 0.7% 1.4t Boyce (196¢
Offshore Marine sanc 42 0.38-0.4¢ 1.5¢ 0.82 1.31 Jackson (197!
Offshore Marine sanc 35 0.33-0.5C 1.4¢ 0.61 0.91 Jackson et al. (197
Offshore Sandy soil 19 0.49-0.72 1.9¢ 0.9¢ 1.8¢ Hulbert et al. (198:
Onshort  Sand 44 0.23- 0.4 1.5¢ 0.87 1.42 Biella et al. (198
Offshore Marine clays 26 0.52-0.71 1.9¢ 0.7¢ 1.42 Lovell (1985
Offshore Marine sedimel 13 0.27-0.71 1.7¢ 0.7% 1.4t Lavoie et al. (198t
Onshori  Ottawa sanc 8 0.36-0.4Z 1.6 0.52 0.91 Gorman and Kelly (199
Offshore Carbonated san 29 0.30-0.61 1.4% 0.62 0.8¢ Bennett et al. (199
Offshore Weathered cha 41 0.26- 0.5¢ 2.0C 0.4t 1.07 Kim and Manghnani (199
Offshore Calcareous 00: 35 0.52-0.72 2.1¢ 0.9¢ 2.07 Kim and Manghnani (199
Onshor:  Glacial aquife 19 0.25-0.51 2.07 0.8( 1.87 Salem (200!
Offshore Carbonate san 6 0.37-0.5C 1.27 0.71 0.8¢ Wheatcroft (200:
Onshor:  Loes: 8 0.33-0.4¢ 2.0¢ 1.52 2.4¢ Rinaldi and Cuestas (20(
Onshor  Tuff grains 4 0.60- 0.64 1.6¢€ 0.82 1.28 Friedman and Robinson (20l
Onshori  Quartz sanc 7 0.40- 0.4¢ 1.4t 0.7¢ 1.11 Friedman and Robinson (20l
Onshori  Kaolin clay 7 0.53-0.6( 2.1¢ 0.8t 1.8¢ This study




Table 2.4 Calculated values of the empirical canstasing Eq. (2.6)
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. No. of
Expression 00 o m p R?
samples
K,/ Kk, =n"S" from Archie model 47 - 2.27 1.93 0.99
K, !k, =cn™SP from Winsauer model 47 0.62 1.52 1.90 0.95




(b) Assembled compaction cell

Figure 2.1 Circular two-electrode cell and compat@pparatus
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AC Source
(60 Hz)

Outer Electrode

Inner Electrode

50 Q Resistor

Themocouple

Soil Sample Thickness = 35 mm

v
......

Unit: mm

Figure 2.2 Schematic of the electrical conductivitgasurement system

(a) 10% gravimetric water content

(b) 30% gravimetric water content

Figure 2.3 Compacted annular soil samples in the ce
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Figure 2.6 General relationships between formatamtor and soil porosity for measured and

reported data
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CHAPTER 3

THERMAL PROPERTIES OF DRY MIXTURES OF

MINE TAILINGSAND TIRE CRUMBS

3.1 Introduction

In geotechnical engineering practice, geomateriatduding natural soil, crushed rock and
tailings from mining activities, and cement conefedre commonly used as fills of earthworks.
On the other hand, waste and by-product mateniells as scrap tire, coal fly/bottom ash, sewage
sludge ash, rice husk ash, etc, are often applieshihance the physical and chemical properties
of the fill materials. These materials are oftequieed to have specific thermal properties
depending on their applications. For instance, goadlating fills are needed for oil and gas
pipelines and underground storage tanks of ligdafigural gas (LNG). In contrast, geothermal
heat pumps and high-voltage power cables requirméterials to dissipate heat readily. Hence,

suitable selection of fill materials is very impamt for energy savings.

In the mining industry, substantial mining tailingse generated worldwide after extraction
of valuable metals and minerals from ore body. Triee tailings are the finely ground rocks,
and can be either reactive (generating acid mirséndge, AMD hereafter) or non-reactive,
depending on the mineralogical composition. Regertthe utilization of mine wastes by
modifying the physical and chemical properties afeartailings has been practiced, for example,
as the backfill of cemented tailings (Ercikdi et 2010) and as the raw material of building
bricks (Yellishetty et al. 2008). These applicaidmve advantages from technical, economic
and environmental perspectives. Nevertheless, muse tailings have traditionally been

disposed on site in the form of impoundments. Tiréase impoundments of high water content

A version of this chapter has been submitted fdipation inJournal of Environmental Engineering, ASCE.
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tailings allow for their consolidation and desic¢oat The impoundments may be in water or dry,
depending on the disposal history and site com@ticsSome tailings may be applied as
construction materials on the mine site for infrastiures when natural soils are not available in
ample quantity near the site and underwater dispsset essential to control AMD (Bussiere
2007). Moreover, the use of such mine tailings barbeneficial for the reduction in tailings
accumulation and costs associated with construcimd) reclaiming tailings dykes and other

infrastructures on the mine site.

More than one billion scrap tires are produced egdr worldwide, and the handling of
these scrap tires has become a serious environonebliem over past decades. As a possible
alternative for their disposal, the scrap tireswsed in civil engineering applications. The scrap
tires are usually grinded to particles. AccordimgASTM D 6270 (ASTM 2008), they are
classified into three distinct groups in partidlees: tire shreds (50 to 305 mm), tire chips (12 to
50 mm) and particulate rubber (less than 12 mntgnoknown as tire crumbs (Edincliler et al.
2010). The rubber tire particles are lightweight aturable, and display favorable drainage
characteristic, good thermal insulation and higargy absorption. They are also comparatively
cost effective when used as fills compared to othaterials. Owing to these advantages, tire
particles can be applied alone or mixed with ottpeomaterials as backfills of embankments,
retaining walls, bridge abutments, leachate cablectayers in landfills, subgrade thermal
insulators and vibration attenuation media (Humplatal. 1997; Tweedie et al. 1998; Aydilek

et al. 2006; Tandon et al. 2007; Hazarika et 80820

Studies on tire particles and soil-tire particleximies have been carried out extensively,
including characterization of mechanical propertgsch as the strength, compressibility,

compactivity and permeability, as related to theesaind shape of tire particles, soil type and
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mixing ratio (Hudson et al. 2007; Ozkul and BayR@07; Wartman et al. 2007; Tanchaisawat et
al. 2010; Edincliler et al. 2010). Meanwhile, a iety of field and laboratory studies for
evaluating toxicity of leachates from scrap tiresdr been conducted (Mclsaac and Rowe 2005;
Sheehan et al. 2006; Tandon et al. 2007). A conemsfie overview on the environmental
impacts of scrap tires is given in ASTM D 6270 (A52008). However, the thermal properties
of scrap tires and their mixtures with geomaterialdich are important in the design as
insulation fills, have not been addressed in deétathe literature. For instance, in the work of
Humphrey et al. (1997), the thermal conductivityticé chips was back-calculated by using one
dimensional heat flow theory and measured tempergitofile of an in-situ three-layer (soil-tire
chip-soil) system under steady state conditionserdiore, more information on thermal
properties of tire particles and their mixtureshmgeomaterials will be beneficial for practical

applications.

3.2 Objective and Scope

This study is directed to the beneficial use of particles as lightweight fill materials with
improved thermal insulation. Tailings from a minisige and tire crumbs were selected for the
study for reasons discussed in the previous secTio@ thermal properties and packing densities
of mine tailings mixed with tire crumbs in dry savere measured to investigate the roles of tire
particles inclusion in amending the thermal andkjpar behaviors of mineral aggregates. The
mixture samples were prepared in the laboratorycdmytrolling the mixing ratio of the two
materials and packing methods. The results of theconductivity and volumetric heat capacity
measurements on the mixtures are presented to dématen their correlations with the

volumetric mixing ratio of tire crumbs as well & tporosity of the mixtures.
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The scope of the study includes a review of corscépim particle packing characteristics
relevant to mixtures of mine tailings and tire chanwhich will enhance the understanding of
the thermal responses of the mixtures. Methodsddeessed to estimate the loosest and densest
packing behaviors of the mixtures from the theond grom experimental investigations,
respectively. Based on the experimental resulisuliiple linear regression model for predicting
the thermal conductivity of the mixtures is estsiidid as a function of two variables, i.e., the
volumetric mixing ratio of tire crumbs and porosifyhe volumetric heat capacity diagram is
presented, which enables the volumetric heat cgp&aibe determined for the mixtures at

known porosity and volumetric mixing ratio of ticeumbs.
3.3 Heat Transfer in Geomaterials

Heat transfer takes place through conduction, ottive and radiation. Of the three
mechanisms, conduction prevails in solids andespttedominant mechanism for heat transfer in
most geomaterials (Farouki 1986). The thermal ptogseof a geomaterial are affected by the
volumetric fractions of its constituents (air, wateinerals and organic matter). The thermal
properties of constituents of geomaterials varyairbroad range, as shown in Table 3.1.
Furthermore, the fabric of geomaterials, which ref® the arrangement of particles of all size
ranges, shapes and associated pores (Mitchell agd 3005), has an effect on their thermal

properties (Carson et al. 2003; Cote and KonradR00

The thermal conductivityl (W/mK) is defined as the heat flux under a unit penature

gradient under steady state, one dimensional dondjtas stated in the Fourier’s law:

- q
A=- 3.1
dT / dx 3-1)
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where q (W/m?) is the heat flux which is the amount of thermaémgy transferred per unit time
in the x (m) direction per unit area perpendicular to thensfer direction, and (K) is the
temperature. A high thermal conductivity signifteat heat easily propagates through a material.
Several researchers (Farouki 1986; Brandon andhklitc1l989) have pointed out that the
thermal conductivity of geomaterials varies witmfeerature and pore fluid salinity, as well as

the thermal conductivities and volumetric fractiai€onstituents.

The volumetric heat capaci, (J/InPK) is the amount of heat required to change a unit

temperature per unit volume of material:

_d4Q
C =t (3.2)

whereQ (J/nT) is the thermal energy per a unit volume angK) is the temperature. A high
volumetric heat capacity implies that a materiad hagh capacity to store thermal energy. De
Vries (1963) suggested that the volumetric heaaci&pof a geomaterial can be estimated as the

arithmetic mean of the volumetric heat capacifyof each constituent in the geomaterial, using

the volumetric fractiorV, as weight:

Cv = Z\/ICI :VaCa +VWCW +VsCs (33)
i

whereC andV denote the volumetric heat capacity and volumétaction of each constituent:
air (a), water (w), and soil solid €), respectively. Note that the solid constituemtsiude
various minerals and organic matter, which are seyiarated. When a dry mixture of mine

tailings and tire crumbs is considered, Eq. (3a3) be rewritten as

C,=V,C, +V,C, +V,C, (3.4)
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whereC,,and C, are the volumetric heat capacities, andandV, are the volumetric fractions

of mine tailings and tire crumbs, respectively. E334) can be expressed in terms of the porosity

andvolumetric mixing ratio of tire crumbs in the mix&uR,,, :

Cv :nca+(1_ n)(Cm_anVCm+anVCt) (35)

wheren is the porosity of the mixture arfgl,, is the volumetric mixing ratio of tire crumbs in

the mixture.

3.4 Particle Packing Characteristics

The term of packing may be defined as any mannarrahgement of solid units, in which
each constituent unit is supported and held inegplache Earth’s gravitational field by tangent
contact with its neighbors (Graton and Fraser 193%He termpacking is sometimes used
interchangeably with the terrfabric that describes the geomaterial particles and aggtge
arrangement in soil mechanics. To comprehend tl&impg behaviors of particulate material
mixtures, numerous theoretical and experimentalissuhave been performed. In general, the
purposes of these studies are to minimize the goichaximize the density of the mixtures in
ceramic, construction, food and polymer industrieghis section, a literature review on particle
packing theories is presented in order to interffretthermal behaviors of mine tailings and tire

crumbs mixtures.

The porosityn, void ratioe and bulk unit weighty,, which are strongly related to the

packing of granular materials, are correlated evblume-weight phase relationships defined in

soil mechanics:
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n=—% =1- % (3.6)

where G, is the specific gravity of a mixture ary], is the unit weight of water. In addition, the

arrangement of the packing is indirectly charazegtiby means of the coordination numibér
(defined as the average number of contact poira$ #ach particle has with surrounding

particles).

The packings of uniform spheres provide insightuinderstanding the packing behaviors of
granular materials. The regular packing arrangesnehtuniform spheres can be theoretically
calculated using geometry. The porosity of unif@pheres ranges from a low of 0.260 for cubic
packing to a higher of 0.476 for rhombohedral pagkiand the corresponding coordination
number is in the range of 6 to 12 (White and WaltéB87). However, random packings are more
realistic to particulate materials. McGeary (196dyealed that for packings of uniform spheres
from 41 um to 3 mm in size, the minimum porosity represantitense random packing lies
within the range of 0.375 to 0.405. German (198&nhmarized the reported porosities for
randomly packed uniform spheres, and noted thapthesity for dense random packing varies
from 0.333 to 0.390 with an average of 0.362, waeithe porosity of loose random packing of
uniform spheres ranges from 0.375 to 0.440 witlaeerage of 0.408. Murphy (1982) compiled
the coordination number data from the literaturé proposed an empirical relationship between
the coordination numbeK and porosityr in a randomly packed assembly of uniform spheres,

namely,

N =27.03n% -4454n+ 2180 (3.7)



48

Although this relation holds fo8.2<n< 06, it is obvious that the decrease in the porosity o

random sphere packs increases the coordinate nubdibrbeing the result of denser packing.

The packing of granular materials is controlledityinsic factors such as the shape, size
and gradation of particles, as well as by extefaetors such as the container wall effect and

packing method. These factors, thus, have influeooethe thermal properties of the mixtures.

Irregular particles tend to form looser packingntrequivalent spheres. The porosity of
natural sands with the same average particle sz@ases with decreasing the roundness and
sphericity, resulting in lower coordinate numbemas| as lower stiffness (Cho et al. 2006). The
greater the surface roughness is, the lower thkipgadensity (Shinohara 1984). On the other
hand, it was observed that the increase in thesggraith increasing particle irregularity leads

to the decrease in the thermal conductivity (Caetaad. 2003; Yun and Santamarina 2008).

Fine particles likely exhibit looser packing thdrose of coarse particles due to surface
effects. When the particle sizes approach to leéss t50 m, interparticle forces become
prominent because of the increase in the speaifilace area of particles (Samlley 1970). The
factors such as frictional forces and bridging lestwfine particles contribute to the formation of
loose or honeycomb structures with high pore spheele et al. 1998). Also, cementation
between particles causes agglomeration and parttlisters, yielding high porosity (Fedors and
Landel 1979). Norris (1977) pointed out that fisands are generally more irregular and as a
result, have higher porosity than coarse sandsmbldy, the porosity of coarse-grained soils is
within the range of 0.23 to 0.50, while fine-graingoils can have porosities greater than 0.50
(Budhu 2007). Meanwhile, it was shown that thertkarconductivity decreases as soil particles

decrease in size (Tavman 1996; Smits et al. 2010).
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Mixtures of non-uniform particles display a tendgrnioc be denser than those of the same
sizes since finer particles may occupy the voidsveen coarser particles. Panayiotopoulos
(1989) noted that the influence of particle sizgtrithution on packing efficiency is greater than
those of particle size and shape. As the partizke ratio (i.e., the ratio of coarse particle toefi
particle) increases, the coordinate number of eo@articles increases (Suzuki and Oshima
1983). On the other hand, it was found that thentlé conductivity of well-graded soils is

greater than that of poor-graded soils (BrandonMitchell 1989; Cote and Konrad 2005).

The container wall effect is defined as the packifgparticles being disrupted by the
smooth wall of container, which leads to highergsity near the wall. In a similar manner, the
coarse particles dispersed or isolated within the particles may prevent truly random packing
of fine particles at the interfaces of coarse aimé farticles. The container wall effect on
packing is less pronounced with rough walls aneigutar particles. When the distance from the
wall is at least ten times the particle size, thedomness of particles becomes constant
(McGeary 1961). Meanwhile, the densest and loasegtom packings are affected by packing
procedures. In other words, the minimum and maxinpamosities of a mixture depend on the
methods employed for their determination (Lade let1898), which may be estimated by
procedures declared in ASTM D 4253 and D 4254 (ASZO06a, b). Additionally, other
methods have been adopted by some researchersirflylessl Onada 1978; Al-Jarallah and

Tons 1981).

For a mixture containing particles of two sizes;ah be idealized as a binary mixture, and
its porosity variation against the volumetric mixiratio of coarse particles to the total solids is

illustrated in Figure 3.1, where porositiesRyf, =0 and1 correspond to random packings of

fine and coarse particles, respectively. The ptyaicreases with an increase in the volumetric
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mixing ratio of coarse particles until it reachetheeshold value. This threshold value represents
an optimal packing for a binary mixture, which ipaint where the behavior of the mixture
changes from fine-dominated to coarse-dominated.tfiénd is overturned with further increases
in the volumetric mixing ratio of coarse particl&#ghen the particle size ratio approaches infinity,
the voids of the coarse particles are larger endoghllow for the random packing of fine

particles, the porosity,, and volumetric mixing raticR,,,_,, at the optimal packing can be

obtained from the following equations, respectiglgde et al. 1998):

nopt = ncnf (38)

RmV—opt =1- : {n—f} (3.9)

a l/e +n; /e

wheren and e denote the porosity and void ratio of each partiolenixtures: coarsec() and

fine (f ), respectively. The theoretical packing curve, tlge porosity behavior of mixtures,,

in Figure 3.1, is expressed as

_ €; (1_ Rmv)
mix 1+ef (1_ Rmv) for Rmv = Rmv—opt (310)
SRATIC R e S (3.11)

nm'x
RmV (ec + l)

It is clear from these equations that the optinadiing point in binary mixtures is not unique

because it relies on the packing characteristite@host materials.
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3.5 Experimental Study

To study the thermal and packing behaviors of nailengs, tire crumbs and their mixtures,
an experimental program was designed and carriedAodescription of materials, apparatus,
sample preparation and methodology is providedhia section, followed by discussion of

experimental results and statistical analysis.

3.5.1 Materials

The materials used in this study are mine tailiagsl tire crumbs. Mine tailings were
recovered from the Musselwhite mine, a gold mineated 500 km north of Thunder Bay,
Ontario, Canada. Tire crumbs were supplied byeargcycling facility located in Ontario. The
index properties of two materials were determingtb¥ing the recommended procedures by

American Society of Testing and Materials (ASTM)daummarized in Table 3.2.

The specific gravity of mine tailings is 3.37, whiis greater than that of typical soils owing
to predominant amphibole minerals of high spedfiavity (Wang et al. 2006), and the specific
gravity of tire crumbs is measured as 1.19, whglamparable to those reported in ASTM D
6270 (ASTM 2008). The Atterberg limit tests onitags particles finer than 75m revealed that
the mine tailings are non-plastic. Scanning electrocroscope (SEM) images of mine tailings
and tire crumbs are displayed in Figure 3.2. Fonemtailings (Figure 3.2(a)), particles are
angular to subangular in shape, and typically ctredilarge bulky particles, platy particles and
flocks (agglomeration of clay-sized particles). stsown in Figure 3.2(b), the tire crumbs are

angulated and roughened as they are produced tintbagnill process.

The particle size distributions of the mine taibrand tire crumbs are shown in Figure 3.3.

In Figure 3.3(a), the shaded area indicates thedlygrading of Canadian hard rock tailings as
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presented by Bussiere (2007). The mine tailingsrade up of a wide range (0.42 to 138) of
particle sizes, characterized as a silt, with 9gEnd, 83.2% silt and 7.4% clay (sufh) sized
particles. The size of tire crumbs ranges from 9.6%n to 0.85 mm, as shown in Figure 3.3(b).
On the other hand, the textures of both the miimdga and tire crumbs are quantified as the

effective D,, and mediarD;, particle sizes, together with the coefficient afifarmity C,and
the coefficient of curvatur€,, as given in Table 3.2. Their textures can ben&rrspecified by

using other statistical measures such as mqdeneanD, standard deviatiowr, skewnesssk

and kurtosisk (see Appendix A for the definition and statistioaaning of the measures) that

are used to characterize the properties of georaksteAs an example, Carrier (2003) pointed

out that theD size of particles best represents the particle fizethe estimation of the

coefficient of permeability of a soil than th®, size of particle. It is also noteworthy that thg,

almost never displays the same value as Dheince the particle size probability density
functions are likely to be skewed. Accordingly, 8tatistical measures of the mine tailings and
tire crumbs were computed and are listed in Tal8e Based on the descriptive terminology of
shapes suggested by Blott and Pye (2001), the tailiregs are poorly sortedo(= 3.596), with
fine skewed (indicating an excess of fineés~= -0.981) and mesokurti(= 3.469) distribution,
whereas tire crumbs is moderately well sorted=(1.557), with fine skeweds = -1.043) and
leptokurtic (K = 3.810) distribution, as comparing to the log-nakmistribution. As shown in
Figure 3.3(a), meanwhile, the particle size disiitn of mine tailings used is characterized as
the tertiary mode, which is attributed to the fthett ore has been artificially ground to a targeted

particle size for liberating gold from the rock.
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Wang et al. (2006) have studied the mineralogicdl geochemical properties of the mine
tailings used in this study. According to their ukks, the mine tailings contain 3% reactive
minerals (i.e., pyrrhotite) and the remainder imposed of amphibole, quartz, mica or illite, and
chlorite. The amount of pyrrhotite is small, compgrto that of other sulphide-containing mine
tailings reported in the literature (e.g., 80% pwptite: Amaratunga 1995; 49% pyrite: Ercikdi et
al. 2010). This means that the mine tailings tebtesilow reactivity. Moreover, the mine tailings
contain 1.2% carbonate, in the form of calcite datbmite, which provide a pH buffer capacity.
On the other hand, the pH of the mine tailings éasured as 8.4, which is slightly alkaline. This
is mainly due to the addition of lime during thellmg process and the presence of carbonates.

Up to date, AMD has not been generated on the siiae

3.5.2 Apparatus

In this study, all measurements of thermal propsrtivere conducted using a thermal
property analyzer (Model KD2 Pro, Decagon Devicex.)l The methodology of the
measurement is based on the transient line heatesdbheory (Bristow et al. 1998). This
apparatus reproduces thermal properties of referematerials with £5% accuracy within the
temperature range of - 50 to 150 °C. The KD2 Pralyaer comprises a hand-held unit and a
sensor. The sensor has two-parallel probes of im3rameter and 30 mm length at a spacing of
6 mm, which is inserted into the sample under rtgstOne of probes contains a heater and the
other, a thermistor. A heat pulse is applied toltbater and, the temperature is simultaneously
recorded at the thermistor. The thermal propeuifethe sample are automatically determined
from the temperature response with time. A singgasurement takes about 2 minutes including

the temperature equilibrium period prior to heatmgl cooling.
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3.5.3 Sample Preparation

In this study, samples tested include mine tailinge crumbs, and seven mixtures of the
tailings and tire particles. The thermal condutgivand volumetric heat capacity of mixtures
were measured and compared with those of pure maiiegs and pure tire crumbs. Nine
samples with the rubber-to-tailings weight ratid0®, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1.0
were prepared. The weight ratio was used insteathefvolumetric ratio, because preparing
samples is more readily performed using weight mregsent. The weight mixing ratios were
converted to the volumetric mixing ratios for ealng packing and thermal behaviors of the
samples in the analysis related to the volumesins. The volumetric mixing ratio of tire

crumbs in the mixturdR ,, can be calculated from the weight mixing raRg,, knowing the

specific gravities of tire crumb&,, and mine tailingss,,, by using the following equation

st !

(Youwai and Bergado 2003):

G, | G G,

sm

Ry = 3 (HW ' R“Wj (3.12)

It is intuitively recognized that the mixtures wibrm different fabrics under different particle
sizes and shapes, which will influence the thenonaperties of the mixtures, as discussed in the

previous section.
3.5.4 Methodology

The tire crumbs and tailings at predetermined werghio were placed in a mechanical
mixer and mixed until the samples were visually bgenous. The mixture was then packed

following three different procedures: loosest pagkiintermediate packing and densest packing.
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A standard Proctor mold of volume 943.7%¢t01.6 mm diameter and 116.4 mm height), as
described in ASTM D 698 (ASTM 2007), was used as tlontainer. No surcharge and
compaction were applied in the sample preparatmravoid crushing tailings particles and

compression of tire particles.

A mixture with loosest random packing was achief@ldwing the Method A specified by
ASTM D 4254 standard (ASTM 2006b), in which a fuhweas used to pour the mixture into the
container. A mixture with the densest random paghkiras attained using an electromagnetic
vibrating table (Model VP-51-D1, FMC tech.). A mixé with the intermediate packing was
prepared following the same procedures for the elnsacking, but the time and amplitude of
vibration were attenuated. For each rubber-tailingsght ratio, one to three samples were

prepared with various degrees of intermediate pagcki

After packing, the extension collar on the mold wasioved and the excess material was
carefully trimmed off. The weight of the sample wasasured for calculation of the bulk unit
weight and porosity from Eq. (3.6). Lastly, the wwoletric fractions of constituents in the sample

(air, mine tailings and tire crumbs) were compuisthg Eq. (3.12) with the known porosity.

After the sample was prepared and its propertiee weeasured, the KD2 Pro analyzer was
vertically inserted into the sample. A total oféarmeasurements, taken from 50 mm from the
mold wall, were made and the average value anddatdndeviation were calculated. All
measurements were carried out at the room temperatfu20 °C, with deviation less than

+0.5 °C.
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3.6 Resultsand Discussion

A summary of results for all samples tested is latled in Table 3.4. One can notice that the
measured bulk unit weight and porosity already wapthe effects of the patrticle sizes, shapes
and gradation as well as the container wall efféctthis section, the experiment results are
presented and discussed to highlight the roles cafrse-gained tire particles inclusion in

modifying the thermal and packing characteristicBne-grained tailings.

3.6.1 Packing Behaviors of Mixtures

The minimum and maximum bulk unit weightg, (. and y, ) of the mixtures are plotted

against the volumetric mixing ratio of tire crumhs,shown in Figure 3.4, in which the bulk unit
weights corresponding to samples with intermedpateking are not included. The variation of
the maximum bulk unit weight with the volumetricximg ratio of the lightweight tire crumbs is
greater than that of the minimum bulk unit weigbh the other hand, the results indicate that the
inclusion of the lightweight tire crumbs decreasies bulk unit weight regardless of the packing
density, and the trend is non-linear, which is thuéhe change in the amount of air-entrainment

as influenced by the volume of tire crumbs in thetare.

The minimum and maximum porositiesn(, and n_, ) of the mixtures against the

volumetric mixing ratio of tire crumbs are shown Figure 3.5, to compare with bulk unit

weights in Figure 3.4. Again, the porosities cqomyling to intermediate packing are not
presented in this plot. The porosity change in f@gi5 represents the changes of air fraction in
mixtures. The porosity of the mixtures decreasespasking density increases, while the
variations of porosity are similar irrespectivepaicking states. As the volumetric mixing ratio of

tire crumbs increases from 0 to 0.55, both the mmimh and maximum porosities of the mixtures
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decrease gradually. As the volumetric mixing ratidire crumbs further increase from 0.55 to 1,
the limit porosities of the mixtures increase diigantly. This trend supports the fact that the
decrease in the bulk unit weight of the mixtureshwhe increased portion of tire crumbs is
caused not only by the reduced mixture weight,a&dsib by the changes in entrained air in the
mixture. The porosity of mine tailings ranges frOm4 to 0.60, which is in the range of typical
fine-grained soils, whereas the porosity of tirensbs varies from 0.63 to 0.68, which are
relatively large comparing to geomaterials. Thisynie attributed to the angular shape and
rough surface of the tire particles. The observasbows the evidence that the porosity of

materials is associated with the combined effegasficle size, shape and gradation.

The binary packing theory, modeled as Eqgs. (3.8)31(3 is applied to the measured
porosities of the mixtures of mine tailings anc terumbs, as shown in Figure 3.5. Based on
particle size statistics of the two materials giveable 3.3, the particle size ratios of the mode

D.../D,, and the mediam.,, / D,,, (Where the subscriptand m denote the tire crumbs and

mt

mine tailings, respectively) are computed to be &8 17.5, respectively. In addition, the
particle size ratio of the mean with standard dawia(D: +0,)/(Dm+0,,) i determined to be

between about 20 and 30. The results demonstratehté fitted curves of measured porosities
are consistent with the theoretical packing curtle: porosity of the mixtures is less than the
porosities of pure materials. However, the optirpackings of two limit porosities, i.e.,
minimum and maximum porosities, do not exhibit stidctive point as derived from the ideal
binary mixture shown in Figure 3.1. This is prolyaue to the fact that for mixtures with tire
crumbs content less than the optimal packing vdltee particles do not float within the tailings
particles matrix without the interference of randtatings packs. For mixtures with tire crumbs

content higher than the optimal packing valuejrigd particles could not migrate into the pore
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space between tire particles without frictionalgesice that leads to disconnected tire particles.
Similar smooth packing trends for mixtures contagnconstruction aggregates of two different
sizes have been observed in the literature (Allddéwrand Tons 1981, Lade et al. 1998, Jones et
al. 2002). In their works, the median particle siago is in the range of about 2 to 30. Polito
(1999) analyzed the packing for mixtures of 37 saad 5 non-plastic silts, and concluded that
the volumetric mixing ratio of sands at the optirpatking point was within the range of 0.55 to
0.75. In contrast, for the irregular shaped tinendos and tailings mixtures, it is found that the
optimal packing is located at a lower volumetriimg ratio of tire crumbs, i.e., in the range of

0.50 to 0.60.

The relationship between the minimum and maximunogities of the mixtures is shown in

Figure 3.6. The result reveals that the maximunogity increases with an increase in the

minimum porosity. The data regression equatiorthegorm of (R*> = 0.85)

Moy = 048N, + 036 (3.13)

Based on this relation, the packing method usethi® study can be employed to prepare
mixtures with minimum and maximum porosities. Therelation can also be used to estimate

the minimum porosity from the maximum porosity amck versa, for rubberized geomaterials.

The porosity range, i.en,— n., (or the void ratio range, i.eg, ., — €,,) IS used as an
index property of granular geomaterials that refietheir fabrics (Cubrinovski and Ishihara
2000). Figure 3.7 shows the porosity range verBasvblumetric mixing ratio of tire crumbs.
The values oM, - n,,, slightly increases with the increasing volumetritximg ratio of tire

crumbs first, then it begins to decrease noticeatith a further increase in the volumetric

mixing ratio, finally it decrease steadily. Thigioates that a transition region exists, ranging
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from R,, = 0.55 to 0.75. In this region, both the mine k8 portion and tire crumbs portion in

the mixtures govern the porosity of the mixturesydnd this range, the mixture fabric transits
from a rigid (i.e., a mine tailings supported faptio a soft (i.e., a tire crumbs supported fabric)
granular skeleton. Meanwhile, it is shown that éhisrlittle porosity change in packing of pure
tire crumbs, which is expected since the vibratimas limited effect on densification of

lightweight and highly compressible materials.

These observations can provide insight to the adtimixing design of geomaterials mixed
with recycled tire particles, which represent rigmft mixtures. Furthermore, the results suggest
that factors such as the particle sizes, shapes ggadation may control the packing
characteristics of the mixtures. The effect of éhdsatures to the thermal behavior of the

mixtures will be discussed in the following section

3.6.2 Thermal Behaviors of Mixtures

The relationships between the thermal conductiaitygl volumetric mixing ratio of tire
crumbs for the densest and loosest random pachkirggshown in Figure 3.8. It is no surprise to
see that the thermal conductivities of the mixtwéh the densest packing are greater than those
with the loosest packing, as the thermal condugtiof solids is higher than that of air. It is of
interest to note from Figure 3.8 that the trendshefmal conductivity curves at two different
packing states are similar. For the densest pacHkigthermal conductivity values reduce from
0.248 W/mK for mine tailings to 0.080 W/mK for ticeumbs, while for the loosest packing, the
values decrease from 0.140 to 0.073 W/mK. The meéxtiontaining 65.4% of tire crumbs by
volume (40% by weight) has a reduction of thernmadductivity of about 50% comparing to the

mine tailings without the addition of tire crumiMore importantly, the thermal conductivities of
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the two packing states follow a similar trend coneplato packing behaviors as presented in
Figure 3.4. This finding substantiates the factt tt@e thermal conductivity of granular
geomaterials is correlated to the inherent therpralperties of constituents as well as the

volumetric fractions of constituents and arrangenoémparticles in the mixtures.

The relationships between the volumetric heat dapaad volumetric mixing ratio of tire
crumbs for the densest and loosest random packirgshown in Figure 3.9. The volumetric
heat capacity of the densest packing mixturesrgetathan that of the loosest packing mixtures.
On the other hand, as the volumetric mixing rafidire crumbs increases, the volumetric heat
capacity initially increases slightly and then deditally decreases for both packings. It is also
noted that the trend of variation of the volumetngat capacity versus the volumetric mixing
ratio of tire crumbs is similar to that of the psity versus the volumetric mixing ratio of tire
crumbs, as indicated in Figure 3.5. This embodies the volumetric heat capacity of the
mixtures is more affected by the volumetric frastimf air than by that of solid phases. This is
attributable to the fact that the volumetric hegparity of air is three orders of magnitude lower

than that of most solids, including tailings ane particles.

Figure 3.10 shows the relationships between themi@leconductivity and porosity for all
experimental data tested in this study, includimgngles with intermediate packings. The
thermal conductivity of mine tailings decreaseshwitcreasing porosity and ranges from 0.248
to 0.140 W/mK for porosities between 0.44 and OM@anwhile, the thermal conductivity of
tire crumbs varies from 0.080 to 0.073 W/mK for gmities ranging from 0.63 to 0.68. The
measured thermal conductivities of the mixturetheftwo materials are located within the upper
and lower bounds with respect to the mine tailiagd tire crumbs, respectively. This plot also

shows that as the weight mixing ratio of tire cremincreases, the thermal conductivity
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decreases. Hence, the thermal insulation effecteofcled tire crumbs can be utilized in

engineering applications.

The thermal conductivities of dry geomaterials ugithg crushed rocks, gravels, sands, silts
and clays, as related to their porosities have Istetied by many researchers (Kersten 1949;
Gangadhara Rao and Singh 1999; Corte et al. 2088Wwe 3.11 shows comparison of the
measured values of the thermal conductivity of ntaikngs and tire crumbs and those of other
materials reported in the literature. The therneaductivity of mine tailings is within the typical
range of sands and clays, whereas the thermal ctwitly of tire crumbs is lower than that of
typical geomaterials. The plot also explains the thermal conductivity of geomaterials is
sensitive to the fabric as well as the thermal catidity of their constituents. For instance, the
thermal conductivity of crushed rocks is scatteand differs from that of natural gravels despite

their similar grain sizes (20 mm).

Figure 3.12 shows the relationships between thamelric heat capacity and porosity for
all experimental data obtained in this study. Tlwumetric heat capacity of the mixtures
decreases with increasing porosity. The volumédtgat capacity of mine tailings ranges from
1.677 to 1.217 MJ/fK for porosities between 0.44 and 0.60. On the roltad, the thermal
conductivity of dry tire crumbs varies from 0.9@1@.811 MJ/K for porosities ranging from
0.63 to 0.68. These two trends are the upper amdrlbounds of the mixtures of mine tailings
and tire crumbs, respectively. Figure 3.12 also alestrates that the rate of volumetric heat
capacity changes against the porosity decreasds iméteasing weight mixing ratios of tire

crumbs in the mixtures.
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From Figures 3.10-3.12, one may recognize thathteemal properties of mine tailings and
tire crumbs mixtures strongly depend on the packinighe mixtures as represented by porosity.
Consequently, the porosity plays a critical rolehgat transfer of the dry mixtures, and can be
considered to be a secondary factor that captiwesptimary factors, i.e., the particle sizes,
shapes and gradation as well as the particle deaistcs of host materials. Especially, given the
mechanism of thermal contacts at the particle-s¢hke increase in thermal conductivity with

decreasing porosity may reflect the improvemerngasticle contacts in the mixtures.

3.7 Statistical Analysis

In the above section, the results of thermal priggeand packing tests were interpreted to
explore the correlation between thermal and packiglgaviors of the mine tailings and crumb
tires mixtures. In this section, the results ofistizal analysis on the average thermal properties

in Table 3.4 are presented and discussed.

Regression analysis was used for statistical etiraluaThe general multiple linear

regression model can be formulated in the followeggation:

Y=L +BX + B X+ A BX + B X, +€ (3.14)

where B is the regression coefficienX; is the independent variables, is the dependent

variable, ands is a random error term.

In this study, the multiple linear regression asal/were performed in two phases: to build a
prediction model for the thermal conductivity, amol develop an analysis chart for the
volumetric heat capacity. In the first phase, thdtiple linear regression analysis was carried

out to establish the relationship of the averagential conductivity of mine tailings, tire crumbs
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and their mixtures as related to the volumetricingxatio of tire crumb<R,, and porosityn.

In the second phase, the volumetric heat capaaityeg of mine tailings and tire crumbs (i.e.,

C,,and C,) were first computed by using multiple linear eggion analysis (without accounting
for intercept term3,) applied to Eq. (3.4) with other known variables.(C,,C,, V,, V,, and
V,), and then the calculated values are applied tq¥E8§) to produce a volumetric heat capacity
diagram of the mixtures as a function of the voltrmmemixing ratio of tire crumb<R,, and

porosity n.
3.7.1 Regression Model for Thermal Conductivity

A multivariate regression model is developed aigaiScance level of 5% to relate the

thermal conductivityd, and the volumetric mixing ratio of tire crumBs,, and porosityn:

A =0.368-0.079R,,, —0.353n (3.15)

Eq. (3.15) states that the form of the regressiodehis consistent with the trends of test results
observed in Figure 3.10. That is, the thermal catidity decreases with increasing volumetric

mixing ratio of tire crumbs and increasing porosity

The statistical properties from the regression yammslare summarized in Table 3.5. The
coefficient of determinatiorR® is 0.908, which indicates a strong correlation teemw the
thermal conductivity and the two variables (i, andn). However, a largeR® value does

not necessarily guarantee accurate prediction,theckfore theF - value test is also used to
assess the regression model. By definition, Fhevalue is the ratio of the mean squares of
regression (MSR) and mean squares of error (MSteihypothesis of the test is all regression

coefficients being zero (Montgomery et al. 2004haN theF - value of the regression model is
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larger than the criticaF - value that is the upper limit of thee ratio, the model is feasible at a
given probability and degree of freedom. Thke value is calculated to be 182.5, much greater
than the criticalF - value at the probability of 95%, i.e., 3.3, sugigey that the regression

model is highly significant.

The standard residual of predicted thermal conditgtidefined asr, =r/SE, wherer =

standard residual, = residuals, an&E = standard error, is shown in Figure 3.13. Baeof

thermal conductivity regression model is 0.014, #r@@95% confidence band is +2.03. This plot
demonstrates that the majority of the standardlveds fall in the 95% confidence bandwidth of
4.05. The standard residuals are evenly distribwiéid regard to the predicted values of thermal
conductivity, indicating the regression model i®8gly significant for the estimate of thermal

conductivity.

Additionally, even if the regression model is stttially significant in terms oR?, F -
value and standard residuals, implying the modelpglicable, it does not guarantee that the
model is in any way optimal. It could be, for exdejpthat one variable is dominating the
regression equations while another variable inetpgation is irreverent. Thus, the significance
of the regression coefficients of the variablethim empirical model was examined via Student’s
t- test, which is designed to evaluate the hyposheka particular regression coefficient being
zero at an arbitrary probability. The significarafeany regression coefficient can be assessed by
comparing the - statistic of the regression coefficient (definesl the ratio of the regression

coefficientg , and its standard errogE , i.e., [t-staf=|3/SE(B)|) and the Student's

distribution. In other words, if the value of statistic for any of the regression coefficiersts

less than the Studentisdistribution at the probability of 95%, i.e., 1.68¢can be concluded that
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the data do not provide convincing evidence that ¢hefficient is different from zero. The
results of Student’s test reveal that the intercept, volumetric mixiagio of tire crumbs and
porosity are significant at the probability of 95&4the regression model, as shown in Table 3.5.
Comparing to the values of statistic obtained, the porosity is slightly maignificant than the

volumetric mixing ratio of tire crumbs.

As a result, the multiple linear regression modaielate the volumetric mixing ratio of tire
crumbsR,, and porosityn is highly significant as indicated by a seriestftistical analyses. A
practical application of the empirical model is poedict the thermal conductivity if the
volumetric mixing ratio of tire crumbs and porosity a mixture are known. Also, it can be
applied to estimate conditions to attain a desihedmal conductivity. Although the model was
built with limited data, it provides a viable inbigto the understanding of the thermal

conductivity behaviors of rubberized geomaterialdily condition.
3.7.2 Analysis Chart for Volumetric Heat Capacity

With known volumetric fractions of constituentse(j.air, mine tailings and tire crumbs) and
volumetric heat capacities of air and mixtures,ubkeimetric heat capacities of mine tailings and
tire crumbs mixtures were determined by using thétipte linear regression analysis applied to
Eq. (3.4). The volumetric heat capacity valueshef mine tailings and the tire crumbs are found

to be 2.889 and 2.461 MJjK) respectively. The resulting values of statidtipeoperties are

coefficient of determinatioiR” = 0.999 with standard err@e = 0.033 andF - value = 32,829.6.
These volumetric heat capacity values were uséfjtq3.5) that correlates the volumetric heat

capacity of mixturesC,, volumetric mixing ratio of tire crumbR ,,, and porosityn. Figure

3.14 shows an analysis chart for estimating themelric heat capacity of mixtures at known
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porosity and volumetric mixing ratio of tire crumbEhe curves represent the porosity range of
0.3 - 0.7, as indicated in Figure 3.12. The voluindteat capacity decreases with increasing
volumetric mixing ratio of tire crumbs at a giveworpsity. Meanwhile, the volumetric heat
capacity decreases with increasing air fractiomirtures at a given volumetric mixing ratio of
tire crumbs. These trends are consistent with ésalts shown in Figure 3.12. From a practical
perspective, the analysis chart may prove usefuldasonable predictions of the volumetric heat
capacity from easily available mixture properties,, the volumetric mixing ratio of tire crumbs

and porosity only.

3.8 Summary and Conclusions

The objective of this study was to investigate tiermal and packing behaviors of mine
tailings and tire crumbs mixtures, which has po&rapplications in utilizing recycled tire
particles as lightweight fill materials with enhadcthermal insulation. The study included a
detailed literature review on particle packing eueristics of spherical and granular materials,
which serves to improve the understanding of thekipg of mine tailings and tire crumbs
mixtures that associate with their thermal propsttin the experimental program, the thermal
and packing properties of dry mixtures of mineings$ and tire crumbs with different mixing
ratios were measured to investigate the roles ref piarticles inclusion on the thermal and
packing behaviors of mineral aggregates, as welloasxamine their relationships with the

porosity. The following conclusions can be madestdasn the results of this study:

1. The factors affecting the packing and thermal prioge of geomaterials include the
particle size, shape and gradation as well as tmamer wall effect and packing

method.
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. The bulk unit weights of the loosest and denseskgrh mixtures decreased non-linearly
with increasing volumetric mixing ratios of tireuenbs in the mixtures, and the
variations of their thermal conductivities were ganto the convex-shaped variations of
bulk unit weights.

. The minimum and maximum porosities of the mixtuagginst the volumetric mixing
ratio of tire crumbs showed the smooth concaveathagariation, not the sharp V-
shaped variation derived from the ideal binary omigt As increased the volumetric
mixing ratios of tire crumbs in the mixtures, th@lumetric heat capacity values of the
mixtures corresponding to the densest and loossEinms initially increased slightly
and then decreased considerably, similar to thmeltod porosity variation.

. At the volumetric mixing ratios of tire crumbs of56 to 0.75, the mixtures
demonstrated transitional fabrics, i.e., the stmectchanged from a tailings controlled
rigid fabric and a rubber particles controlled daftric.

. The porosity plays a preponderant role in heatsteanof the dry mixtures: both the
thermal conductivity and the volumetric heat capyaicicreased linearly with decreasing
porosity.

. A multiple linear regression model was develope@sbmate the thermal conductivity
of the mine tailings and tire crumbs mixtures datesl to the volumetric mixing ratio of
tire crumbs and porosity. A series of statisticahlgses revealed that the regression
model is highly significant.

. An analysis chart was established that enablesdhanetric heat capacity of the mine
tailings and tire crumbs mixtures to be determiatthe known porosity and volumetric

mixing ratio of tire crumbs in the mixtures.
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It is believed that the findings and interpretatiorethods presented in this study will be
beneficial for the understanding of the thermalrabteristics of rubberized geomaterials in dry

condition.
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Table 3.1 Densities and thermal properties of bgeamaterial constituents

Materia Particle densityp ~ Thermal conductivityA Volumetric heat capacitf,
(g/cn?) (W/mK) (MJI/mK)
Air 0.0012F 0.025 t0 0.02° (283 K) 1.25x 10°°
Wate! 1° 0.57 t0 0.5° (283 K] 4.1€°
Quart: 2.6€F 8.8° (283 K) 2.01°
2.13°
Other mineral ~ 2.65* 2.07"(298 K) 2.01°
3.5% (298 K) 2.39°
Organic matte ~ 1.2° 0.25(-) 2.5F

Tand*: values are for feldspar and mica, and amphihatispectively.
@ Balland and Arp (2005)

® Bristow (1998)

Table 3.2 Index properties of mine tailings and trumbs

Propertie Mine tailings Tire crumb
Specific gravity,G, 3.374 1.190
Optimum water content,, (%) 13.5 -
Maximum dry unit weight,y, ... (KN/m?) 19.5 -
Effective size,D,, (um) 2.8 237.1
Median size,D., (um) 25.6 448.1
Coefficient of uniformity,C,, 11.43 2.08
Coefficient of curvatureC, 1.61 0.96

Table 3.3 Particle size statistics of mine tailiagsl tire crumbs

Sample statisti Mine tailings Tire crumts
Mode, D, (um) 45.7 425.0
Mean, D (um) 18.5 444.4
Standard deviationg (um) 3.596 1.557
SkewnessSk (um) -0.981 -1.043

Kurtosis, K (um) 3.469 3.810
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Weight Volumetric Bulk h Volumetric
mixing ratio of  mixing ratio of A Porosity Thermal .
NO.  tire crumbs tire crumps Uit weight - conductivity ~ heat capacity
&n/m? N0 A(W/mK)  C,(MIN’K)
Ruw ) Ru @) P :
1 0 0 13.7 0.6( 0.140 (0.008" 1.217 (0.00:"
2 0 0 14.€ 0.5¢ 0.166 (0.00z 1.287 (0.00¢
3 0 0 16.2 0.51 0.204 (0.003  1.452 (0.01Z
4 0 0 17.1 0.4¢ 0.226 (0.005  1.574 (0.01¢
5 0 0 18.7 0.44 0.248 (0.00: 1.677 (0.02¢
6 0.1 0.24( 12.¢ 0.5¢ 0.138 (0.00:  1.259 (0.01¢
7 0.1 0.24( 13.¢ 0.5¢ 0.155 (0.00z  1.312 (0.00¢
8 0.1 0.24( 15.2 0.4¢ 0.189 (0.003  1.501 (0.007
9 0.1 0.24( 16.€ 0.4¢ 0.218 (0.00¢ 1.617 (0.02¢
10 0.1 0.24( 17.7 0.37 0.245 (0.00:  1.728 (0.01¢
11 0.2 0.41¢ 11.2 0.5¢ 0.127 (0.005  1.272 (0.041
12 0.2 0.41¢ 12.5 0.4¢ 0.146 (0.00:  1.362 (0.017
13 0.2 0.41¢ 13.2 0.4t 0.164 (0.005  1.447 (0.027
14 0.2 0.41¢ 14.5 0.4¢ 0.186 (0.00¢ 1.642 (0.03¢
15 0.2 0.41¢ 15. 0.3¢ 0.220 (0.00¢ 1.731 (0.010
16 0.2 0.54¢ 10.2 0.52 0.123 (0.00z  1.255 (0.00¢
17 0.2 0.54¢ 10.€ 0.4¢ 0.139 (0.005 1.325 (0.01<
18 0.2 0.54¢ 11.€ 0.44 0.166 (0.00:  1.491 (0.021
19 0.2 0.54¢ 12.€ 0.41 0.176 (0.00¢ 1.542 (0.02¢
20 0.2 0.54¢ 13.€ 0.3¢ 0.209 (0.00: 1.711 (0.01Z
21 0.4 0.65¢ 8.7 0.5t 0.114 (0.00z 1.181 (0.00¢
22 0.4 0.65¢ 9.4 0.51 0.127 (0.00z 1.278(0.014
23 0.4 0.65¢ 9.6 0.4¢ 0.131 (0.00z 1.304 (0.017
24 0.4 0.65¢ 10.2 0.4¢ 0.145 (0.001  1.397 (0.00%
25 0.4 0.65¢ 11.1 0.4z 0.165 (0.00¢  1.532 (0.00%
26 0.5 0.73¢ s 0.5¢ 0.113 (0.00z 1.157 (0.017
27 0.5 0.73¢ 7.6 0.5¢ 0.118 (0.003  1.191 (0.021
28 0.5 0.73¢ 8.2 0.52 0.121 (0.00z 1.207 (0.017
29 0.5 0.73¢ 8.5 0.51 0.131 (0.00z 1.294 (0.00¢
30 0.5 0.73¢ 9.1 0.47 0.138 (0.00z 1.354 (0.00¢
31 0.€ 0.81( 6.€ 0.57 0.104 (0.00:  1.131 (0.011
32 0.€ 0.81( 7.2 0.5¢ 0.110 (0.00:  1.194 (0.007
33 0.€ 0.81( 7.6 0.52 0.117 (0.001  1.240 (0.01(
34 0.€ 0.81( 8.C 0.4¢ 0.126 (0.00:  1.307 (0.01<
35 0.€ 0.91¢ 5.2 0.62 0.089 (0.00C 0.987 (0.00€
36 0.€ 0.91¢ 5.€ 0.5¢ 0.097 (0.001 1.061 (0.00%
37 0.€ 0.91¢ 6.C 0.5¢ 0.104 (0.00z 1.124 (0.017
38 1 1 3.6 0.6¢ 0.073 (0.001 0.811 (0.01C
39 1 1 4. 0.6¢ 0.076 (0.00z 0.855 (0.01€
40 1 1 4.2 0.6¢ 0.080 (0.001 0.901 (0.011

T Standard deviation



Table 3.5 Summary of multiple linear regressionlysia result

77

Observations 40
R- squared 0.908
Standard error 0.014
F - value 182.5
Coefficients Standard error t - statistic
Intercep 0.36¢ 0.01¢ 24.007
R.wv -0.079 0.008 -9.424
n -0.353 0.033 -10.697
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Figure 3.2 SEM images: (a) mine tailings; (b) trambs
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CHAPTER 4

THERMAL CONDUCTIVITY OF COMPACTED MIXTURES OF

MINE TAILINGSAND TIRE CRUMBS

4.1 Introduction

Geomaterials mostly consist of mineral solids, wated air at various proportions. The
study on heat transfer through geomaterials is rtapbin geoengineering applications such as
oil and gas pipelines, high-power electric cablaslioactive waste disposal facilities, ground
heat exchangers, etc. Thermal transport takes ghasegh conduction, convection and radiation,
in which conduction is most predominant in granufeterials and is quantified by the thermal

conductivity.

The thermal conductivity of a geomaterial is stigridgpendent on the volumetric fractions
of its constituents. The thermal conductivities bafsic geomaterial constituents vary across
several orders of magnitude, for example, minevatls (order of 10 W/mK), water (order of 1
W/mK) and air (order of 0.01 W/mK). Numerous stwdigave been reported on the thermal
conductivity of geomaterials as influenced by theperties associated to their constituents, i.e.,
dry density, water content, degree of saturatioatewvapors and ices, water flow, electrolyte
type and concentration, and mineralogical compmssti(Horai 1971; Steiner and Komle 1991,
Abu-Hamdeh and Reeder 2000; Tarnawski et al. 28@@hmann et al. 2001; Ochsner et al.
2001; Yun et al. 2011). Moreover, the structurg@bmaterials has a significant impact on their
thermal conductivity. The term of structure refécs the combined effects of fabric (the
geometrical configuration of solid particles of silte ranges, shapes and surface roughness) and

bonding (the inter-particulate forces that hold tighr together, including cementation,

A version of this chapter has been submitted fddipation inGeotechnical Testing Journal, ASTM.
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electrostatic, electromagnetic and other forces)tofiMIl and Soga 2005). Woodsinde and
Messmer (1961) pointed out that the cementatiopadficles is an effective process to increase
the thermal conductivity of geomaterials. Narsigbd al. (2010) found that the improved

extent/quality of contacts between inter-partid¢éesis to better thermal conduction.

Reusing solid wastes in civil engineering applmasi can be beneficial to reduce
greenhouse gas emissions. The solid wastes tha patential to be recycled for use as
construction materials include scrap tires and ntaikngs. Waste rubber tires exhibit low
density, high durability, good thermal insulatitiigh energy absorption as well as relatively low
cost. The scrap tires are grinded to particlesanious sizes for practical purposes. According to
ASTM D 6270 (ASTM 2008), granulated rubber is defimas particulate rubber composed of
mainly non-spherical particles, normally less th@mm in size, that is commonly known as tire
crumbs (Edincliler et al. 2010). On the other hatadjngs from mining activities are ground
rock particles from which valuable metals and maferare extracted. Mine tailings are
conventionally disposed on site and often usedilasnaterial where natural soils are not
available or abundant, provided that the generatiomcid mine drainage (AMD) is prohibited.
In combination, tire particles and mine tailingsynie utilized in construction as fills. Chapter 3
examined the thermal characteristics of dry mixduoé low reactivity mine tailings and tire
crumbs, suggesting their potential beneficial useealuced weight fill materials with enhanced
thermal insulation. A prediction model for the ttmal conductivity and an analysis chart for
estimating the volumetric heat capacity for mindéings and tire crumbs mixtures in dry state

were presented.

This paper is the continuation of the work presénte Chapter 3. Thermal conductivity

measurements were performed on wet mixtures of ntamléengs and tire crumbs. Forty
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specimens were compacted under various water dsntaixing ratios, compactive efforts and
tire crumbs sizes in the laboratory. Experimengsluits were presented to illustrate the general
relations of thermal conductivity with the influeng factors. The thermal conductivity
anisotropy of the compacted mixtures was also ®kseiStatistical data analysis was conducted
to identify the significance of these influencingctors. A stepwise multiple linear regression
analysis was also carried out to establish an ecapimodel for predicting the thermal

conductivity of the compacted mine tailings and trumbs mixtures.

4.2 Experimental Design

To study the thermal conductivity characteristiéscompacted mixtures of mine tailings
and tire crumbs, an experimental program was dedigmd performed. The materials, specimen

preparation, and devices and methodology are destin this section.

4.2.1 Materials

In this study, mine tailings and tire crumbs are tiost materials used to produce the
mixtures. Distilled water with the temperature dboat 20 °C was used in compaction of the
mixtures. The physical properties of the mine ngsi and tire crumbs are summarized in Table

4.1, whereas Figure 4.1 shows the particle sizeluligions.

The dry mine tailings were recovered from the Miwgbk#e mine located in northern
Ontario, Canada. The specific gravity of mine ta$ is 3.37, which is greater than that of most
soils. The Atterberg limit tests on tailings pdeg finer than 75 m indicated that the mine
tailings are non-plastic. The tailings comprise idewange of particle sizes (0.42 to 138),
which is in the typical grading range of Canadiaardhrock tailings (Bussiere 2007). The

detailed mineralogical properties of the tailingsted in this study have been reported by Wang
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et al. (2006). According to their results, the mta#ings contain relatively low percentage of
sulphide minerals (i.e., 3% pyrrhotite by mass)nparing to that of other sulphide-containing
mine tailings published in the literature (e.g.%8@yrrhotite: Amaratunga 1995, 54% pyrite:
Ouellet et al. 2006). On the other hand, the pkhefmine tailings is measured as 8.4, which is
near neutral. This is mainly due to the additionliofe during the milling process and the

presence of carbonates. Hence, the tailings extfalaitively low reactivity.

The tire crumbs of two particle sizes were suppligda tire recycling facility located in
Ontario. Both tire crumbs contain no steel wirelse Bmall tire crumbs contain a small amount
of fiber dust. The specific gravities of small datge tire crumbs are measured as 1.19 and 1.16,
respectively, which are comparable to those ofdesved aggregates reported in ASTM D 6270
(ASTM 2008). The particle sizes of small tire crismmry from 0.069 to 1.18 mm with the
median particle size of 0.46 mm, whereas the parsizes for large tire crumbs range from 0.25
to 4.75 mm with the median particle size of 2.1 mBased on the coefficients of uniformity and

curvature €, andc,), both tire crumbs can be characterized as papdged materials.

4.2.2 Specimen Preparation

The mixing ratio of tire crumbs in the mixtures, , is based on the dry mass of solids and

defined as
R, = Mc (4.1)
Myr + My

where m. is the mass of tire crumbs amg,; is the mass of mine tailings. Initially, six dry

mixtures of mine tailings and tire crumbs were jregd: five with the mixing ratios of 0.0, 0.1,
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0.2, 0.3 and 0.4 for small tire crumbs, and onéWI2 for large tire crumbs. Each mixture was

thoroughly mixed in a mechanical mixer.

After the preparation of a dry mixture, a predetiesd mass of the mixture was mixed with
distilled water of known mass to obtain the desgeavimetric water content. For each mixture,
five molding water contents of 5 to 25% with anremaent of 5% were used. After mixing with
water, the mixture was compacted into a cylindricalld of volume 943.7 cm(101.6 mm
diameter and 116.4 mm height) in accordance wighstandard Proctor compaction procedures
of ASTM D 698 (ASTM 2007). In the case of mixtunegh small tire crumbs with a mixing
ratio of 0.2, two specimens were also prepared with modified Proctor in ASTM D 1577
(ASTM 2009) and reduced Proctor suggested by DameélBenson (1990). The reduced Proctor
procedure is identical to the standard Proctor gutace but the number of blows per layer is
reduced from 25 to 15. These compactive effortsewaesigned to simulate the compaction
states generally encountered in the field. To mirénthe variability in the compactive effort
applied to each mixture, an automatic compactiomnipegent was utilized. Following
compaction, the excess mixture was trimmed off ftbenmold, then the mass of the specimen in

the mold was measured to determine the bulk deasitydry density.

In this study, 40 specimens were tested and ttemtifications are presented in Table 4.2,
with the mnemonic abbreviation noted below the dabFor example, TC0.2-SP-S-W15
represents a specimen with the 0.2 mixing raticroéll tire crumbs and 15% water content,

compacted under standard Proctor energy.
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4.2.3 Devices and Methodol ogy

All thermal conductivity measurements were madengisa KD2 Pro thermal property
analyzer. It consists of a handhold controller argénsor. The sensor has two-parallel stainless-
steel probes of 1.3 mm diameter and 30 mm length sggacing 6 mm, which is inserted into
subject medium. One of probes contains a heatiageht to generate a heat pulse into the
medium between the probes and the other contaitiseanocouple to measure the heat
transported from the medium. The thermal condugtiof the medium is automatically
determined from the temperature evolution with tibesed on the transient line heat source
theory reported by Kluitenberg et al. (1995). Th&vice reproduces thermal conductivity of
reference materials with £5% accuracy within thegerature range of - 50 to 150 °C and a

single measurement approximately takes 2 minutes.

For the thermal conductivity measurement, the cartgobmixture of mine tailings and tire
crumbs was extruded from the mold using a hydrajaek. Figure 4.2 shows a uniformly
compacted specimen with the mixing ratio of smiadl trumbs of 0.2 and the water contents of
15%, i.e., specimen TCO0.2-SP-S-W15. In order toleepthe anisotropy of the thermal
conductivity, the direction of measurement on tipecamen was controlled: 1) the thermal
conductivity perpendicular to the principal axis thie cylinder (representing the horizontal
thermal conductivity) was measured by inserting $aesor perpendicular to the orientation of
compaction; 2) the thermal conductivity along thiegipal axis of the cylinder (representing the
vertical thermal conductivity) was measured by iitisg the sensor parallel to the orientation of
compaction. At top and bottom layers of the compéctpecimen, respectively, two sets of

horizontal and vertical thermal conductivities weested with eight readings taken in each
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specimen. The thermal conductivity measurementg warried out at the room temperature of

20+ 0.5 °C.

4.3 Methods of Data Analysis

Based on the results of thermal conductivity meament on compacted mine tailings and
tire crumbs mixtures, statistical analyses werdopered as follows: 1) the mean, median and
standard deviation of four readings correspondmghe “horizontal” and “vertical” thermal

conductivities @, and A,) were calculated; 2) the same statistical estisnafeeight readings

from all horizontal and vertical thermal condudii®$ measured from each specimen were
computed and represented as the “overall” thermiadlgctivity A . The summary of the thermal

conductivity measurement and statistical dataesgmted in Table 4.2.

To observe the trends of thermal conductivity asfathe effects of the influencing factors
(i.e., water content, mixing ratio, compactive effand tire crumbs size) of the compacted
mixtures, the means of horizontal, vertical andraféhermal conductivities and their standard
deviations were plotted with respect to the infleiag factors. Analysis of variance (ANOVA)
was then carried out to assess, in quantitativedethe relative contributions of the influencing
factors on the thermal conductivity of compactedtares. Stepwise multiple linear regression
analysis was also employed to predict the thermiadlactivity of the compacted mixtures. These

statistical analyses were conducted by using 3@0deda (= 40 specimens3 test points).
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4.4 Results and Discussion
4.4.1 Compaction Characteristics

Figure 4.3 shows the changes in maximum dry dengity., , and optimum water content,
W,y » With the mixing ratio of small tire crumbs. Theaximum dry density ranges from 1.99 to

1.23 g/cm, while the optimum water content varies from 18717.3%. The maximum dry
density decreases with the increase in the mixatig of tire crumbs. This is due to the reduced
specific gravity of the mixtures with higher framti of tire crumbs. On the other hand, the
optimum water content slightly decreases firstptimereases with increasing mixing ratio of tire
crumbs. This can be interpreted as that with theease of tire crumbs, more water is required to
re-orientate solid particles during compaction. i@mcompaction behavior was reported for
mixtures of soils and tire particles in the litenat (Cetin et al. 2006; Christ and Park 2010).
Moreover, the significant increase of optimum watentent is observed in the mixing ratios of

tire crumbsR,, > 0.3. In this case, the compacted mixtures ttainsin a rigid mine tailings

dominated fabric to a soft tire crumbs dominatdatita based on the packing mechanism on a

binary mixture of particles of different sizes (leaelt al. 1998).
4.4.2 Thermal Conductivity Characteristics

Figures 4.4-4.6 show the bulk densipy,, and thermal conductivity) , of the compacted

specimens of mine tailings and tire crumbs mixtueesus the water content, as related to the

mixing ratio of tire crumbs, compactive effort atireé crumbs size, respectively.

Figure 4.4 illustrates the variations of bulk dépsand thermal conductivity for the

compacted mixtures with different mixing ratios sshall tire crumbs. The bulk density of the
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specimens decreases with increasing mixing ratior@fcrumbs for a given water content. For
example, the bulk densities are 2.28, 2.02, 1.841 &nd 1.41 g/ci respectively, when the
mixing ratio of tire crumbs are 0, 0.1, 0.2, 0.3&n4 at a water content of 15%. The bulk
density decreases by 38% when the mixing ratiarefdrumbs is increased from 0 to 0.4 at a
water content of 15%. Furthermore, at a given watetent, the thermal conductivity of the
specimens decreases with increasing mixing ratidiref crumbs. For instance, the thermal
conductivities are 1.610, 1.195, 0.925, 0.742 and®d W/mK, respectively, when the mixing
ratio of tire crumbs are 0, 0.1, 0.2, 0.3 and (t4aawater content of 15%. The thermal
conductivity decreases by 66% when the mixing ratibre crumbs is increased from 0 to 0.4 at
a water content of 15%. The reduction of both thék wensity and thermal conductivity is
mainly due to the low density and low thermal cactolity of tire rubber particles. However, it
should be noted that the air content of the spatsmecreases with increasing mixing ratio of
tire crumbs, which adds to the decrease in bulksitherand thermal conductivity to a minor
extent. This is attributed to the fact that theudagshape and rough surface of rubber particles
that are produced through the mill process hawndency to entrap air. It is inferred from these
results that recycled tire crumbs have potentigdliegtions as lightweight fill materials with

improved thermal insulation.

Figure 4.5 highlights the effect of compactive dffon the bulk density and thermal
conductivity of compacted mixtures of small tireurmbs with the mixing ratio of 0.2. The
highest values of bulk density and thermal conditgtiof the specimens are attained at the
modified Proctor, followed by the standard Proaad the reduced Proctor. As seen in Figure
4.5, at a constant water content of 15%, specimtis bulk densities of 1.83, 1.81 and 1.70

g/cnt corresponding to modified, standard and reducedt®rs have thermal conductivities of
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0.957, 0.925 and 0.807 W/mK, respectively. Theaase in the thermal conductivity with the
increase of compactive effort is probably becalsehigher compactive effort induces better

contact between neighboring solid particles fort eensfer.

Figure 4.6 compares the bulk densities and therosalductivities of the compacted
mixtures with the same mixing ratio of tire crunihg different tire crumbs sizes. As shown in
Figures 4.6(a) and 4.6(b), the specimens with stimalicrumbs have the lower bulk density and
thermal conductivity than those mixed with large rumbs. Quantitatively, the bulk densities
of the specimens with small tire crumbs are 2 tolé8s than those of large tire crumbs and the
thermal conductivities are 3 to 12% lower. Thealiinces in both the bulk density and thermal
conductivity of the specimens with different tinreimbs size are highly related to the air content
in their matrix since air has much lower densitg/thal conductivity than water and solids: the
increase in the air content with decreasing tinemtrs size leads to lower bulk density and

thermal conductivity. It is confirmed in Figure &® in which the volumetric air conteat, (the

volumetric ratio of air to the total volume of anepacted mixture) is determined by

6, =1-wp, - gd (4.2)

S

where wis the water contenip, is the dry density of the mixture ar@lis the specific gravity

of the mixture. As seen in Figure 4.6, the volumeair content of specimens with small tire
crumbs is more than that of specimens with largedrumbs under all water contents. This is
likely due to the fact that small tire crumbs exhhogher specific surface that results in higher
air-entrainment in their rough surface than laigeedrumbs. Given the conduction mechanism at
the microscale, the increase in the air contenh \d&creasing tire crumbs size attenuates the

thermal bridge between solid particles and contebtio the decrease in heat conduction.
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In general, it is observed in Figures 4.4-4.6 that changes of bulk density and thermal
conductivity with the water content display a sanilrend: at a given compactive effort, the bulk
density and thermal conductivity increase with @asing water content, until the maximum bulk
density and maximum thermal conductivity are redcAéen, both the bulk density and thermal
conductivity slightly decrease with further increas the water content. This trend can be
explained as follows: as water is added to a naiimgs and tire crumbs mixture, it replaces the
air, provoking increased bulk density as well asn® a thin film around the tailings solids and
rubber particles, acting as a thermal bridge fat leansfer; as the water content increases, the
pore air is replaced by water and solids, causiggifcant increases in the bulk density and
thermal conductivity; however, beyond a certainevabntent, the water takes up the space that
would have been occupied by the solids with littkange of air volume near saturation, resulting
in slight reduction of bulk density and thermal daativity (see Figure 4.6). It is also found that
a maximum thermal conductivity tends to occur & dptimal water content corresponding to
the maximum bulk density, indicating the closestaagement of solid particles. Similar
observations were obtained for fine-grained soyisSalomone and Kovacs (1983, 1984) who
used the term “critical water content” that is etated to the optimum water content. Thus, it
can be demonstrated that the influence of watetecbron the thermal conductivity of the
compacted mine tailings and tire crumbs mixturesiagge prominent when the water content is
less than the critical water content. On the ottend, the impact is minor when the water
content is higher than the critical water contdte critical water content is dependent on the
mixing ratio of tire crumbs, compactive effort amide crumbs size, which is essentially
associated to the gradation, size, shape, surfaoghness of the materials. Meanwhile, it is

worth noting that the thermal conductivity diffecenthat is attributable to varying water
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contents leads to the difference in microstructuimesned during compaction. For instance,
Delage et al. (1996) investigated the impacts deweontent change on the fabric of compacted
soils and pointed out that compaction on the dde shduces aggregate-dominated fabric

whereas the wet side causes matrix-dominated falithout apparent aggregates.

Figure 4.7 shows the thermal conductivity, versus bulk densityp,, of all specimens.

The thermal conductivity increases with increadingk density with a linear correlatiorRf =
0.93). Therefore, one may recognize that the belksdy is a key property in heat transfer of

compacted geomaterials.
4.4.3 Anisotropy of Thermal Conductivity

Compacted geomaterials may form anisotropic fakattsbuted to the pore structure and
particle orientation. The fabric anisotropy ofteliices the anisotropy of engineering properties
(Mitchell and Soga 2005). In particular, the amigpy of thermal conductivity of compacted

geomaterials may be significant in heat transfer.

The horizontal thermal conductivity,, , versus vertical thermal conductivity, , for all
specimens are plotted in Figure 4.8(a). The thewoatuctivity of the compacted mine tailings
and tire crumbs mixtures shows to be slightly anggoc: the horizontal thermal conductivities
are higher than the vertical thermal conductivitiggh a difference less than 15%. The

anisotropy ratioy of thermal conductivity can be expressed as

A

h (4.3)

U:X
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The linear regression of data in Figure 4.8(a)dgeln anisotropy ratio of 1.0R¢= 0.99). The

anisotropy may, in part, be due to the pore orteataas well as mineral and rubber bedding.
Meanwhile, the role of water content in the thermahductivity anisotropy of the compacted
mine tailings and small tire crumbs mixture is shiated in Figures 4.8(b) and 4.8(c). The
anisotropy impact is more evident at lower wateartents, regardless of the mixing ratio of tire
crumbs, compactive effort and tire crumbs sizegéneral, there is no significant effect of the
mixing ratio of tire crumbs on the thermal condwityi anisotropy. Anisotropy is also

independent of the compactive effort and tire creinsizes considered in this study. This
observation on the influence of water content te thermal conductivity anisotropy of the
compacted mixtures is consistent with the undedstanof the microstructure of compacted

geomaterials, discussed previously.
4.5 Statistical Analyses

The experimental results on compacted mixturesioértailings and tire crumbs have been
presented in Figures 4.4-4.6 to demonstrate theledions of the thermal conductivity as related
to the compositional and compaction factors. Iis gection, the statistical significance of these
data is analyzed. An ANOVA study was conductedHheydgeneral linear modeling procedure of
a statistical analysis software (SAS). Statistgighificance was established when the calculated
F values exceeded the critical values for a significance level of 5% (Montgometyak 2004).
The calculatedr values, defined as the ratio of the between-sanguiesof squares to the error
sum of squares, estimate the random error. Thiealrit value is the upper limit of the ratio

and can be found in statistical references. Thevalue is the tail probability for a given

distribution, which will be less than 0.05 whenetee calculatedr value is greater than the
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critical F value, which is an indicator of the statisticalrsfigance in relation to the contribution

of a given variable.

A four-factor ANOVA was carried out with the thermeonductivities measured on
compacted mine tailings and tire crumbs mixturdsictvincluded four variables: water content
(A); mixing ratio of tire crumbs (B); compactivefesft (C); and tire crumbs size (D); and their
two way interactions with the water content (AB, AQd AD). The results of the ANOVA
analysis are summarized in Table 4.3. It is showat &t a 95% confidence level, all factors
affect the thermal conductivity significantly, atite mixing ratio of tire crumbs has the most
significant influence. The significance of the fdiactors on the thermal conductivity of the
compacted mixtures is identified in the followingder: the mixing ratio of tire crumbs, water
content, whereas the tire crumbs size and compaeffort show the similar significance level.
On the other hand, the two way interactions betvikerwater content and other two factors, the
mixing ratio of tire crumbs and compactive effoare statistically significant; while the
interaction of water content and tire crumbs s&zeat significant statistically to the variatiorfs o

the thermal conductivity.

A stepwise multiple linear regression analysis willgzed to develop an empirical model to
capture the impact of the influencing factors oa tihermal conductivity of the compacted mine
tailings and tire crumbs mixtures. Since the cortipaceffort is not a quantitative variable, a
multisource regression model that includes clagependent variables as well as quantitative
independent variables was established. The deveoizof the multisource regression model in
geoengineering applications were reported in tieediure (Benson and Trast 1995; Nazzal et al.
2007). In stepwise regression procedures, the ssigre model was optimized by repeating the

procedures that add or delete an independent \ar&ter checking its correlation with the
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dependent variables until the selection of an autht independent variable did not increase the

coefficient of determinationR?) by a 5% level of significance (Brook and Arnoléi86). The
significance of the variables in a regression madel be evaluated by comparing the calculated

t value, defined as the ratio of the regression @oefft 5, and its standard err6e , and the

student’st distribution. In other word, if the absolute valofecalculatedt value is less than the
student’st distribution at a designed significance level, #iagiable is not affected significantly

to the regression model.

According to the stepwise regression analysiss found that the following equation best

fits the data:

A =0.989+0.021w - 2.177R_, + 0.053CE (4.4)

in which wis the water contenir,, is the mixing ratio of tire crumb<CE is the integer class

index representing compactive effort (compactiiereindex): theCE = 1 is designated to the
energy level of the modified Proctor compactiore @€ = 0 is designated to the energy level of
the standard Proctor compaction; and @t = -1 is designated to the energy level of the
reduced Proctor compaction. The tire crumbs sidendt give any additional information with
statistical significance. One of possible reasangHis is that the data set is limited to only two
The values of regression coefficient of the vaealduggest that increasing water content and
compactive effort leads to the increase in theniakrconductivity whereas increasing mixing
ratio of tire crumbs results in the decrease intligemal conductivity. This is consistent with the

trends observed in Figures 4.4-4.6.

Table 4.4 presents the results of regression asatysEq. (4.4) under a confidence level of

95%. The coefficient of determination and standardr of the regression model are 0.867 and
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0.113, respectively, indicating Eq. (4.4) fits timeasured data very well. Figure 4.9 shows that

the predicted thermal conductivity,, using the proposed model yields good agreemethttive

measured thermal conductivity,, . The overallF value is 688.6, much greater than thealue

at the probability of 95% = 2.633. This indicatesttthe regression equation (Eq. (4.4)) with
four variables is statistically significant. Moresy all absolute values in Table 4.4 are greater
than thet value = 1.968 at the probability of 95%, implyirigat the water content, mixing ratio
of tire crumbs, compactive effort index and int@tcare contributed significantly to the
regression model. Comparing to thgalues obtained, the effect of the mixing ratiotiogé
crumbs to the observed trend is greater than thtier influencing factors, which is consistent
with the results from the four factor ANOVA testoiequently, the regression equation relating

to the water content , mixing ratio of tire crumbsR,, and compactive effort indeE is highly

significant at 95% confidence limits as indicated dtatistical analyses. The results provide a
insight to the thermal conductivity of the compalctaine tailings and tire crumbs mixtures as

affected by the water content, mixing ratio of trembs, compactive effort and tire crumbs size.
4.6 Conclusions

Mine tailings and tire crumbs are recycled solidsiga, and their mixtures can be
beneficially used as reduced weight fill materialgth improved thermal insulation for
geoengineering applications. Results of thermaldaootivity tests performed on compacted
mixtures of mine tailings and tire crumbs were preed, and analyzed to identify the effect of
water content, mixing ratio of tire crumbs, compazeffort and tire crumbs size on the thermal
conductivity. The anisotropy of thermal conductwtas observed on compacted mixtures. The

following is the main conclusion of this study.
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The thermal conductivity of the compacted mineirigd and tire crumbs mixtures depends
on the water content, mixing ratio of tire crumbempactive effort and tire crumbs size. The
thermal conductivity is sensitive to the water emtwhen it is lower than a critical water
content, while it is almost independent of the watentent after the critical water content is
exceeded. The thermal conductivity decreases watreasing the mixing ratio of tire crumbs. A
higher compactive effort leads to a higher thers@iductivity, and the compacted mixtures
with small tire crumbs have lower thermal condutfithan those with large tire crumbs. Linear
relationship is established between the thermatigotivity and bulk density for all specimens

tested.

There is a clear indication of thermal conductiwatyisotropy of the compacted mixtures:
the horizontal thermal conductivities are higheanththe vertical thermal conductivities with a
difference less than 15%. The anisotropy ratichefthermal conductivity is estimated to be 1.05.
The thermal conductivity anisotropy is dependenttloe water content: as the water content
increases, the thermal conductivity anisotropy cedu In contrast, the mixing ratio of tire
crumbs, compactive effort and tire crumbs size shttle influence on the thermal conductivity

anisotropy.

The ANOVA results indicate that the thermal condityt of the compacted mixtures is
significantly affected by the water content, mixingtio of mine tailings and tire crumbs,
compactive effort and size of tire crumbs at a wanrfce level of 95%. The stepwise multiple
linear regression analysis shows that the thermadiactivity of the compacted mixtures can be
predicted using a general model consisting of tisdure composition as quantitative variable

and compaction condition as an index variable.
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The findings and interpretation methods presentedthis study will be helpful for

comprehending the thermal conductivity behaviorsarhpacted rubberized geomaterials.
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Table 4.1 Physical properties of mine tailings &irelcrumbs
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Tire crumb:
Propertie Mine tailings Small siz Large siz
Specific gravity,G 3.37 1.19 1.16
Effective size,D;, (mm) 0.0028 0.24 1.0
Median size,Dg, (mm) 0.0256 0.46 2.1
Coefficient of uniformity, Cu 11.4 2.08 2.20

Coefficient of curvatureC, 1.6 0.96 0.89




107

Table 4.2 Summary of horizontal, vertical and oll¢heermal conductivities of compacted mixturesees

3

A A, A

Specimen ID Mediar Mear SD Mediar Mear SD Media Mean SD

(W/mK)  (W/mK)  (W/mK) (W/mK)  (W/mK)  (W/mK) (W/mK) — (W/mK)  (W/mK)
TCO0.0-SP-S-W5 1.011 1.017 0.059 0.869 0.869 0.055 0.943 0.943 0.095
TCO.C-SF-S-W1C 1.303 1.302 0.007 1.179 1.180 0.008 1.243 1.241 0.066
TCO.(-SF-S-W1E 1.635 1.638 0.015 1.579 1.582 0.011 1.611 1.610 0.032
TCO.(-SF-S-'W2C 1.604 1.600 0.018 1.557 1.558 0.004 1.570 1.579 0.026
TCO.(-SF-S-W2t 1.593 1.599 0.033 1.606 1.604 0.011 1.600 1.601 0.023
TCO0.1-SP-S-W5 0.731 0.733 0.066 0.645 0.645 0.059 0.687 0.689 0.075
TCO.1-SF-S-W1C 1.151 1.147 0.062 1.073 1.074 0.049 1.109 1.111 0.065
TCO.1-SF-S-W1E 1.216 1.219 0.013 1.169 1.170 0.013 1.197 1.195 0.029
TCO0.1-SF-S-"W2C 1.202 1.211 0.018 1.174 1.176 0.007 1.190 1.194 0.024
TCO0.1-SF-S-W2& 1.232 1.243 0.030 1.220 1.219 0.003 1.222 1.231 0.024
TCO0.2-SP-S-W5 0.593 0.587 0.051 0.511 0.509 0.052 0.554 0.548 0.063
TCO0.2-SF-S'W1C 0.784 0.786 0.049 0.724 0.723 0.042 0.749 0.755 0.054
TCO0.2-SF-S-W1E 0.943 0.940 0.013 0.911 0.910 0.017 0.925 0.925 0.021
TCO0.2-SF-S-'W2C 0.947 0.945 0.023 0.907 0.904 0.028 0.928 0.925 0.035
TCO0.2-SF-S-'W2& 0.933 0.933 0.020 0.927 0.926 0.029 0.933 0.930 0.023
TCO0.3-SP-S-W5 0.442 0.443 0.050 0.401 0.400 0.047 0.417 0.422 0.051
TCO0.:-SF-S-W1C 0.610 0.612 0.029 0.559 0.560 0.027 0.584 0.586 0.038
TCO0.:-SF-S-W1E 0.748 0.746 0.023 0.737 0.738 0.026 0.744 0.742 0.023
TCO0.:-SF-S-W2C 0.766 0.766 0.030 0.742 0.744 0.012 0.756 0.755 0.016
TCO0.:-SF-S-'W2t 0.805 0.802 0.008 0.792 0.790 0.006 0.795 0.796 0.009

Note: TC = tire crumbs; SP = standard Proctor; MiAcdified Proctor; RP = reduced Proctor; S = sttii@dlcrumbs; L = large tire crumbs; W =
water content; SD = standard deviation; the numthexsfollow the TC and W indicate the mixing ratibtire crumbs (g/g) and water content (%)
in the compacted specimen, respectively; an aktiniicates the statistical estimates of four measents of the specimen and a double asterisk
indicates the statistical estimates of eight meaments of the specimen.
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Table 4.2 Summary of horizontal, vertical and oll¢heermal conductivities of compacted mixturegees(continued)

3

A A, A

Specimen ID Mediar Mear SD Mediar Mear SD Mediar Mear SD

(W/mK)  (W/mK)  (W/mK) (W/mK)  (W/mK)  (W/mK) (W/mK) — (W/mK)  (W/mK)
TCO0.4-SP-S-W5 0.361 0.361 0.026 0.316 0.317 0.026 0.339 0.339 0.034
TCO0.4-SF-S-W1C 0.457 0.462 0.027 0.418 0.420 0.032 0.444 0.441 0.035
TCO0.4-SF-S'W1E 0.559 0.558 0.057 0.527 0.527 0.048 0.538 0.543 0.051
TCO0.4-SF-S'W2C 0.620 0.619 0.012 0.592 0.591 0.017 0.604 0.605 0.022
TCO0.4-SF-S-'W2E 0.681 0.681 0.004 0.645 0.647 0.008 0.668 0.664 0.019
TCO0.2-MP-S-W5 0.644 0.642 0.079 0.556 0.555 0.078 0.602 0.599 0.086
TCO0.2-MP-S-W10 0.898 0.897 0.113 0.832 0.832 0.084 0.853 0.865 0.098
TCO.2-MP-S-W15 0.983 0.981 0.008 0.933 0.932 0.005 0.954 0.957 0.027
TCO0.2-MP-S-W20 0.970 0.973 0.045 0.932 0.942 0.040 0.957 0.957 0.043
TCO0.2-MP-S-W25 0.965 0.965 0.007 0.925 0.927 0.007 0.947 0.946 0.021
TCO0.2-RP-S-W5 0.485 0.491 0.058 0.417 0.415 0.055 0.450 0.453 0.066
TCO0.2-RF-S-W10 0.679 0.681 0.047 0.634 0.639 0.042 0.656 0.666 0.047
TCO0.2-RF-S-W15 0.830 0.832 0.061 0.783 0.782 0.066 0.812 0.807 0.065
TCO0.2-RF-S-W20 0.955 0.950 0.012 0.944 0.933 0.015 0.945 0.941 0.015
TCO0.2-RF-S-W25 0.945 0.945 0.012 0.925 0.927 0.016 0.935 0.936 0.016
TCO0.2-SP-L-W5 0.663 0.666 0.027 0.581 0.578 0.028 0.623 0.622 0.053
TCO.2-SF-L-W10 0.863 0.864 0.005 0.796 0.795 0.008 0.832 0.830 0.037
TCO.2-SF-L-W15 0.969 0.976 0.016 0.937 0.938 0.020 0.964 0.957 0.026
TCO.2-SF-L-W20 1.040 1.052 0.049 1.025 1.025 0.056 1.040 1039  0.051
TCO.2-SF-L-W25 1.045 1.041 0.037 1.011 1.006 0.032 1.027 1024  0.037

Note: TC = tire crumbs; SP = standard Proctor;Modified Proctor; RP = reduced Proctor; S = stiralcrumbs; L = large tire crumbs; W =
water content; SD = standard deviation; the numthexsfollow the TC and W indicate the mixing ratibtire crumbs (g/g) and water content (%)
in the compacted specimen, respectively; an aktiniicates the statistical estimates of four measents of the specimen and a double asterisk
indicates the statistical estimates of eight meaments of the specimen.
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Source of variation Degree of Sum of Mean sum calculated F critical P - value
freedom squares  of squares

Water content (A 4 0.827 0.27( 94.61¢ 2.4 < 0.000:

Mixing ratio (B) 4 19.55¢ 4.88¢ 2236.87. 2.4(4 < 0.000:

Compactive effort (C 2 0.221 0.111 50.61¢ 3.028 < 0.000:

Tire crumbs size (L 1 0.121 0.121 55.21¢ 3.875 < 0.000:

AxB 16 0.781 0.04¢ 22.34¢ 1.€8C < 0.000:

AxC 0.13¢ 0.017 7.94¢ 1.€72 < 0.000:

AxD 4 0.01¢ 0.00¢4 1.70¢ 2.4 0.14¢

Table 4.4 Results of stepwise multiple linear regi@n analysis

Observations 320

R- squared 0.867

Standard error 0.113

Overall F - statistic 688.6

Variables Coefficients Standard error t - statistic

Intercep 0.98¢ 0.01¢ 53.017

w (%) 0.021 0.001 23.843

R, () -2.177 0.057 -38.471

CE () 0.053 0.013 4.151
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CHAPTER S

EVOLUTION OF THERMAL AND MECHANICAL PROPERITES OF

MINE TAILINGSAND FLY ASH MIXTURESDURING CURING PERIOD

5.1 Introduction

Fly ash is a by-product of the combustion processaal-fired power generating plants,
which mostly consists of smooth spherical particgsilicon, alumina, iron and calcium oxides,
along with residual carbon. Coal fly ash is commponked alone or as an admixture in
construction owing to its pozzolanic, cementitiargd alkaline nature. The classification and
characterizing method of fly ash for use in civigeeering applications are reviewed in ASTM
C 618 (ASTM 2008a) and ASTM D 5239 (ASTM 2004). WHby ash is added to a soil-water
system, lime (CaO), the reactive component, reaittswater and soil solids, resulting in cation
exchange, flocculation, carbonation and pozzolagactions. These reactions lead to significant
changes in the geochemical and mineralogical ptiggeand the microfabric of the geomaterial
(Choquette et al. 1987; Al-Rawas 2002; Peethampetrah 2008; Horpibulsuk et al. 2009). The
variations in the physicochemical properties offlgeash also cause changes to the thermal and
mechanical properties of the geomaterial. Sincartakconductivity is related to the structure of
geomaterials, including the size, shape, gradasiod aggregation of particles, and binding
agents that can be of natural and/or artificiagjios (Cote and Konrad 2009), it is often used to
assess the thermal properties of geomaterials., Alsdydration of lime usually accompanies
exothermic reactions, the fly ash added to a pdaicggeomaterial induces temperature variations
during the process. On the other hand, the additidly ash into geomaterials can often improve

their engineering properties, such as strengthstiffdess. These potential enhancements result

A version of this chapter has been submitted fdslipation in Canadian Geotechnical Journal, NRC Research
Press.
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from the formation of cementitious compounds sushcalcium silicate hydrate (CSH) and
calcium aluminate hydrate (CAH). The effectivenedsfly ash as a binder to stabilize
geomaterials has been studied by examining congma@nd compressibility characteristics
(Nalbantoglu and Tuncer 2001), swelling (Phanikuraad Sharma 2007), California bearing
ratio (Edil et al. 2006), unconfined compressiversgth (Tastan et al. 2011) as well as elastic
and resilient moduli (Solanki et al. 2009). Evenugh numerous studies have been carried out
to explore the role of fly ash as a geomaterial radneent, most works have highlighted effects
on the mechanical performance in particular. Intast, the effects of fly ash on thermal
properties change have not been reported in tamltitre and the relationship of the thermal

conductivity with the strength gain for fly ashated geomaterials is not fully understood.

The global mining industry generates massive reswlutailings after extracting valuable
metals and minerals from ore. The management apobsial of tailings pose major challenges to
efforts to protect the environment. Typically, mitalings are stored on site in the form of
impoundments. In order to improve disposal efficemew and modified tailings management
approaches have been studied and implemented: ithesee densification, desulphurization,
and co-disposal of tailings and waste rock (Buss?®07). To control and mitigate the impact of
acid mine drainage (AMD), several researchers (Weaingl. 2006; Yeheyis et al. 2009) have
assessed the feasibility of utilizing fly ash inlitgs management. It has been shown that the
pozzolan stabilized tailings exhibit resistanceAMD generation and migration because of two
factors, namely, the neutralization effect of tlealdly ash and formation of hydration products
that act as oxygen and infiltration barriers. Mitadings have been used in geoengineering
applications, for instance, cemented tailings b#ididelinski et al. 2011), engineering barrier of

bentonite-tailings mixtures (Fall et al. 2009) aadings-based pavement subbase (Qian et al.
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2011). Mine tailings can be employed as fill matksriif the potential of AMD generation is

prohibited by adding binders such as cement, limé #y ash where natural soils are not
available in abundant quantity. In addition, knadge of both the thermal and mechanical
properties of fill materials with binders addedingportant for thermo-mechanical analyses of
underground structures such as oil and gas piggledectric transmission lines, energy piles and

nuclear waste repositories.

This study is concerned with the beneficial usenafe tailings for fills with fly ash as a
binder. A series of laboratory tests were conducted@¢ompacted mixtures of mine tailings and
coal fly ash obtained from a mine site and a pogemerating station, respectively, both in
Ontario, Canada. The test specimens were preparednrolling the amount of fly ash added to
mine tailings, molding water content and compactoergy. Changes in thermal conductivity,
temperature, unconfined compressive strength aadtiel modulus of the specimens were
monitored during the curing period. The microfabraf the specimens were examined in terms
of pore size distribution and particle surface eltgristics. The relationships between thermal
conductivity and the bulk unit weight and unit ps@ume were established. Additionally, the
correlation between thermal conductivity and thenpressive strength of the specimens was

observed.

5.2 Materials

In this study, mine tailings, fly ash and water sv¢he host materials used to make the
compacted mixtures of mine tailings and fly ashe Pphysical properties and oxide composition
of mine tailings and fly ash are summarized in €al8.1 and 5.2, respectively. The particle size

distributions of both the mine tailings and fly asle shown in Figure 5.1.
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5.2.1 Mine Tailings

The mine tailings were taken in a dry state frora Musselwhite gold mine located in
northern Ontario, Canada. The specific gravityh#f tailings is 3.37, which is greater than that
of most soils due to predominant amphibole minenails high specific gravity. The tailings are
primarily comprised of silt-sized particles (83.2%ith some sand-sized (9.4%) and clay-sized
(7.4%) particles. According to the Unified Soil €$#fication System, the tailings are classified
as silts of no plasticity (ML), similar to most tie tailings produced in Canadian hard rock
mines (Bussiere 2007). Meanwhile, the major oxioheshe tailings include silica (50.82%),
alumina (8.87%) and ferric oxide (28.97%), whiclt@amt for a total amount of 88.66% by

weight (Wang et al. 2006). The calcium oxide isitigkly low at 3.19%.

5.2.2 Fly Ash

The coal fly ash was collected in a dry state fitbe Atikokan Thermal Generating Station
located in Ontario, Canada. The specific gravityhef fly ash is 2.54, and it does not exhibit any
plasticity. The fly ash is made up 98.7% fines & ™) with predominately silt-sized particles.
The major oxides identified include silica (37.99%umina (19.92%) and ferric oxide (6.17%),
with a total of 64.08% by weight (Wang et al. 2Q0B)us, the Atikokan fly ash is classified as
neither Class C nor Class F fly ash in accordante A5TM C 618 (ASTM 2008a). The fly ash
has a high content of calcium oxide (15.66%), whglthe source of pozzolan. The ratios of
Ca0/SiQ and CaO/(Si@+ Al,03), which are indicators of cementing potential {€et al. 2010;

Tastan et al. 2011), are calculated to be 0.410a2id respectively.
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5.2.3 Water

Deionized water with a temperature of 22.5 + 0.2wW&> used in this study. The deionized

water has a pH of 6 and electrical conductivityolell S/m.

5.3 Specimen Preparation and Testing Conditions

The fly ash ratioR., is based on the dry weight of solid minerals aefinéd as

Ren = \\/’VVFA x100 (%) (5.1)

MT

whereWw,, is the weight of fly ash and,; is the weight of mine tailings. The eight slurriefs
mine tailings and fly ash mixtures were preparedaldging various weights of fly ash into
tailings of 25 g dispersed in 100 mL deionized waide fly ash ratios of the mixtures ranged
from O to 60%. The slurries were shaken at a cahstanperature of 25 °C. The pH of the slurry
was measured using a pH meter calibrated beforesureraent. The pH of each slurry was
measured at 1, 24, 72 and 120 hours after mixingiak observed that the slurry pH reached
equilibrium within 1 hour after mixing the mine ltags and fly ash. Figure 5.2 shows the pH
values measured in slurries with different fly aslios at 1 hour after mixing. The original
tailings are slightly alkaline with pH 8.35. This finainly due to the addition of lime during the
milling process and the presence of carbonate. Wateasing fly ash contents in the mixtures,
the pH increases until it reaches a constant wherily ash ratio is above 20%. Based on these
results, fly ash ratios of 20, 40 and 60% werecsetkefor the mixture specimens in this study
because these fly ash ratios will sustain the glogsiemical reactions required to bind the

tailings.
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The mixtures with the fly ash ratios of 20, 40 &@d6 were thoroughly mixed in a dry state.
A series of standard Proctor compaction tests [ASI @98 (ASTM 2007)] were carried out to
determine the optimum water content (OWC) and marirdry unit weight (MDW) of all
mixtures that were produced by mixing 30 minutasra&dding water into the dry mixtures. In
this study, all mixtures were compacted at theegcdir OWC and MDW. Figure 5.3 compares

the compaction results on the mixtures with fly esios of 20, 40 and 60%.

In the case of mixtures with a fly ash ratio of 2G%ee compaction states were considered
in order to explore effects on the thermal, meatalnand microfabric characteristics of the
specimens: (1) at the water content of 0.85 OW@réwenting the dry side of optimum) under
standard Proctor energy (590 kJn{2) at the water content of 1.15 OWC (representhe wet
side of optimum) under standard Proctor energy;(&8h@t the OWC under high Proctor energy
(1,190 kJ/ml). The high Proctor compaction was implemented qisine same procedure
specified for standard Proctor compaction but thmacted layers were increased from 3 to 5
and the number of blows per layer was increased £6 to 30. It is noted that the high Proctor
energy applied in this study is less than the niediProctor energy (2,690 kJdeclared in
ASTM D 1557 (ASTM 2009a) because the thermal progeranalyzer used could not be
inserted to the specimen compacted under the nedd#roctor energy without a pre-drilled hole.

The compaction states were designed to simulatglgedield conditions.

In this study, the specimens were named in thneesteThe first term indicates the fly ash
(FA) ratio; the second term indicates the compacgioergy, i.e., standard Proctor (SP) energy or
high Proctor (HP) energy; and the third term inthsathe specimen under optimum water
content (OWC), dry water content (DWC) or wet watemtent (WWC). For example, a

specimen with the fly ash ratio of 20% compactethatstandard Proctor energy and optimum
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water content is designated as FA20-SP-OWC. A uftgix specimens were tested: FA20-SP-
OWC, FA40-SP-OWC, FA60-SP-OWC, FA20-SP-DWC, FA2G\8®/C and FA20-HP-OWC.

Table 5.3 presents the water contents and dryneghts for all specimens studied.

Five identical samples were made under each SpacibieOne was used to measure the
thermal conductivity and temperature during theinguiperiod as well as to study pore size
distribution and surface fabric, whereas the otfeer were used to evaluate changes in
unconfined compressive strength and elastic modwas time. To minimize internal variability

of the samples, an automatic compaction apparatisanized.

5.4 Experiments

The experimental program included the measuremédnthe thermal conductivity,
temperature, compressive strength, elastic modaoiesgury intrusion porosimetry and scanning
electron microscopy of compacted mixtures of miagings and fly ash. The experimental
devices, techniques and methodology adopted in shidy are described in the following

sections.

5.4.1 Thermal Properties Analyzer

The thermal conductivity and internal temperatuceirdy the curing of compacted mine
tailings and fly ash mixtures were measured bygsirKD2 Pro thermal properties analyzer.
The analyzer is comprised of a micro-controller angensor. The controller displays automatic
readings of the thermal properties and allows a tserogram the analyzer to periodically
measure and store these properties. The sensar $iagle probe of 2.4 mm diameter and 100
mm length, mounted with a heater and a thermiStioe. operating principle of the measurement

system is based on the transient line heat sotmeeryt, which conforms to ASTM D 5334
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(ASTM 2008b). A heat pulse is applied to the heated the temperature change within the
probe is simultaneously recorded by the thermistioe higher thermal conductivity of the
medium exhibits a higher rate of heat dissipatibat teads to a lower rate of temperature
increase detected with the thermistor. Thermal gotidty is determined by the temperature
response with time. The KD2 Pro analyzer reprodubesthermal conductivity of reference

materials with £ 5% accuracy within the temperatargge of - 50 to 150 °C.

After preparing the compacted specimen, compridedioe tailings and fly ash mixtures,
the single probe sensor was vertically inserted itte specimen in the mold. In order to
minimize frictional resistance between the probe specimen, the probe was coated with a thin
layer of thermal grease. Afterward, the specimen @druded from the mold using a hydraulic
jack and immediately placed in an environmentahdber at 60% relative humidity and 24.6 °C
temperature for curing. The first measurementshefthermal conductivity and temperature of
the specimen were carried out within 5 minutes raftempaction and were continuously

monitored every 30 minutes up for a period of 18Qrk.

5.4.2 Unconfined Compression Test

To characterize the strength and stiffness of categamixtures of mine tailings and fly ash,
unconfined compression tests were conducted acwprii ASTM D 5102 (ASTM 2009b).
Cylindrical specimens (101.6 mm diameter and 116 height) compacted in the standard
Proctor mold were tested at a loading speed of firB/min. For each specimen, four
compression tests were performed on four sub-samplgh identical properties, i.e.,
immediately after compaction, and then 24, 72 &l Hours after compaction. The unconfined

compressive strength was determined as the peakahatress of a stress-strain curve and the
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corresponding elastic modulus was calculated asshbyge between the origin and maximum
stress, as shown in Figure 5.4. It is noted thatdbmpressive strength is influenced by the
height to diameter ratioh( d) of a specimen. Ozyildirim and Carino (2006) pethbut that the
compressive strength of concrete specimens tith= 1.15 will be approximately 10% greater
than that of a cylindrical specimen with the stadda/d = 2. In this study, thda/dratios of all

specimens for unconfined compression tests weredagstant ah/d = 1.15.

5.4.3 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) was used to wjifg the pore size distribution (PSD)
of the mine tailings and fly ash mixtures. The piite of the technique is that mercury, a non-
wetting fluid, will not intrude the voids of a par® medium unless a sufficient pressure is
applied. According to Laplace’s capillarity law @wun as Washburn’s equation), a theoretical
relation between the intrusion pressure and the d@meter, assuming the pore is cylindrical,

can be expressed as (Washburn 1921)

_ 4T, cosd (5.2)

d, ===

whered,, is the pore diameter n), P is the applied intrusion pressure (MP&)js the surface

tension (N/m) and is the contact angle (degrees). As indicated in(E®), the pore diameter

is governed by the surface tension of the mercndythe contact angle between the mercury and
the pore wall. The interfacial mercury-vacuum tensat 25 °C is 0.480 N/m and the contact
angle of the mercury-air interface to the solidssumed to be equal to 140° as cited by Cuisinier
et al. (2011) on lime-treated soils. The MIP devused was the Micromeritics AutoPore IV

9500 V 1.07 with a maximum intrusion pressure of BPa. The MIP device measures the pore
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volume of mercury intruded to the medium correspogdo stepped intrusion pressures until it

reaches the capacity of the system. Given the salfig_ and 6, the pore diameters intruded by

mercury under each intrusion pressure is calculate&q. (5.2) and the cumulative mercury
volume injected versus the pore diameter of theiumedtan be obtained. It is noteworthy that
the MIP does not provide the measurement of the diameter of irregular pores but of the
equivalent cylindrical diameter of entrance poréke pore size distribution by the MIP is
dependent on sample pretreatment, sample sizepgiigéch mercury pressure (Aligizaki 2006).
Delage (2010) suggested that the freeze-dryingitqak appears to the most suitable method to
avoid fabric alteration owing to shrinkage througdditional techniques such as air drying and
oven drying. Penumadu and Dean (2000) recommerftidthie sample volume of 1,000 to
2,000 mn should be used for dehydration. They also revetiat for soft soil samples, the
applied pressure has impact on the sample fabrd, the internal and external pressure
difference in the sample at the early stage mageabanges in the inherent fabric. According to
Simms and Yanful (2004), however, this effect sslémportant for compacted soils. Based on
these considerations, the following methodology wsed to remove pore water with minimum
matrix deformation of compacted mine tailings ahd&sh mixtures: after the completion of
thermal properties measurement, a sample with theme of about 1,000 mitwas carefully
taken from the middle of the specimen and placaedediately in liquid nitrogen. Thereafter, the

frozen sample was vacuum-sublimated for 24 houssdasiccator.

The results of a MIP test are commonly presentetgrims of the cumulative pore volume
per unit weightv_ versus the logarithm of the pore diametgr and the derivative of the
cumulative pore volum&, (=dv,/d(logd,)) versus the logarithm of the pore diametegr,

which are known as the cumulative intrusion curved aifferential distribution curve,
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respectively. The largey, in the differential distribution curve represerite tgreater presence

of the corresponding pore diameter in the medium.
5.4.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used foeadtirobservation of the spatial
configuration of particles in the mine tailings afiylash mixtures, including sizes, shapes and
associated pores at micro scales. The techniguadeso qualitative information that can be
interpreted along with results of the MIP test. Tdample was prepared for SEM imaging
following the same procedures as in the MIP teBe $ample surface was not polished in order
to preserve the macro and micro textures. The imagetaken by an LEO 440 scanning electron

microscope, which allows a wide range of magnifaraup to 1,000 times.
5.5 Resultsand Discussion
5.5.1 Compaction Characteristics

Figure 5.3 shows the relationship between the dny weight, y,, and molding water

content,w, for compacted mine tailings and fly ash mixtunath different fly ash ratios. The
maximum dry unit weights vary from 18.9 to 19.5 RN/ while the optimum water contents
range from 11.0 to 12.4%. With the increase inftheash ratio the compaction curve moves
downward and toward the left, indicating that MDWdJaOWC decrease as the fly ash ratio
increases. Similar behaviors were reported foaflly treated soils in the literature (Osinubi 1998;
Degirmenci et al. 2007). The decrease in the MDWhwncreasing fly ash addition is
attributable to the lower specific gravity of tHg &sh, i.e., 2.54, as compared to 3.37 for the

mine tailings. Since the mixtures become lightéeyt can be advantageous for use in fill
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applications. It should be noted that the pore spat the specimens decrease as the fly ash ratio
increases, which slightly compensates for the reoluof the MDW. This is explained by the
packing mechanism, namely that in a mixture ofiplad of different sizes, the finer particles fill
voids between coarser particles (Lade et al. 19881az 2009). On the other hand, the decrease
in the OWC with the increase of the fly ash rasgolikely due to the chemical and physical
reactions involving cation exchange and surfaceptsmr as well as flocculation and
agglomeration (forming flocks of particles) broudit fly ash. When the fly ash is added to
mine tailings, the mixture becomes drier and maeble under the same water content owing to
hydration effects: less water will be available tbe reorientation of particles in the mixture.
This can be advantageous in compaction works. Eurtbre, the formation of large aggregates

changes the gradation of the mine tailings an@gly mixtures, resulting in denser packing.

5.5.2 Thermal Conductivity

The thermal conductivityd, versus the logarithm of timé, for compacted mixtures of
mine tailings and fly ash are shown in Figure ®&nerally, the thermal conductivities of the
specimens decrease as curing time increases. Mardbe initial thermal conductivity (i.e., the
first measurement after compaction) and the devedmp characteristics of thermal conductivity

with time are sensitive to the fly ash ratio andhpaction conditions.

Figure 5.5(a) illustrates the thermal conductiviythe specimens with different fly ash
ratios. The initial thermal conductivities are 1226.133 and 1.074 W/mK for the fly ash ratios
of 20, 40 and 60%, respectively, indicating thecapens with higher fly ash content have lower
initial thermal conductivities. This is mainly aktuted to the fact that the thermal conductivity of

fly ash is normally lower than that of mineralsnatural geomaterials (Kolay and Singh 2002).
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Also, the initial thermal conductivity of pure flgsh compacted at optimum water content is
0.625 W/mK, which is much lower than those of tbenpacted specimens with the fly ash ratios
of 20, 40 and 60%. Meanwhile, as the curing tindases, the thermal conductivity difference
in the specimens decreases. However, the thermductvities of all specimens converge at the
end of the curing period. The change in the theromadductivity within the curing time at

different fly ash ratios can be explained as foBownmediately after compaction, the thermal
conductivity of the specimens is affected by thertial conductivities of their constituents; as
the curing time progresses, water is consumed lapaation and hydration. As a result,
cementation develops because of cementing and laozzactivities in the mixtures, which

generates bonding between patrticles; finally, & #&md of the curing period, the thermal

conductivities of the specimens are governed pilynlay the newly formed structure.

Figure 5.5(b) highlights the effect of molding watentent on the thermal conductivities of
the specimens with a fly ash ratio of 20%. The &gjhnitial thermal conductivity is achieved at
the optimum compaction, followed by the wet sidepfimum and the dry side of optimum. At
the OWC, the solid particles are in the closesragement, with smallest pore spaces occupied
by water and air. The magnitudes of the initiakti& conductivity of the specimens compacted
at the OWC, WWC and DWC can be explained by thetfat the thermal conductivity of solid
minerals (1 - 10 W/mK) is much higher than thatwafter (0.57 W/mK) or air (0.026 W/mK).
However, the significant thermal conductivity diface at different water contents disappears in
the middle of the curing period (after about 5 Isyupecause the specimens with the same
amount of fly ash result in similar levels of hytiloa although they have different molding water

contents, as the curing time increases.
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Figure 5.5(c) compares the thermal conductivitiesM specimens with the same molding
water content but different compaction energies Migher compaction energy induces higher
initial thermal conductivity, resulting from thedter density of the specimen, which means
better contact between neighboring particles faat leonduction. However, the variations of

thermal conductivity against curing time are refally independent of the compaction energy.

5.5.3 Temperature

The internal temperaturd, , of all compacted specimens of mine tailings alydakh
mixtures during curing period, was monitored and the results are shown in Figuée The
trend of the temperature fluctuation of the speaisnever time is similar in all specimens: the
initial temperatures of the mine tailings and fghamixtures are within the range of 22 to 23 °C,
which decreases in the first 5 hours of curingntiiee trend is reversed, i.e., the specimen
temperature increases with time until it reachesilégium with the environmental chamber
temperature of 24.6 °C after about 90 hours. Theredese in temperature at the early curing
stage for all specimens is unexpected, based ouritterstanding that the exothermic hydration
reaction of lime (CaO) provokes the release of beatgy. One of the possible reasons for this is
that the hydration of specimens releases lessdoeapared to the endothermic thermal energy
consumed by water evaporation. This is consistéht tive observation that temperature increase
is related to the fly ash ratio: the higher thedbh ratio, the higher temperature of the specimens
up to a curing time of 50 hours (Figure 5.6(a))shibuld be also noted that the temperature
change is less influenced by the molding wateremnand compaction energy as seen in Figure

5.6(b).
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5.5.4 Unconfined Compressive Strength

Figure 5.7 shows the unconfined compressive sthergt of the specimens under various
fly ash ratios, molding water contents and compacénergies. Figure 5.7(a) plots the effect of
fly ash ratio on the compressive strength of maikngs and fly ash mixtures compacted under
their optimum water contents. It is observed theg tompressive strength of the specimens
increases as the fly ash ratio increases. Fornostaafter 120 hours curing, the compressive
strengths of the specimens with fly ash ratios@f4D and 60% are 121, 178, and 293% higher,
respectively, compared with the compressive stre(@? MPa) of untreated mine tailings. The
incidence of higher compressive strength with iasheg fly ash ratio is a result of denser
packing as well as cementation owing to pozzolagéctions. On the other hand, it is found that
the rate of compressive strength gain depends efiythash ratio: the compressive strengths of
specimens with the fly ash ratios of 20 and 40%ease rapidly in 24 hours and then approach
equilibrium with further increase in curing time,hereas the compressive strengths for
specimens with 60% fly ash ratio increase progvedsiover a period of 120 hours, as seen in
Figure 5.7(a). This indicates that higher fly asimtent requires a longer period of curing time
for the development of full strength. This ressltconsistent with the results of fly ash treated
soils reported in the literature (Indraratna et1899; Kolias et al. 2005; Ghosh and Subbarao
2007). However, the development of long term stilerod mine tailings and fly ash mixtures is

needed to be further investigated.

Figure 5.7(b) presents the unconfined compressreagth of the specimens with a constant
fly ash ratio of 20% as influenced by the moldingter content and compaction energy. The
results show a similar trend of compressive sttemgtin against curing time. Meanwhile, the

compressive strengths of the specimens compactédeaDWC are higher than that of the
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specimens at the OWC and WWC. It is also noteddkapite the higher dry unit weight of the
specimen compacted at the OWC as compared to ehgpacted at the DWC, the compressive
strength of the former is lower than that of thiéela This is because the strength of compacted
geomaterials is affected not only by the dry ungight and water content, but also by matric
suction. Many researchers (Daniel and Benson 1B@djel and Wu 1993; Yang et al. 2005;
Guney et al. 2006; Sawangsuriya et al. 2008) h#éserved that higher suction leads to higher
soil strength and stiffness. In addition, the ggtardifference that is attributable to varying wate
contents results in the difference in microfabfmsned during compaction. For example, Thom
et al. (2007) studied the impacts of water contemtation on the fabric of a compacted clayey
soil. They reported a progressive growth of smallaes linked to larger pores attenuation with
the increase in the compaction water content. Toexe the differences in the strength
characteristics of the specimens are the combimaifovarying water content and structural
differences. On the other hand, for the specimdmaimed with the same molding water but
different compaction energies, higher compressivength is observed at higher compaction
energy (Figure 5.6(b)), as expected. The compressinengths of specimens compacted under
high Proctor energy are 27 to 38% higher than tlcosepacted using standard Proctor energy in

all four curing periods.

5.5.5 Elastic Modulus

Elastic modulus is an indication of the ductilitylittleness of a material, which is related
to settlement of fly ash treated mine tailings lbase elasticity theory. Figure 5.8 shows the
development of the secant elastic modulas,of specimens during curing as related to the fly
ash ratio, molding water content and compactionrgnelt is seen that the development of

elastic modulus is similar to that of the unconfircmmpressive strength presented in Figure 5.7.
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In the case of the specimen compacted at the W\W@ever, the increase of the elastic modulus
with time is slower than the specimens molded atQWWC and DWC. This is most likely due to
the fact that the WWC compacted specimens contaie mvater during the curing period, which
lubricates interparticle contacts and facilitates tolling and sliding of particles. As a restiite t

specimen can sustain larger deformation beforartail

5.5.6 Pore Size Distribution

Figure 5.9 shows the effect of fly ash ratio on phege size distribution of compacted
mixtures of mine tailings and fly ash. In Figur®@®), the cumulative intrusion curves are well-
graded with smooth boundaries, indicating thatpalte sizes lie within the detectable range.
More importantly, the cumulative pore volume desemawith increasing fly ash ratio. This is
attributed to the higher density as a result ofdvgiacking, as noted previously. The differential
pore volume distribution curves of the specimenthwhe fly ash ratio are illustrated in Figure
5.9(b). In the case of the fly ash ratio of 20%, BED exhibits a bimodal feature, namely a peak
at the pore diameter of 4.083n and another at 1.563n. The apparent diameter boundary
between the two predominant pore diameters is 2.948Consequently, this specimen can be
characterized as having a double porosity fabrit #ontains significant families of both
micropores and macropores. Such a microporositydfalan be also found in other graded soils,
such as compacted mixtures of sand and clay (JamadHoltz 1985) and compacted clayey till
(Simms and Yanful 2001). From the MIP resultss ibelieved that the characteristics of a double
porosity fabric are associated with the size, slamkgradation of particles. The specimen with
the fly ash ratio of 40% also displays bimodal pdistribution, but the two distinct pore
diameters slightly decreases with the increasehm ¢orresponding peak intensity when

compared with the specimen with the 20% fly aslordtinally, the differential distribution
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curve of the specimen with the fly ash ratio of 6D%4-igure 5.9(b) shows a smooth unimodal
distribution with a dominant pore diameter of 0.984. The difference between the differential

distribution curves of the specimens with the i aatio is explained by the packing theory of a
binary mixture: when a small amount of finer pdeticis added to coarser particles, the mixture
will have dual porosity fabric; and with increasipgpportion of finer particle in the specimen,

the “tightest” packing is attained, in which thediparticles more fully occupy the pores between
coarser particles, resulting in a single porositgtn®. Further discussion can be made by

defining a fly ash proportion, i.e.,

Wea

- (5.3)
Wea +Wyr

FA

where parameters have been stated in Eq. (5.1)rédudts of this study show that the densest
packing of compacted mine tailings and fly ash omes$ is obtained at the fly ash proportion in

the mixture,P.,, of 37.5%, which is corresponding to the fly aatia, R-, = 60%. The results

are consistent with previous studies on porosityab®rs of binary mixtures (Pilito and Martin
2001; Thevanayagam et al. 2002; Yilmaz 2009), wiidehnd that the minimum voids of a finer
and coarser particles mixtures are achieved atopoption of finer particles ranging between 30

and 40%.

Figure 5.10 highlights the influence of molding eratontent on the PSD of the specimens
with the fly ash ratio of 20%. The lowest cumulatpore volume at a given pore diameter of 3.6
nm is obtained at the OWC, followed by the DWC &@/C, as seen in Figure 5.10(a). This is
in consistent with the relative order of magnituoke the corresponding dry unit weights
presented in Figure 5.3. Meanwhile, the differdrdistribution curves of all three specimens are

bimodal with noticeable differences in the macreporode, as shown in Figure 5.10(b). The
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families of macropores shift toward the left as Wha&ter content increases from the DWC to
OWC, indicating a reduction in the mean size ofrtiecropores as the water content increases.
However, there is a minor difference between theeispens compacted at the OWC and WWC.
As seen in Figure 5.10(b), the peak intensity af #pecimen compacted at the DWC is
approximately two times higher than those compaatethe OWC and WWC. In other words,
the micropores remain essentially unchanged andhdmopores vary correspondingly with the
molding water contents. This result supports theaidhat the difference in the unconfined
compressive strength of the specimens with differealding water contents of mine tailings
and fly ash mixtures is partially related to th&éetence in the microfabrics formed during the
compaction process. In fact, according to Delagd.€1996), the soil compacted on the dry side
of optimum leads to aggregate-dominated fabric evthile soil compacted on the optimum and

the wet side of optimum creates the matrix-domih&bric without apparent aggregates.

Figure 5.10 also shows comparison of the pore diegacteristics of two specimens with
the same fly ash ratio (20%) under different conipacenergies. At a given water content, the
higher compaction energy generates a specimenaar loumulative pore volume with closely
packing (Figure 5.10(a)). As seen in Figure 5.10flg increase in the compaction energy has an
effect on both macropores and micropores, althotingh influence on the former is more
pronounced. It is also observed that the specinoempacted under high Proctor energy has a

weak bimodal distribution.

5.5.7 SEM Image

Figure 5.11 shows the SEM images of compacted @es of mine tailings and fly ash

mixtures with different fly ash ratios (20, 40 a608%) at 150 times magnification. Glassy
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spherical fly ash particles are coated and embentdadailings matrix of irregular bulky tailings
minerals, which can be characterized as mine ¢milslominated fabric. It is visible in these
images that two particles with different shapesdosely packed and bonded with particle-to-
particle contact. More detailed observation reveldt matrices of particles in the specimens
with the fly ash ratios of 20 and 40% have a maregular prominence in the form of particle
assemblages and more diversified pore sizes agdrlaores in their fabrics. On the other hand,
the specimen with the fly ash ratio of 60% appdarsbe homogeneous with a uniform
distribution of pores. This observation is gengralbnsistent with the results of pore size
distributions discussed above, although a distlvintodal porosity feature is not observed.
Interestingly, most pores diameters appear to dlenthan 100 m, which seems in agreement
with the MIP results showing in Figures 5.9 and05.This can corroborate the fact that in the
case of compacted soils, the pore size distribudietected by MIP is a good estimate of the real

pore size distribution, as reported by Simms anafMg2004).
5.5.8 Thermal Conductivity as Related to Packing and Mechanical Properties

The relationship between the initial thermal coritity, A, and bulk unit weighty, , of

compacted mixtures of mine tailings and fly asishewn in Figure 5.12. The initial bulk unit
weight is defined as the weight of solids and wair unit volume of specimens immediately

after compaction. The initial thermal conductivitycreases with increasing initial bulk unit

weight with a linear correlation R* = 0.86). Similar linear relation between the thdrma
conductivity and bulk density is found for compattetural soils (Ekwue et al. 2006; Hotz and

Ge 2010). Meanwhile, a linear correspondence eRestiseen the final thermal conductivity,

(i.e., the thermal conductivity measured at 120r&icaf curing period) and cumulative pore
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volume,V,_, by the MIP test, as seen in Figure 5.13. Thd fimarmal conductivity is inversely

proportional to the cumulative pore volume per wvgight (R*> = 0.87). From such correlations,
one may deduce that the thermal conductivity oferailings and fly ash mixtures is strongly
dependent on the packing properties representedhéyinitial bulk unit weight and the
cumulative pore volume after curing. Hence, themammeters play predominant roles in the heat
transfer of wet and dry geomaterials and are kegmaters for understanding the microfabrics

of geomaterials.

Since the changes of thermal conductivity and gttemesult from the physicochemical
processes of compacted specimens of mine tailimgs fiy ash mixtures, the relationship
between these two properties is considered. Figuré illustrates the unconfined compressive
strength, q, , versus the thermal conductivityl,, for all specimens, which is obtained by
combining the relations depicted in Figures 5.8 &7. An almost linear trend between
compressive strength and thermal conductivity carobserved: as the curing time increases,
compressive strength increases and thermal cowdyctiecreases; however, the rate of

compressive strength gain per the reduction oftaéconductivity decreases with time.
5.6 Summary and Conclusions

The thermal conductivity, compressive strengthstetanodulus and temperature changes of
compacted specimens of mine tailings and fly ashktures during the curing period were
investigated as functions of the fly ash ratio, did water content and compaction energy of
the specimens. The pore size distribution and rfabracs of the fly ash treated mine tailings

were also examined. The thermal conductivity of dmenpacted mine tailings and fly ash
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mixtures was analyzed to relate with their packamgl mechanical properties. The significant

findings are summarized as follows:

1. The addition of fly ash to mine tailings leads todecrease in the initial thermal
conductivity of the specimens. The highest valughef initial thermal conductivity is
obtained at the specimen compacted under the optinvater content. The higher
compaction energy causes increases in the infiteahtal conductivity of the specimens.
As the curing time increases, the difference in th#ial thermal conductivities
decreases.

2. For all specimens cured in a temperature-controfiedironment, a similar trend of
internal temperature variations over time is obsdnthe temperature decreases at the
early stage of the curing period and then increasgs it reaches the environmental
temperature. The higher fly ash content in specémeduces higher initial temperature
of the specimens.

3. The unconfined compressive strength of the spe@mereases with increasing curing
time, though most of the strength gain is attawétin the first 24 hours of curing. The
increase in the fly ash ratio leads to the incraasthe compressive strength of the
specimens, indicating that the fly ash is effectimemproving the strength of mine
tailings by causing cementation. An increase inrtfedding water content results in a
decrease in the compressive strength of the spasimader the same compaction
energy, while a higher compressive strength iseagd at higher compaction energy. In
general, the change characteristic of the elastidutus of the specimens is similar to

that of the corresponding unconfined compressinangth.
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4. A double porosity fabric represented by macropaied micropores is identified in the
specimens of mine tailings and fly ash mixturesti#esfly ash ratio increases, both the
unit pore volume and mean pore size decreases dwidgnser packing. The specimen
with the fly ash ratio of 60% displays a monomoplatte size distribution, representing
the highest packing density. The mean pore sizbefkpecimen compacted at the dry
side of optimum water content is larger than thosepacted at the optimum and the
wet of optimum, which is mostly attributed to thedistribution of macropores.
Increasing compaction energy leads to a substamthlction in both the macropores
and micropores but the bimodal fabric remains ungbkd. The surface fabrics of the
specimens were investigated using SEM observatignch correlated well with the
corresponding pore size distribution indicated oy MIP test.

5. Linear relationships are established between thmlinhermal conductivity and bulk
unit weight as well as between the final thermahdwectivity and cumulative pore
volume per unit weight for all specimens testede Télationships between the thermal
conductivity and compressive strength in minenggi and fly ash mixtures suggest that
the thermal conductivity measurement can potegtidle useful for quality

control/quality assurance in field applications.

The findings presented in this study will be beciafi for understanding the short-term

development of thermal and mechanical behaviorsioé tailings treated with fly ash.
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Table 5.1 Physical properties of test materials
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Properties Mine tailings Fly ash
Specific gravity,G, 3.37 2.54
Optimum water contenty,, (%) " 12.6 11.9
Maximum dry unit weighty, _ (kN/m% ' 20.4 16.6
Effective size,D,, (um) 2.8 0.8
Median size,D., (um) 25.6 15.2
Coefficient of uniformity,C, 11.43 25.61
Coefficient of curvatureC, 1.61 2.61

TASTM D 698 (ASTM 2007)

Table 5.2 Oxide composition of test materials (&eldfrom Wang et al. 2006)

Component (%) Mine tailings Fly ash
SIO, 50.82 37.99
Al,03 8.87 19.92
FeOs 28.97 6.17
MnO 0.36 0.03
MgO 3.39 3.52
CaO 3.19 15.66
K0 0.84 0.62
N&O 0.02 9.30
P,0Os 0.15 0.69
Cr,03 0.02 0.00
TiO, 0.45 0.84
Loss on ignition 0.05 0.68
Total 97.13 95.12
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Table 5.3 Summary of specimens tested

Specimen ID Water contentw (%) Dry unit weight, y, (KN/m?)
FA20 - SP - OWC 12.4 19.5
FA40 - SP - OWC 11.6 19.2
FAGO - SP - OWC 11.0 18.9
FA20 - SP - DWC 10.5 19.2
FA20 - SP - WWC 14.3 19.0
FA20 - HP - OWC 12.4 20.0

Note: FA = fly ash; OWC = optimum water content; OW dry water content; WWC = wet water
content; SP = standard Proctor energy (590 3P = high Proctor energy (1,190 k3Jithe numbers
that follow the FA indicate the percentage by weighfly ash added to the mine tailings, i.e., #igh
ratio.

"Each specimen consists of five samples with idahfioperties of mine tailings and fly ash mixtures
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The peak stress is unconfined compressive strength, g,

Axial stress

L

Axial strain

Figure 5.4 Typical stress and strain curve of cartgghmine tailings and fly ash mixtures
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at different compaction conditions: (a) cumulatpae volume; (b) differential pore volume
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Figure 5.11 SEM images of the 120 hours-cured seenpith different fly ash ratios: (a) FA =
20%; (b) FA = 40%; (c) FA = 60%
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Figure 5.11 SEM images of the 120 hours-cured sesnpith different fly ash ratios: (a) FA =
20%; (b) FA = 40%; (c) FA = 60% (continued)
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CHAPTER 6

CONCLUSIONS

6.1 Summary and Conclusions

The thesis presents a comprehensive study on #mmah and electrical characteristics of
selected geomaterials used in geotechnical engigeapplications. The thermal and electrical
properties (i.e., thermal conductivity, electricahductivity and volumetric heat capacity) of the
geomaterials investigated strongly depend on tkempositions and fabrics. The specific

findings regarding these aspects drawn from thidysare as follows:

The electrical conductivity of compacted kaolinycla influenced by the porosity, dry unit
weight, pore water (gravimetric water content, @éegof saturation and volumetric water
content), as well as pore water salinity. It isrfduhat for a constant pore water salinity, the
electrical conductivity is most significantly redat to the volumetric water content. The Rhoades
model as a function of the volumetric water conterd pore water salinity gives best estimate of

the electrical behavior of the compacted kaolity damparing to other existing models.

In the case of the dry mixtures of mine tailinggl aime crumbs, the factors affecting the
packing properties (porosity and bulk unit weigbt)the mixtures including the particle size,
shape and gradation as well as the container Wattteand packing method control the thermal
conductivity and volumetric heat capacity. The gugoof mixtures plays a preponderant role in
heat transfer on the dry mixtures: the thermal aetidity and volumetric heat capacity
increased linearly with decreasing porosity. At Yodumetric mixing ratios of 0.55 to 0.75 for
tire crumbs, the mixture fabric transits from aidi@i.e., a mine tailings dominated fabric) to a

soft (i.e., a tire crumbs dominated fabric) granwdkeleton, which is directly related to the
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thermal conductivity behavior of the mixtures. Aegiction model for the thermal conductivity
and an analysis diagram for estimating the voluiméieat capacity are developed as a function

of the volumetric mixing ratio of tire crumbs andrpsity.

The thermal conductivity of compacted mixtures oinentailings and tire crumbs is
dependent on the molding water content, mixingrafitire crumbs, compactive effort and tire
crumbs size. It is shown that a clear corresporelencsts between the thermal conductivity and
bulk density of the compacted mixtures, irrespectiv the influencing factors. The anisotropic
thermal conductivity of the compacted mixturesxarained and the results reveal that the effect
is more pronounced when the mixtures have loweemebntents. The experimental data are
processed via analysis of variance (ANOVA) andrémilts indicate that the factors included in
the simulation are statistically significant. A riple linear regression model is established to

relate the thermal conductivity and the mixture position and compaction conditions.

The change in the thermal conductivity of compactede tailings and fly ash mixtures
over curing time as affected by the fly ash ratio|ding water content and compaction energy is
evaluated. The thermal conductivities of the cortgmhmixtures decrease with increasing curing
time. Importantly, the higher initial thermal corudiwity is attained at lower fly ash ratios and
higher compaction energy as well as under the aqtinvater content. Such results are highly
associated to the fabric of the mixtures that o#flehe proportions of their components, packing
of solid particles and micropore structure. Therdase of the thermal conductivity is strongly

related to the increase in compressive strengtheofly ash treated tailings.
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6.2 Suggestions for Future Research

Although critical factors in the thermal and elewdt behaviors of some geomaterials are

investigated in this study, many issues shouldbdied in future research, for example,

1. Effects of temperature on the thermal and eledtdlearacteristics of geomaterials;

2. Effects of pore fluid chemistry and organic mattam the thermal and electrical
characteristics of geomaterials;

3. Relationship between thermal and electrical progedf geomaterials; and

4. Development of thermal and electrical propertiescoémically treated geomaterials

with high water content over time.

It is believed that the studies on these issudsbeibeneficial for understanding the thermal and

electrical behaviors of geomaterials.
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APPENDI X A: Definition and M eaning of Statistical M easur es

The statistical measures, i.e., modg, meanD, standard deviatiow, skewnesssk and

kurtosisK , can be used to demonstrate a particle size lolisiton characteristics, which is
described succinctly by Blott and Pye (2001): thgsmntifying the size with the highest
frequency; the average size; the spread (sortihtf)eosize around the average; the symmetry or
preferential spread (skewness) to one side of\ikeage; and the degree of concentration of the
particles relative to the average (kurtosis). Theseasures are commonly calculated

geometrically (based on log-normal distribution)ngsmoment method, which are defined as

follows:

D=expY fInD (A.1)
o =expyY f (InD -InD)> (A.2)
=2 f(nD-ln D)* (A.3)

Ing®

K:Zf(lnD—In D)*

7 (A.4)
Ino

where f is the fraction of particles between two sieve sizndD is the average particle size

between two sieve sizes.
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APPENDI X B: Photographs of Materialsand Experiments

This appendix provides supplementary informatiotheomaterials and experiments presented in
Chapters 3 to 5. It contains the photographs takeing the performance of the experiments.

The photographs are included in the thesis asadec
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(b)

Figure B.1 By-product materials: (a) Musselwhitédgmine tailings and (b) scrap tire particles
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(b)

Figure B.2 SEM images of Atikokan coal fly ash:(at 300 times magnification and (b) 1,000
times magnification
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UCS at 72 hrs

Sl —

(b)

Figure B.3 Thermal conductivity monitoring and awgiof specimens of coal fly ash treated
mine tailings in an environmental chamber
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(b)

Figure B.4 Unconfined compression test - failurapgs of coal fly ash treated mine tailings
(FA20-SP-OWC, immediately after compaction)
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(b)

Figure B.5 Unconfined compression test - failurapgs of coal fly ash treated mine tailings
(FA20-SP-OWC, 120 hours after compaction)
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