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Abstract: This paper describes the thermal and packing befsawf mine tailings and tire crumbs
mixtures, which has significant relation to engnireg applications in utilizing recycled tire patés as
lightweight fill materials with improved thermaldualation. In the first part, the literature studymarticle
packing characteristics of spherical and granulatenmls is reviewed to comprehend the packing
behaviors of mine tailings and tire crumbs mixtuted affect their thermal behaviors. In the secpad,

the thermal properties and packings measuremerdsyahixtures of mine tailings and tire crumbs with
different mixing ratios are presented, which aentlnalyzed to examine their correlations with eesp
to the volumetric mixing ratio of tire crumbs aslhas the porosity of the mixtures. A statisticaldy
using multiple linear regression analysis is alsdfgrmed to establish a prediction model for thertial
conductivity and an analysis chart for estimatihg wolumetric heat capacity, as a function of the

volumetric mixing ratio of tire crumbs and porosity
CE Database subject headings: Thermal factors; Tailings; Rubber; Fabrics; PaypsStatistics.

Author keywords. Thermal conductivity; Volumetric heat capacityadRing; Tailings; Tire particles;

Statistics.

'Research Fellow, Dept. of Civil and Environmentagieering, Univ. of Western Ontario, London, ONsn@da
N6A 5B9 (Corresponding author). E-mail: jlee962 @ uveo

Professor, Dept. of Civil and Environmental Engiireg, Univ. of Western Ontario, London, ON, Candd@A
5B9. E-mail: jgshang@uwo.ca



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

I ntroduction

In geotechnical engineering practice, geomateriatduding natural soil, crushed rock and tailiffgsm
mining activities, and cement concrete, are comgnoisked as fills of earthworks. On the other hand,
waste and by-product materials such as scrapctad, fly/bottom ash, sewage sludge ash, rice hakk a
etc, are often applied to enhance the physicathedhical properties of the fill materials. Thesdenals
are often required to have specific thermal progemdepending on their applications. For instagoed
insulating fills are needed for oil and gas pipedirand underground storage tanks of liquefied abtias
(LNG). In contrast, geothermal heat pumps and Rkigkage power cables require fill materials to

dissipate heat readily. Hence, suitable selectidil materials is very important for energy sagim

In the mining industry, substantial mining tailingse generated worldwide after extraction of
valuable metals and minerals from ore body. Theent@ilings are the finely ground rocks, and can be
either reactive (generating acid mine drainage, AM&reafter) or non-reactive, depending on the
mineralogical composition. Recently, the utilizatiof mine wastes by modifying the physical and
chemical properties of mine tailings has been edf for example, as the backfill of cementedrigs
(Ercikdi et al. 2010) and as the raw material oflding bricks (Yellishetty et al. 2008). These
applications have advantages from technical, ecan@amd environmental perspectives. Nevertheless,
most mine tailings have traditionally been disposedsite in the form of impoundments. The surface
impoundments of high water content tailings alloar ftheir consolidation and desiccation. The
impoundments may be in water or dry, dependinghmn disposal history and site conditions. Some
tailings may be applied as construction materialthe mine site for infrastructures when naturilssare
not available in ample quantity near the site andenwater disposal is not essential to control AMD
(Bussiere 2007). Moreover, the use of such minegai can be beneficial for the reduction in tajin
accumulation and costs associated with constructimgl reclaiming tailings dykes and other

infrastructures on the mine site.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

More than one billion scrap tires are produced gaelr worldwide, and the handling of these scrap
tires has become a serious environment problem jpast decades. As a possible alternative for their
disposal, the scrap tires are used in civil engingeapplications. The scrap tires are usually dgth to
particles. According to ASTM D 6270 (ASTM 2008)ethare classified into three distinct groups in
particle sizes: tire shreds (50 to 305 mm), tirgpgh{12 to 50 mm) and particulate rubber (less than
mm), often known as tire crumbs (Edincliler et 2010). The rubber tire particles are lightweightl an
durable, and display favorable drainage charatigrigood thermal insulation and high energy abisonp
They are also comparatively cost effective wherdeszfills compared to other materials. Owing tsth
advantages, tire particles can be applied alonemimed with other geomaterials as backfills of
embankments, retaining walls, bridge abutmentghig® collection layers in landfills, subgrade thak
insulators and vibration attenuation media (Humpletal. 1997; Tweedie et al. 1998; Aydilek et al.

2006; Tandon et al. 2007; Hazarika et al. 2008).

Studies on tire particles and soil-tire particlextuies have been carried out extensively, including
characterization of mechanical properties such tes dtrength, compressibility, compactivity and
permeability, as related to the size and shap@&eparticles, soil type and mixing ratio (Hudsdnaé
2007; Ozkul and Baykal 2007; Wartman et al. 200anchaisawat et al. 2010; Edincliler et al. 2010).
Meanwhile, a variety of field and laboratory studfer evaluating toxicity of leachates from scraps
have been conducted (Mclsaac and Rowe 2005; Sheehaa. 2006; Tandon et al. 2007). A
comprehensive overview on the environmental impatwcrap tires is given in ASTM D 6270 (ASTM
2008). However, the thermal properties of scrapstiand their mixtures with geomaterials, which are
important in the design as insulation fills, hawd been addressed in detail in the literature.ifgtance,
in the work of Humphrey et al. (1997), the therrnahductivity of tire chips was back-calculated by
using one dimensional heat flow theory and measteeygberature profile of an in-situ three-layer ksoi
tire chip-soil) system under steady state conditidrherefore, more information on thermal properté

tire particles and their mixtures with geomaterigit be beneficial for practical applications.
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Objective and Scope

This study is directed to the beneficial use of farticles as lightweight fill materials with ingqwed
thermal insulation. Tailings from a mining site ativd crumbs were selected for the study for reason
discussed in the previous section. The thermalgtigs and packing densities of mine tailings mixed
with tire crumbs in dry state were measured tostigate the roles of tire particles inclusion ineanding

the thermal and packing behaviors of mineral aggesy The mixture samples were prepared in the
laboratory by controlling the mixing ratio of thevd materials and packing methods. The results of
thermal conductivity and volumetric heat capacitgasurements on the mixtures are presented to
demonstrate their correlations with the volumetnixing ratio of tire crumbs as well as the porogity

the mixtures.

The scope of the study includes a review of corscpi particle packing characteristics relevant to
mixtures of mine tailings and tire crumbs, whicHlwhhance the understanding of the thermal regsons
of the mixtures. Methods are addressed to estitetdoosest and densest packing behaviors of the
mixtures from the theory and from experimental Btigations, respectively. Based on the experimental
results, a multiple linear regression model fordmeng the thermal conductivity of the mixtures is
established as a function of two variables, ifge, ¥olumetric mixing ratio of tire crumbs and pdtyns
The volumetric heat capacity diagram is presentddch enables the volumetric heat capacity to be

determined for the mixtures at known porosity anollimetric mixing ratio of tire crumbs.

Heat Transfer in Geomaterials

Heat transfer takes place through conduction, ottiore and radiation. Of the three mechanisms,
conduction prevails in solids and is the predomimaachanism for heat transfer in most geomaterials
(Farouki 1986). The thermal properties of a geonwdtare affected by the volumetric fractions of it

constituents (air, water, minerals and organic empttThe thermal properties of constituents of

geomaterials vary in a broad range, as shown ileThRbFurthermore, the fabric of geomaterials, Wwhic
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refers to the arrangement of particles of all saagges, shapes and associated pores (Mitchell aga S

2005), has an effect on their thermal propertiegg@h et al. 2003; Cote and Konrad 2005).

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

under steady state, one dimensional conditionstagsd in the Fourier’s law:

- q
A=- 1
dT / dx @)

where g (W/m?) is the heat flux which is the amount of thermamgy transferred per unit time in the

(m) direction per unit area perpendicular to tlasfer direction, and@ (K) is the temperature. A high
thermal conductivity signifies that heat easilygagates through a material. Several researchersufa
1986; Brandon and Mitchell 1989) have pointed bat the thermal conductivity of geomaterials varies
with temperature and pore fluid salinity, as wallthe thermal conductivities and volumetric fractif

constituents.

The volumetric heat capacity, (I/PK) is the amount of heat required to change ateniiperature

per unit volume of material:
= 2

where Q (J/n?) is the thermal energy per a unit volume an(K) is the temperature. A high volumetric

heat capacity implies that a material has high cp#to store thermal energy. De Vries (1963) sistee

that the volumetric heat capaciof a geomaterial can be estimated as the arithrmtan of the
volumetric heat capacitl, of each constituent in the geomaterial, using tblenetric fractionV, as

weight:

Cv = ZV| Ci =VaCa +VWCW +VsCs (3)
i
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whereC andV denote the volumetric heat capacity and volumétaiction of each constituent: aia,
water (W), and soil solid € ), respectively. Note that the solid constituentdude various minerals and
organic matter, which are not separated. When andigure of mine tailings and tire crumbs is

considered, Eqg. (3) can be rewritten as

Cv =VaCa +VmCm +VtCt (4)

whereC_and C, are the volumetric heat capacities, afgd andV, are the volumetric fractions of mine

tailings and tire crumbs, respectively. Eq. (4) tanexpressed in terms of the porosity anllimetric

mixing ratio of tire crumbs in the mixtur,,:

Cv = nCa + (1_ n)(Cm - RmVCm + RmVCt) (5)

where n is the porosity of the mixture arfg,, is the volumetric mixing ratio of tire crumbs ineth

mixture.

Particle Packing Characteristics

The term of packing may be defined as any mannearafngement of solid units, in which each
constituent unit is supported and held in placth@Earth’'s gravitational field by tangent contaith its
neighbors (Graton and Fraser 1935). The tpanking is sometimes used interchangeably with the term
fabric that describes the geomaterial particles and ggtge arrangement in soil mechanics. To
comprehend the packing behaviors of particulate eri@t mixtures, numerous theoretical and
experimental studies have been performed. In gkrtbepurposes of these studies are to minimige th
void or maximize the density of the mixtures inamaic, construction, food and polymer industries. In
this section, a literature review on particle pagkiheories is presented in order to interpretttieemal

behaviors of mine tailings and tire crumbs mixtures
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The porosityn, void ratio€ and bulk unit weighty;, which are strongly related to the packing of

granular materials, are correlated in the voluméiatephase relationships defined in soil mechanics:

n:i:l——yb (6)
l+e EN7

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

arrangement of the packing is indirectly charaztstiby means of the coordination numibér(defined

as the average number of contact points that eatitlp has with surrounding particles).

The packings of uniform spheres provide insightuiaderstanding the packing behaviors of granular
materials. The regular packing arrangements oformifspheres can be theoretically calculated using
geometry. The porosity of uniform spheres rangesfa low of 0.260 for cubic packing to a higher of
0.476 for rhombohedral packing, and the correspmndoordination number is in the range of 6 to 12
(White and Walton 1937). However, random packings more realistic to particulate materials.
McGeary (1961) revealed that for packings of umf@pheres from 4fim to 3 mm in size, the minimum
porosity representing dense random packing lietimvithe range of 0.375 to 0.405. German (1986)
summarized the reported porosities for randomhkedainiform spheres, and noted that the porosity fo
dense random packing varies from 0.333 to 0.390 aitaverage of 0.362, whereas the porosity okloos
random packing of uniform spheres ranges from 0t87%440 with an average of 0.408. Murphy (1982)
compiled the coordination number data from therditgre and proposed an empirical relationship
between the coordination numbhlr and porosityr in a randomly packed assembly of uniform spheres,

namely,
N =2703n% —4454n+ 2180 (7)

Although this relation holds fo8.2< n< 0.6, it is obvious that the decrease in the porosityaodom

sphere packs increases the coordinate numberpbath the result of denser packing.
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The packing of granular materials is controlled ibfrinsic factors such as the shape, size and
gradation of particles, as well as by externaldextsuch as the container wall effect and packiethod.

These factors, thus, have influences on the thepnoglerties of the mixtures.

Irregular particles tend to form looser packingtleguivalent spheres. The porosity of natural sands
with the same average particle size increases adtieasing the roundness and sphericity, resuiling
lower coordinate number as well as lower stiffn@iso et al. 2006). The greater the surface roughises
the lower the packing density (Shinohara 1984).tl@nother hand, it was observed that the increase i
the porosity with increasing particle irregulariéads to the decrease in the thermal conducti@grgon

et al. 2003; Yun and Santamarina 2008).

Fine particles likely exhibit looser packing tharmos$e of coarse particles due to surface effects.
When the particle sizes approach to less thamfQnterparticle forces become prominent becausbeof
increase in the specific surface area of partig®esnlley 1970). The factors such as frictional ésrand
bridging between fine particles contribute to tbhenfation of loose or honeycomb structures with high
pore space (Lade et al. 1998). Also, cementatidwesn particles causes agglomeration and particles
clusters, yielding high porosity (Fedors and Lanti#f9). Norris (1977) pointed out that finer saads
generally more irregular and as a result, havedrigbrosity than coarse sands. Normally, the ptyrasi
coarse-grained soils is within the range of 0.230#80, while fine-grained soils can have porosities
greater than 0.50 (Budhu 2007). Meanwhile, it wamsas that the thermal conductivity decreases ds soi

particles decrease in size (Tavman 1996; Smits 2020).

Mixtures of non-uniform particles display a tendgme be denser than those of the same sizes since
finer particles may occupy the voids between caoapseticles. Panayiotopoulos (1989) noted that the
influence of particle size distribution on packigfficiency is greater than those of particle sizd shape.

As the particle size ratio (i.e., the ratio of G@aparticle to fine particle) increases, the cowmtdi number

of coarse particles increases (Suzuki and OshirB8)1®n the other hand, it was found that the tlaérm
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conductivity of well-graded soils is greater thaattof poor-graded soils (Brandon and Mitchell 1,989

Cote and Konrad 2005).

The container wall effect is defined as the packihgarticles being disrupted by the smooth wall of
container, which leads to higher porosity neantid. In a similar manner, the coarse particlepelised
or isolated within the fine particles may prevemntyt random packing of fine particles at the indeds of
coarse and fine particles. The container wall ¢féetpacking is less pronounced with rough walld an
irregular particles. When the distance from thel vgaht least ten times the particle size, the oamuess
of particles becomes constant (McGeary 1961). Médawthe densest and loosest random packings are
affected by packing procedures. In other words, rtfieimum and maximum porosities of a mixture
depend on the methods employed for their determimgt.ade et al. 1998), which may be estimated by
procedures declared in ASTM D 4253 and D 4254 (ASAWN6a, b). Additionally, other methods have

been adopted by some researchers (Messing and @Q8a8aAl-Jarallah and Tons 1981).

For a mixture containing particles of two sizescain be idealized as a binary mixture, and its

porosity variation against the volumetric mixingioaof coarse particles to the total solids issthated in
Fig. 1, where porosities &, =0 and1 correspond to random packings of fine and coarstcles,

respectively. The porosity decreases with an irsgréa the volumetric mixing ratio of coarse pagcl
until it reaches a threshold value. This threslhaldie represents an optimal packing for a binarmtune,
which is a point where the behavior of the mixtahanges from fine-dominated to coarse-dominated.
The trend is overturned with further increasedavolumetric mixing ratio of coarse particles. \Whiee
particle size ratio approaches infinity, the voidshe coarse particles are larger enough to aftovthe

random packing of fine particles, the porosity, and volumetric mixing raticR ,,_,,, at the optimal

—opt

packing can be obtained from the following equatjaespectively (Lade et al. 1998):

Nopt = NNy (8)
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e (1/e +n; /e

Ruyopt =1 — [”—f] ©)

where n and e denote the porosity and void ratio of each particlenixtures: coarseq) and fine (f ),

respectively. The theoretical packing curve, iteg porosity behavior of mixtures,;, in Fig. 1, is

expressed as

_ & (Q-Ry)
Neix = 1+ e (1_ Rmv) for Rmv = Rmv—opt (10)
n. :M‘ for RmV > RmV—Opt (11)

™ R (& +D

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

relies on the packing characteristics of the hcatenmls.
Experimental Study

To study the thermal and packing behaviors of ntimiéings, tire crumbs and their mixtures, an
experimental program was designed and carried Autlescription of materials, apparatus, sample
preparation and methodology is provided in thigieac followed by discussion of experimental result

and statistical analysis.
Materials

The materials used in this study are mine tailiagg tire crumbs. Mine tailings were recovered fiibim
Musselwhite mine, a gold mine located 500 km noftfihunder Bay, Ontario, Canada. Tire crumbs were
supplied by a tire recycling facility located in fario. The index properties of two materials were
determined following the recommended proceduresAlmerican Society of Testing and Materials

(ASTM), and summarized in Table 2.
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The specific gravity of mine tailings is 3.37, whits greater than that of typical soils owing to
predominant amphibole minerals of high specificvigya(Wang et al. 2006), and the specific gravify o
tire crumbs is measured as 1.19, which is compartabthose reported in ASTM D 6270 (ASTM 2008).
The Atterberg limit tests on tailings particlesdiinthan 75um revealed that the mine tailings are non-
plastic. Scanning electron microscope (SEM) imaxfenine tailings and tire crumbs are displayediom F
2. For mine tailings (Fig. 2(a)), particles are @agto subangular in shape, and typically corsfisarge
bulky particles, platy particles and flocks (aggération of clay-sized particles). As shown in Fi¢p),

the tire crumbs are angulated and roughened asatkegyroduced through the mill process.

The particle size distributions of the mine taiBrgnd tire crumbs are shown in Fig. 3. In Fig. ,3(a)
the shaded area indicates the typical grading ofa@ian hard rock tailings as presented by Bussiere
(2007). The mine tailings are made up of a widgeaf®.42 to 13@m) of particle sizes, characterized as
a silt, with 9.4% sand, 83.2% silt and 7.4% clay2(@m) sized particles. The size of tire crumbs ranges

from 0.069 mm to 0.85 mm, as shown in Fig. 3(b). tba other hand, the textures of both the mine

tailings and tire crumbs are quantified as theotiffe D,, and mediarD,, particle sizes, together with

the coefficient of uniformityC, and the coefficient of curvatut€,, as given in Table 2. Their textures

can be further specified by using other statistisahsures such as mdae, meanD, standard deviation
o, skewnessk and kurtosisKk (see Appendix for the definition and statisticaaning of the measures)
that are used to characterize the properties ahgearials. As an example, Carrier (2003) pointettioat
the D size of particles best represents the particlefsizthe estimation of the coefficient of permeil

of a soil than theD,, size of particle. It is also noteworthy that tbg, almost never displays the same

value as theD since the particle size probability density fuans are likely to be skewed. Accordingly,
the statistical measures of the mine tailings areddrumbs were computed and are listed in Table 3.
Based on the descriptive terminology of shapesestggd by Blott and Pye (2001), the mine tailings ar

poorly sorted ¢ = 3.596), with fine skewed (indicating an excesdirds, Sk = -0.981) and mesokurtic
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(K = 3.469) distribution, whereas tire crumbs is matkdy well sorted ¢ = 1.557), with fine skewed
(Sk = -1.043) and leptokurticK = 3.810) distribution, as comparing to the log-nakmlistribution. As
shown in Fig. 3(a), meanwhile, the particle sizgribution of mine tailings used is characterizedtee
tertiary mode, which is attributed to the fact the¢ has been artificially ground to a targetediglarsize

for liberating gold from the rock.

Wang et al. (2006) have studied the mineralogical geochemical properties of the mine tailings
used in this study. According to their results, thne tailings contain 3% reactive minerals (i.e.,
pyrrhotite) and the remainder is composed of anmglbjluartz, mica or illite, and chlorite. The ambu
of pyrrhotite is small, comparing to that of othaumlphide-containing mine tailings reported in the
literature (e.g., 80% pyrrhotite: Amaratunga 1999% pyrite: Ercikdi et al. 2010). This means tha t
mine tailings tested has low reactivity. MoreowBe mine tailings contain 1.2% carbonate, in threnfof
calcite and dolomite, which provide a pH buffer @eipy. On the other hand, the pH of the mine tggin
is measured as 8.4, which is slightly alkaline.sTikimainly due to the addition of lime during thiling

process and the presence of carbonates. Up toANi2 has not been generated on the mine site.

Apparatus

In this study, all measurements of thermal propentivere conducted using a thermal property analyzer
(Model KD2 Pro, Decagon Devices Inc.). The methodglof the measurement is based on the transient
line heat source theory (Bristow et al. 1998). Tdyiparatus reproduces thermal properties of reteren
materials with +5% accuracy within the temperattaege of - 50 to 150 °C. The KD2 Pro analyzer
comprises a hand-held unit and a sensor. The sbasadwo-parallel probes of 1.3 mm diameter and 30
mm length at a spacing of 6 mm, which is insened the sample under testing. One of probes cantain
heater and the other, a thermistor. A heat pulsapiglied to the heater and, the temperature is

simultaneously recorded at the thermistor. The ntlaérproperties of the sample are automatically
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determined from the temperature response with tifnesingle measurement takes about 2 minutes

including the temperature equilibrium period ptioheating and cooling.
Sample Preparation

In this study, samples tested include mine tailitige crumbs, and seven mixtures of the tailings tre
particles. The thermal conductivity and volumetheat capacity of mixtures were measured and
compared with those of pure mine tailings and pimeecrumbs. Nine samples with the rubber-to-tgsin
weight ratios of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, @A and 1.0 were prepared. The weight ratio wasl us
instead of the volumetric ratio, because prepasamples is more readily performed using weight
measurement. The weight mixing ratios were condettethe volumetric mixing ratios for evaluating

packing and thermal behaviors of the samples inahalysis related to the volumetric terms. The
volumetric mixing ratio of tire crumbs in the mix&uR,, can be calculated from the weight mixing ratio
R,w knowing the specific gravities of tire crumi,, and mine tailing<€s_,, by using the following

equation (Youwai and Bergado 2003):

_ Ry (1-Ruy . R |
Rmv_ Ga( G + Gaj (12)

sm

It is intuitively recognized that the mixtures wiirm different fabrics under different particless and

shapes, which will influence the thermal propertiéthe mixtures, as discussed in the previousaect
M ethodology

The tire crumbs and tailings at predetermined weigtio were placed in a mechanical mixer and mixed
until the samples were visually homogenous. Theturixwas then packed following three different
procedures: loosest packing, intermediate packimi) densest packing. A standard Proctor mold of

volume 943.7 ch(101.6 mm diameter and 116.4 mm height), as desgrin ASTM D 698 (ASTM
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2007), was used as the container. No surcharge@ngaction were applied in the sample preparation t

avoid crushing tailings particles and compressidtire particles.

A mixture with loosest random packing was achief@ibwing the Method A specified by ASTM
D 4254 standard (ASTM 2006b), in which a funnel wasd to pour the mixture into the container. A
mixture with the densest random packing was atthusing an electromagnetic vibrating table (Model
VP-51-D1, FMC tech.). A mixture with the intermetiapacking was prepared following the same
procedures for the densest packing, but the tintkanplitude of vibration were attenuated. For each
rubber-tailings weight ratio, one to three samplese prepared with various degrees of intermediate

packing.

After packing, the extension collar on the mold wamioved and the excess material was carefully
trimmed off. The weight of the sample was meastwedalculation of the bulk unit weight and porgsit
from Eq. (6). Lastly, the volumetric fractions ddrstituents in the sample (air, mine tailings aingl t

crumbs) were computed using Eq. (12) with the knparosity.

After the sample was prepared and its propertiese weeasured, the KD2 Pro analyzer was
vertically inserted into the sample. A total ofdbrmeasurements, taken from 50 mm from the molt wal
were made and the average value and standardideweatre calculated. All measurements were carried

out at the room temperature of 20 °C, with deviatess than +0.5 °C.

Results and Discussion

A summary of results for all samples tested islald in Table 4. One can notice that the measoméd
unit weight and porosity already capture the effexdftthe particle sizes, shapes and gradation Hawe
the container wall effect. In this section, the erkment results are presented and discussed tdidhigh
the roles of coarse-gained tire particles inclusiomodifying the thermal and packing characterssitf

fine-grained tailings.
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Packing Behaviors of Mixtures

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

volumetric mixing ratio of tire crumbs, as shownHig. 4, in which the bulk unit weights corresporgli
to samples with intermediate packing are not inetudrhe variation of the maximum bulk unit weight
with the volumetric mixing ratio of the lightweighite crumbs is greater than that of the minimurtk bu
unit weight. On the other hand, the results indicdiat the inclusion of the lightweight tire crumbs
decreases the bulk unit weight regardless of tiekipg density, and the trend is non-linear, whiglliie

to the change in the amount of air-entrainmenhfisenced by the volume of tire crumbs in the migtu

The minimum and maximum porosities)(, and n ) of the mixtures against the volumetric

mixing ratio of tire crumbs are shown in Fig. 5,campare with bulk unit weights in Fig. 4. Agaihet
porosities corresponding to intermediate packimgrent presented in this plot. The porosity changeig.

5 represents the changes of air fraction in mixtuiide porosity of the mixtures decreases as packin
density increases, while the variations of porositg similar irrespective of packing states. As the
volumetric mixing ratio of tire crumbs increasesnfr 0 to 0.55, both the minimum and maximum
porosities of the mixtures decrease gradually. e wolumetric mixing ratio of tire crumbs further
increase from 0.55 to 1, the limit porosities o thixtures increase significantly. This trend suppthe
fact that the decrease in the bulk unit weighthef mixtures with the increased portion of tire cbgnis
caused not only by the reduced mixture weight,disth by the changes in entrained air in the mixture
The porosity of mine tailings ranges from 0.44 1600 which is in the range of typical fine-grainsalls,
whereas the porosity of tire crumbs varies fron30® 0.68, which are relatively large comparing to
geomaterials. This may be attributed to the angsitepe and rough surface of the tire particles. The
observation shows the evidence that the porosityatierials is associated with the combined efféct o

particle size, shape and gradation.
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The binary packing theory, modeled as Egs. (8);(llppplied to the measured porosities of the
mixtures of mine tailings and tire crumbs, as shawhRig. 5. Based on particle size statistics @f two

materials given in Table 3, the particle size sitd the modeD,,, /D,,,, and the medial, / Dg,,

(where the subscripgt and m denote the tire crumbs and mine tailings, respelgfi are computed to be

9.3 and 17.5, respectively. In addition, the pletisize ratio of the mean with standard deviation
(Bt ia-t)/(Bm +0,,) is determined to be between about 20 and 30. Thatsedemonstrate that the fitted

curves of measured porosities are consistent \kightheoretical packing curves: the porosity of the
mixtures is less than the porosities of pure malteriHowever, the optimal packings of two limit
porosities, i.e., minimum and maximum porosities,ndt exhibit a distinctive point as derived frone t
ideal binary mixture shown in Fig. 1. This is prblyadue to the fact that for mixtures with tire oros
content less than the optimal packing value, tagiges do not float within the tailings particlestrix
without the interference of random tailings padksr mixtures with tire crumbs content higher thae t
optimal packing value, tailings particles could moigrate into the pore space between tire particles
without frictional resistance that leads to disaegted tire particles. Similar smooth packing trefats
mixtures containing construction aggregates of different sizes have been observed in the litegatur
(Al-Jarallah and Tons 1981, Lade et al. 1998, Jated. 2002). In their works, the median partisitee
ratio is in the range of about 2 to 30. Polito (@P8&nalyzed the packing for mixtures of 37 sand &n
non-plastic silts, and concluded that the volumetixing ratio of sands at the optimal packing pems
within the range of 0.55 to 0.75. In contrast, thee irregular shaped tire crumbs and tailings meduit

is found that the optimal packing is located ab\adr volumetric mixing ratio of tire crumbs, i.&, the

range of 0.50 to 0.60.

The relationship between the minimum and maximumogities of the mixtures is shown in Fig. 6.

The result reveals that the maximum porosity ineesawith an increase in the minimum porosity. The

data regression equation has the formFef (= 0.85)
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Ny = 0480, + 036 (13)

Based on this relation, the packing method usdtignstudy can be employed to prepare mixtures with
minimum and maximum porosities. The correlation efso be used to estimate the minimum porosity

from the maximum porosity and vice versa, for ruidee geomaterials.

The porosity range, i.en N, (or the void ratio range, i.eg,, — €,,) is used as an index

max

property of granular geomaterials that reflectértfadrics (Cubrinovski and Ishihara 2000). Figshbws
the porosity range versus the volumetric mixingoraf tire crumbs. The values of _ — N, slightly

increases with the increasing volumetric mixingoraif tire crumbs first, then it begins to decrease

noticeably with a further increase in the volumetmixing ratio, finally it decrease steadily. This
indicates that a transition region exists, randiogn R,,, = 0.55 to 0.75. In this region, both the mine

tailings portion and tire crumbs portion in the tabes govern the porosity of the mixtures, beydrid t
range, the mixture fabric transits from a rigia(i.a mine tailings supported fabric) to a so#.(ia tire
crumbs supported fabric) granular skeleton. Mealayitiis shown that there is little porosity chanig
packing of pure tire crumbs, which is expected ssitie vibration has limited effect on densificatimin

lightweight and highly compressible materials.

These observations can provide insight to the aptimixing design of geomaterials mixed with
recycled tire particles, which represent rigid-sofiktures. Furthermore, the results suggest thetbifa
such as the particle sizes, shapes and gradatigrcamdrol the packing characteristics of the migtur
The effect of these features to the thermal behadidhe mixtures will be discussed in the follogin

section.

Thermal Behaviors of Mixtures

The relationships between the thermal conductigitg volumetric mixing ratio of tire crumbs for the

densest and loosest random packings are showngin8Filt is no surprise to see that the thermal
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conductivities of the mixtures with the densestiag are greater than those with the loosest paclkia
the thermal conductivity of solids is higher théwattof air. It is of interest to note from Fig. &t the
trends of thermal conductivity curves at two diffier packing states are similar. For the densesinmsc
the thermal conductivity values reduce from 0.248mW for mine tailings to 0.080 W/mK for tire
crumbs, while for the loosest packing, the valuesrease from 0.140 to 0.073 W/mK. The mixture
containing 65.4% of tire crumbs by volume (40% kgigit) has a reduction of thermal conductivity of
about 50% comparing to the mine tailings withowg #ddition of tire crumbs. More importantly, the
thermal conductivities of the two packing statdfofe a similar trend compared to packing behavigss
presented in Fig. 4. This finding substantiates thet that the thermal conductivity of granular
geomaterials is correlated to the inherent therpnaperties of constituents as well as the voluroetri

fractions of constituents and arrangement of dadim the mixtures.

The relationships between the volumetric heat dgpaad volumetric mixing ratio of tire crumbs
for the densest and loosest random packings amensho Fig. 9. The volumetric heat capacity of the
densest packing mixtures is larger than that ofltksest packing mixtures. On the other hand, as th
volumetric mixing ratio of tire crumbs increasdse volumetric heat capacity initially increaseglsiiy
and then dramatically decreases for both packihgs. also noted that the trend of variation of the
volumetric heat capacity versus the volumetric ngxiatio of tire crumbs is similar to that of therpsity
versus the volumetric mixing ratio of tire crumkss indicated in Fig. 5. This embodies that the
volumetric heat capacity of the mixtures is morfeeted by the volumetric fraction of air than btlof
solid phases. This is attributable to the fact that volumetric heat capacity of air is three osdef

magnitude lower than that of most solids, includiaitings and tire particles.

Fig. 10 shows the relationships between the theomadluctivity and porosity for all experimental
data tested in this study, including samples witerimediate packings. The thermal conductivity afen
tailings decreases with increasing porosity angearfrom 0.248 to 0.140 W/mK for porosities between

0.44 and 0.60. Meanwhile, the thermal conductieftyire crumbs varies from 0.080 to 0.073 W/mK for
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porosities ranging from 0.63 to 0.68. The measthedmal conductivities of the mixtures of the two
materials are located within the upper and lowemigls with respect to the mine tailings and tirerdrs,

respectively. This plot also shows that as the ktefgixing ratio of tire crumbs increases, the tharm
conductivity decreases. Hence, the thermal insulagiffect of recycled tire crumbs can be utilized i

engineering applications.

The thermal conductivities of dry geomaterials uiéhg crushed rocks, gravels, sands, silts and
clays, as related to their porosities have beedieduby many researchers (Kersten 1949; Gangadhara
Rao and Singh 1999; Corte et al. 2009). Fig. 1Ivshapmparison of the measured values of the thermal
conductivity of mine tailings and tire crumbs ahdde of other materials reported in the literatiitee
thermal conductivity of mine tailings is within thgpical range of sands and clays, whereas thentder
conductivity of tire crumbs is lower than that gpical geomaterials. The plot also explains that th
thermal conductivity of geomaterials is sensitigete fabric as well as the thermal conductivitythadir
constituents. For instance, the thermal condugtivitcrushed rocks is scattered and differs froat tf

natural gravels despite their similar grain size@ mm).

Fig. 12 shows the relationships between the voltimédieat capacity and porosity for all
experimental data obtained in this study. The veluim heat capacity of the mixtures decreases with
increasing porosity. The volumetric heat capacitynme tailings ranges from 1.677 to 1.217 M3¥nfor
porosities between 0.44 and 0.60. On the other,htaedthermal conductivity of dry tire crumbs varie
from 0.901 to 0.811 MJ/iK for porosities ranging from 0.63 to 0.68. These trends are the upper and
lower bounds of the mixtures of mine tailings ainel trumbs, respectively. Fig. 12 also demonstritas
the rate of volumetric heat capacity changes ag#iesporosity decreases with increasing weightimgix

ratios of tire crumbs in the mixtures.

From Figs. 10-12, one may recognize that the thlepraperties of mine tailings and tire crumbs

mixtures strongly depend on the packings of thetungs as represented by porosity. Consequently, the
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porosity plays a critical role in heat transfertlod dry mixtures, and can be considered to be ensecy
factor that captures the primary factors, i.e.,fhdicle sizes, shapes and gradation as welleapdHicle
characteristics of host materials. Especially, gittee mechanism of thermal contacts at the paticéde,
the increase in thermal conductivity with decreggiorosity may reflect the improvement of particle

contacts in the mixtures.

Statistical Analysis

In the above section, the results of thermal prig®iand packing tests were interpreted to exploee
correlation between thermal and packing behavibteemine tailings and crumb tires mixtures. listh
section, the results of statistical analysis onaherage thermal properties in Table 4 are predeante

discussed.

Regression analysis was used for statistical etiatuarhe general multiple linear regression model

can be formulated in the following equation:

Y=L+ BXtBX,t. + fX + X, te (14)

where £ is the regression coefficierX; is the independent variables, is the dependent variable, and

£is arandom error term.

In this study, the multiple linear regression asaly were performed in two phases: to build a
prediction model for the thermal conductivity, aimddevelop an analysis chart for the volumetricthea
capacity. In the first phase, the multiple lineagnession analysis was carried out to establish the

relationship of the average thermal conductivityrifie tailings, tire crumbs and their mixtures elsted

to the volumetric mixing ratio of tire crumd),, and porosityn. In the second phase, the volumetric
heat capacity values of mine tailings and tire dysnfi.e.,C,andC,) were first computed by using

multiple linear regression analysis (without acdmg for intercept term/f3,) applied to Eq. (4) with
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other known variables (i.eG, ,C,, V,, V,, andV,), and then the calculated values are applied tq%q
to produce a volumetric heat capacity diagram efittixtures as a function of the volumetric mixiago

of tire crumbsR,, and porosityn.

Regression Model for Thermal Conductivity

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

conductivity A, and the volumetric mixing ratio of tire crumbg,, and porosityn:

A=0368-0.079R,, —0.353 (15)

Eqg. (15) states that the form of the regressionehizdconsistent with the trends of test resultseobed
in Fig. 10. That is, the thermal conductivity dexges with increasing volumetric mixing ratio ofetir

crumbs and increasing porosity.

The statistical properties from the regressionyamiglare summarized in Table 5. The coefficient of
determinationR? is 0.908, which indicates a strong correlation leetvthe thermal conductivity and the
two variables (i.e.R,, andn). However, a IargeR2 value does not necessarily guarantee accurate

prediction, and therefore tHe - value test is also used to assess the regressidel. By definition, the

F - value is the ratio of the mean squares of regreqMMSR) and mean squares of error (MSE) if the
hypothesis of the test is all regression coeffisdreing zero (Montgomery et al. 2004). When Ehe
value of the regression model is larger than thieal F - value that is the upper limit of theé ratio, the
model is feasible at a given probability and degrb&eedom. TheF - value is calculated to be 182.5,
much greater than the criticld - value at the probability of 95%, i.e., 3.3, suglg® that the regression

model is highly significant.

The standard residual of predicted thermal conditigtidefined asrg =r/SE, wherer,= standard

residual,r = residuals, andE = standard error, is shown in Fig. 13. THe of thermal conductivity
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regression model is 0.014, and the 95% confideaod s +2.03. This plot demonstrates that the ritgjor
of the standard residuals fall in the 95% confidehandwidth of 4.05. The standard residuals aralgve
distributed with regard to the predicted valueshefrmal conductivity, indicating the regression relad

strongly significant for the estimate of thermahdactivity.

Additionally, even if the regression model is stgially significant in terms oR?, F - value and
standard residuals, implying the model is appliealildoes not guarantee that the model is in aay w
optimal. It could be, for example, that one vamaidl dominating the regression equations while laarot
variable in the equation is irreverent. Thus, tigaificance of the regression coefficients of tlagiables
in the empirical model was examined via Studett’sest, which is designed to evaluate the hyposhesi
of a particular regression coefficient being zetoaa arbitrary probability. The significance of any

regression coefficient can be assessed by comptiming statistic of the regression coefficient (defined
as the ratio of the regression coefficigntand its standard err@E , i.e.,|t-statf|=| 5/ SE(4)|) and

the Student’st distribution. In other words, if the value of statistic for any of the regression
coefficients is less than the Student’slistribution at the probability of 95%, i.e., 1.68,can be
concluded that the data do not provide convinciigence that the coefficient is different from zefhe
results of Student's test reveal that the intercept, volumetric mixiago of tire crumbs and porosity are
significant at the probability of 95% in the regie®m model, as shown in Table 5. Comparing to the
values oft - statistic obtained, the porosity is slightly meignificant than the volumetric mixing ratio of

tire crumbs.

As a result, the multiple linear regression modelelate the volumetric mixing ratio of tire crumbs
R, and porosityn is highly significant as indicated by a seriesstdtistical analyses. A practical

application of the empirical model is to predic¢ tihermal conductivity if the volumetric mixing i@of

tire crumbs and porosity of a mixture are knowrsadilit can be applied to estimate conditions taimath
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desired thermal conductivity. Although the modebvimuilt with limited data, it provides a viable iigist

to the understanding of the thermal conductivitidéors of rubberized geomaterials in dry condition
Analysis Chart for Volumetric Heat Capacity

With known volumetric fractions of constituentse(j. air, mine tailings and tire crumbs) and voluiget
heat capacities of air and mixtures, the volumetgat capacities of mine tailings and tire crumbs
mixtures were determined by using the multiple dinegegression analysis applied to Eq. (4). The

volumetric heat capacity values of the mine tadimgd the tire crumbs are found to be 2.889 an@tl2.4

MJ/m’K, respectively. The resulting values of statidtimaperties are coefficient of determinati6if =

0.999 with standard errd8 = 0.033 andF - value = 32,829.6. These volumetric heat capacityes

were used to Eq. (5) that correlates the voluméigit capacity of mixture§,, volumetric mixing ratio

of tire crumbsR ,, , and porosityn. Fig. 14 shows an analysis chart for estimatirg\blumetric heat

capacity of mixtures at known porosity and volurgetnixing ratio of tire crumbs. The curves reprdasen
the porosity range of 0.3 - 0.7, as indicated ig. Ri2. The volumetric heat capacity decreases with
increasing volumetric mixing ratio of tire crumbsagiven porosity. Meanwhile, the volumetric heat
capacity decreases with increasing air fractiommiRtures at a given volumetric mixing ratio of tire
crumbs. These trends are consistent with the seshttwn in Fig. 12. From a practical perspectikie, t
analysis chart may prove useful for reasonableigtieds of the volumetric heat capacity from easily

available mixture properties, i.e., the volumefnixing ratio of tire crumbs and porosity only.
Summary and Conclusions

The objective of this study was to investigatettiermal and packing behaviors of mine tailings tral
crumbs mixtures, which has potential applicatiamauiilizing recycled tire particles as lightweigfit
materials with enhanced thermal insulation. Thastimcluded a detailed literature review on pagticl

packing characteristics of spherical and granulatenmals, which serves to improve the understanding
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the packing of mine tailings and tire crumbs migRithat associate with their thermal propertiegthén
experimental program, the thermal and packing ptigse of dry mixtures of mine tailings and tire
crumbs with different mixing ratios were measurednivestigate the roles of tire particles inclusom
the thermal and packing behaviors of mineral agaesy as well as to examine their relationshipk wit

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

1. The factors affecting the packing and thermal pridg®e of geomaterials include the particle size,
shape and gradation as well as the container fatiteand packing method.

2. The bulk unit weights of the loosest and denseskerh mixtures decreased non-linearly with
increasing volumetric mixing ratios of tire crumbghe mixtures, and the variations of their thdrma
conductivities were similar to the convex-shapedatimns of bulk unit weights.

3. The minimum and maximum porosities of the mixtuagginst the volumetric mixing ratio of tire
crumbs showed the smooth concave-shaped variatiarthe sharp V-shaped variation derived from
the ideal binary mixture. As increased the voluinetrixing ratios of tire crumbs in the mixtureseth
volumetric heat capacity values of the mixturesresponding to the densest and loosest packings
initially increased slightly and then decreasedsagrably, similar to the trend of porosity vardeiti

4. At the volumetric mixing ratios of tire crumbs aB8 to 0.75, the mixtures demonstrated transitional
fabrics, i.e., the structure changed from a tadlirpntrolled rigid fabric and a rubber particles
controlled soft fabric.

5. The porosity plays a preponderant role in heatsfmanof the dry mixtures: both the thermal
conductivity and the volumetric heat capacity imsed linearly with decreasing porosity.

6. A multiple linear regression model was develope@dtmate the thermal conductivity of the mine
tailings and tire crumbs mixtures as related tovilemetric mixing ratio of tire crumbs and porgsit

A series of statistical analyses revealed thatefjeession model is highly significant.
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7. An analysis chart was established that enablesdhenetric heat capacity of the mine tailings and
tire crumbs mixtures to be determined at the kng@erosity and volumetric mixing ratio of tire

crumbs in the mixtures.

It is believed that the findings and interpretatinathods presented in this study will be benefitiathe

understanding of the thermal characteristics obenized geomaterials in dry condition.
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Appendix

The statistical measures, i.e., mddg, meanB, standard deviatior, skewnessk and kurtosisK ,

can be used to demonstrate a particle size diisibwharacteristics, which is described succinbyy
Blott and Pye (2001): those quantifying the sizéhwie highest frequency; the average size; theasbr
(sorting) of the size around the average; the sytmynoe preferential spread (skewness) to one sidkreo
average; and the degree of concentration of th&|earrelative to the average (kurtosis). Thesasuees
are commonly calculated geometrically (based omlognal distribution) using moment method, which

are defined as follows:

D=expY fInD (16)

o=expyY. f (IND -InD)> (17)

1n 3
Sk:Zf(InD 3In D)
Ino

(18)
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_Yf(nD-In D)4
K= 4
Ino

(19)

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

two sieve sizes.
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Table 1 Densities and thermal properties of bas@aterial constituents

Materia Particle densityp ~ Thermal conductivityA Volumetric heat capacitf,
(g/cn) (W/mK) (MI/PK)
Air 0.0012°¢ 0.025 to 0.02°% (283 K) 1.25 x 1(°°¢
Watel 1° 0.57t00.5%(283 K 4.1¢€°
Quart: 2.6€2¢ 8.87(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 amphihatspectively.

@Balland and Arp (2005)

® Bristow (1998)

Table 2 Index properties of mine tailings and tinembs

Propertie Mine tailings Tire crumb
Specific gravity, G 3.374 1.190
Optimum water contenty,,, (%) 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 Particle size statistics of mine tailings sire crumbs

Sample statistics Mine tailings Tire crumbs
Mode, D,,, (um) 45.7 425.0
Mean,B (um) 18.5 444.4
Standard deviationg (um) 3.596 1.557
Skewness Sk (um) -0.981 -1.043
Kurtosis, K (um) 3.469 3.810




Table 4 Summary of packings and thermal propedidke mixtures tested
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mix?/r:/g(;a irgal?t}o of m&?r!%n:zggof Bulk Porosit Thermal Volumetric
NO.  tire crumbs tire crumbs umt(lz\l/\le/lri?)t n(-) g Cjn(wfrg\lg)ty rcl:e?:vlcj;gggy
Ruw () Rw (% v
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 (0.01:
4 0 0 17.1 0.4¢ 0.226 (0.00°  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.¢ 0.5C 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.€ 0.4C 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. 0.5¢ 0.127 (0.005  1.272 (0.041
12 0.2 0.41¢ 12. 0.4¢ 0.146 (0.00¢  1.362 (0.017
13 0.2 0.41¢ 13.4 0.4¢ 0.164 (0.005  1.447 (0.02:
14 0.2 0.41¢ 14. 0.4C 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.z 0.5z 0.123 (0.00:  1.255 (0.00¢
17 0.2 0.54¢ 10.¢ 0.4¢ 0.139 (0.00¢  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 (0.01:
21 0.4 0.65¢ 8.7 0.5¢ 0.114 (0.00z  1.181 (0.00¢
22 0.4 0.65¢ 9.4 0.51 0.127 (0.00: 1.278(0.014
23 0.4 0.65¢ 9. 0.4¢ 0.131 (0.00z  1.304 (0.017
24 0.4 0.65¢ 10. 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. 0.73¢ 7.5 0.5€ 0.113 (0.00:  1.157 (0.017
27 0. 0.73¢ 7.8 0.5¢ 0.118 (0.003  1.191 (0.021
28 0. 0.73¢ 8.2 0.52 0.121 (0.00z  1.207 (0.017
29 0. 0.73¢ 8. 0.51 0.131 (0.00z  1.294 (0.00¢
30 0. 0.73¢ 9.1 0.47 0.138 (0.00:  1.354 (0.00¢
31 0.€ 0.81( 6.8 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.€ 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 (0.00: 1.124 (0.017
38 1 1 3.8 0.6¢ 0.073 (0.001 0.811 (0.01(
39 1 1 4.C 0.6€ 0.076 (0.00z 0.855 (0.01¢
40 1 1 4.3 0.67 0.080 (0.001 0.901 (0.011

T Standard deviation
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Table 5 Summary of multiple linear regression asialyesult

Observation 40
R- squared 0.908
Standard err 0.01¢
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 -0.35: 0.03: -10.69’




N

35

Parosity, n

oot

0 1ie+1) Riv-opt 1

Volumetnc mixing ratio of coarse particles in mixtures, Ry
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