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ABSTRACT

The miningand milling activities associated with extraction of metals directly
generates waste in the form of mine tailings. This material is one of the largest sources of
heavy metal contamination via water, air, flora, and fauna in the world. Juseref this
waste as an input to a construction material such as concrete could lead to a preventive
method of reducing the environmental impact. This method of encapsulation of heavy
metals has been applied to paste backfill; however, the compressive strength
requiremats are much lower compared to the ASTM standards for structural concrete.
The djectives of this study were: (ap examine the feasibility of maintaining the
structural integrity of concretayith compressive strength of 4,000 psi or greater with a
slump of 3-4 inches, when using mine tailings as a faggregate (b) investigate the
ability of this material to encapsulate heavy metsidfates, and acid

The waste materiatollected from the Pride of the West mill in Silverton, @@s
first physically and chemically characterizedfter performing batch leach extraction
tests, the raw mine tailing leachat®ntained heavy metal concentrations above
conservative regulatory limitsThen the optimal tailing to fine aggregate ratio was
investigated. It wa found that the compressive strengths comparable to control
samples made with aggregaied the concentration of heavy metals found in the leachate
were consisteht low when the ratio varied below 50%. Therefore, the ASTM standard
for the minimum allevable fineness modulus was used to obtain in maximum amount of
mine tailings allotted in the concrete mixture.

To exanmne whether metals could be leached from the condeele mix, three
extraction fluidsvarying in pHwere used to accelerathe weatheng process The
metals of concern were shown to have b#wroughly encapsulateith the concrete
matrix, with a 24 log encapsulation capacity when compared to the metdbed from
the raw tailings Finally, a strength development experiment was cotadl to observed
changes over timelt was found that the specimens that contained mine tailings
maintained comparable compressive strengths as the controls cylinders, above the

minimum compressive strength requirements for structural concrete.
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CHAPTER 1
INTRODUCTION

The manufacturing of concrete consumes a large amount of energy and generates
significant CQ emissions. When inspecting the individual ingredients of concrete,
cement, water, aggregate and supplementary additives, the environmental footprint of
aggregate production is a significant portion of the total concrete supply chain. According
to a life gicle assessment repo(Nisbet, Marceau and VanGeem 2008% of energy
consumption, 39% of particulate emissions, ands/dbCQ, per cubic yard of concrete
produced comes from aggregate production.

An industrial waste or by-product substitute for the aggregates in concrete could
reduce the amount of energy consumed and help preserve the atmosphere by utilizing a
material that has already been processed. Solid waste streams such as industrial processes
and mining operations already exist and could be a source of aggregates. The use of
wastes in concrete is not a new concept. Slagadly and cement kiln dust are
alternative cementitious material that not only minimize the environmental impacts but
alo serve as additives that enhance the quality of concrete. For exampleusigeale
slag has structural benefits, increasing the {@mm compressive strengt{Bouzoubaa
and Foo 2004)

One source of a waste matér@erived from mine activity, that has not been fully
utilized are mine tailings. Substitution of tailings for the fine aggregates in concrete not
only may result in an effective structural concrete, it also acts as a remediation strategy
for a potentiabource of environmental contamination.

1.1 Problem Statement

Mine tailings represent a potential impact to the environment. Tailings storage
facilities also have a very |l arge footprint
When mine tailings that ctain sulfide minerals, particularly pyrite, come in contact with
water, air, and microbes, mining impactedter (MIW) is formed. There are 20,000
50,000 abandoned mines which have an estimated volume of 3 million cubic meters of
mine tailings per minehat affect approximately 23,000 kilometers of water ways in the
United StategMatlock, Howerton and Atwood 2002Yhe sources of MIW are often
found in the Northeast USA due to coal mining, where 10% of the &lor#hppalachian



regional streams are affected by MiWerlihy, et al. 199Q)If these mine tailings could
be used as a component of concrete for building matesafely and effectively, this
could reduce the pential environmental impact of those tailings.

There are several important issues that need to be addressed when considering the
use of a potentially hazardous material as a component of a value added product such as a
construction material. First, how do¢he waste modify the structural integrity of the
construction material, in this case, concrete? Second, how effectively are the tailings
encapsulated in the concrete such that the potential of leaching MIW is reduced to
insignificance? And, finallyif the presence of the tails does change the process needs of
making structural concrete, what are the most efficacious substitution ratios of tailings to
aggregates and how are setting times changed?
1.2 Significance of Study

One main focus of this paper is taamine the feasibility of maintaining the
structural integrity of concrete when using mine tailings as a fine aggregate. Another
focusis minimizing the leachability of the heavy metals, sulfates and acid from pyritic
materials once the tailings are enadpged in structural concretdf one of these
objectives are not met then the feasibility of this technology is compromiges.
disposal of mine tailings is thought to be the largest source of environmental impact from
mining processefVick 1990) Therefore, the successful use of tailings as fine aggregate
in structural concrete could have multiple environmental benefits: reducing the quantity
of mine tailings, disposalin the environment and decreasing the amountC®,
emissions attributed to the extraction of new aggre@die social implications of mining
activity could be improved while creating a revenue steam for mining companies, thus

increasing economic prosperity.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

Beforedeveloping a methodology to test the compressive strength and leachability
of concrete containing mine tailings, research of the important factors that pertain to this
waste stream was conducted. First, the processing of ore bodies and the typical disposal
pathways are invaglated. Second, background information in relation to the
environmental impacts such as tf@mation of MIW is reviewed. Next, a brief
description of the alternative strategies, including encapsulation, is described. Finally, the
hydraion process, leaching, and regulatory issuesliam@issed
2.1 Mill Processing

The processes of taking ore bodies and producing concentrated metals will dictate
the characteristic of the mine tailing waste. For exampleeitieced particle size depends
on the operations of ball millswhile the chemical composition depends on the
mineralogy, percent removal, and chemical additions. cheenical and physical make
up of mine tailingss fundamentato the production of MIW The steps from when the
ore body aters the milling facility to when the mine tailings are disposed of are
important to understand because oft¢hanges in the chemical and physical mage

The Pride of the Wes$ outside of Silverton, CO and theimarymetals of interest
aregold, silver, lead, copper, and zinthe processing facilitycurrentlyhas the capacity
to refine 700 tons of ore per dajhere are hundreds of mines within a 10 mile radius
that contain an estimated 20 million tons of ore.

The mill processing starts with filljpthe coarse ore bin, which is connected to a
jaw crusher with a conveyer belBefore entering the jaw crusher, the ore flows
uniformly over a vibratory feeder, which separates the finer particles. The coarse particles
are allowed to enter the top of tfev crusherto reducethe size of the oreThe finer
particles andhe effluent from the jaw crusher asent to another vibratory separator,
where material that is fine enough is sent to the grinding processesoigherusher is
used tofurther changehte physical characteristidsetweenE0 %00 i n s ioree . | f
passeshroughcertain mesh size, the ore is transfetieethe fine ore bin. If the ore does

not pass the mesh, then the ore is sent battletsecond vibratory separator.



The fine ores ground in a rod milnd is reduced to the size of sand particles. The
ground ore passes through a mineral jig where the ore is initially concentrated by the
stratification of particles due to the different densities of the ground mind@ifalsis
completel by sendhg fluid, typically water,through a bed of ground ore dteanating
velocities. This operationacts like a sophisticated gold pan whermeralscontaining
gold and silverare concentrated/hile the rest of the minerals are sent to the flotatio
cells The gold and silverconcentrate is then sent toctarifier that usegyravity to
separate the fine and coarse minerals. fiilreegold and silvermparticlesare sento the
melting furnace where particles that are too large to unddtgoformation of da# are
sent to a ball mill. The steel balls in the
is used after the ball millThe gold and silver déris created bheating the concentrate
with the addition of flux. Flux is a limealuminosilicate mixture. When heated with the
gold and silver concentrate, a relatively less dense slag is created with the ttloggteet
the bottom of the meltinfurnace. The slag is sepamfeom the doré, where the doré is
poured in a conical mdl The doré is sent to a refinery, where further processing occurs.

The rest of the ground minerdl®m the mineral jigare sent tdour flotation cells.

The minerals are suspended by pumping air into éfleandxanthate saltare usedis a
flotation agent and surfactants are usedreate a flocculationf minerals of interestt

is hypothesized that 1 mg/L ofwmthatescould betoxic to aquatic biota, however, the
rapid degradation rates of these salts reduce the risk for aquatgqXig Lay and Korte
1988)

The lead, copper, and zinc concentrate is then sent to a thickener where the
minerals settle to the bottom of the tank. The thickened lead, copper, and zinc concentrate
is pumped through a filter, whetlee bottom of the filter is operated under a vacuum and
the top half isat atmospheric pressure conditiolghen the minerals ofterest pass the
section of the filter with air, they fall into the vacuum portion of the filter and drop out
into a container that is shipped to a smelter. The waste materialnsribeailings that
are found in theailing storage facility (TSF)

2.2 Tailing Storage Facilities
Disposing of mine tailings has social implications gu$sibly createeconomic

prosperity. For example, mining communities often enjoy the visual aesthesosatif



piles of yellow/orange mine waste seen on the mountain sides, whereas large scale
destruction of forested land is seen as unsightly. Mine tailings can oftermblieck after
new processing technology is available. The potential value of disposedtaiings
needs to be taken into account when considering the outcome of this waste stream. The
usefulness of mine tailings can be measured with respect to the alternative remediation
technologies. The alternative remediation technologies can be ha&nsticthat local
communities, mining companies, government, and other interested stakeholders
agreeably reduce the environmental impacts while creating economic prosperity.

The storage of mining tailings hass changec
history. Small abandoned minesites,consisting of waste rock and finer mine tailings,
are easily discernible in mountainous regions. These slopes and valleassansially
receptacles, with no to very little preventive methods used to limit thepteinsd® MIW
in surface or groundwateModern tailing storage facilities utilize the construction of
impoundments, liners, and dust suppression equipment to reduce the environmental
issues that arise due to the large amount of waste material that istegraranilling
processing facilities.
2.2.1Design of Impoundments

The EPA identifies the following four types of impoundment designs that can
contain tailings: valley, ringlike, inpit, and specially dug pit impoundmen(§ SEPA,
Design and evaluation of tailings dams 199jten times large earthen dam structures
are used to contain the waste material.

Earthen dams are typical structures when disposing of large volumes of mine
tailings. An earthen dam structuie shown in Figure 2.1. An impervious core
constructed out of clay or even asphalt, is used to reduce seepage. The filiadand
drairs help keep the overlyinghaterialas dry as possible. Internal erosion osdifithe
filter is clogged and seepage channels out of the intended drainage zone. The overlying
material could be the dry tailings themselves, which could be a cost effective design
method.To do so, the tailings must be dried to certain moisture cotezammon way
of increasing the percent solids is to use a thickeN@h these structural and technical

components the risk of the failure mechanisms can be minimized.



Impervious core
Filter
/ Drainage zone

Figure 2.1: The important componentsof a tailings dam,(Vick 1990)

The embankments are commonly constructed in three different factions, upstream,
downstream, and centerline, which is showikigure2.2. Tailing dams are usually built
in successive parts because of the economic benefits of spreading the capital cost across
long periods of time. The upstream method is considered a more efficient design because
it uses less material, but it is used rarely in new dam construction because of liquefaction
risks. The downstream method uses more building maserchmore land areaowever,
it can generally withstand more seismic stresses that occur during an earthuake
third method, the centerline class, is a compromise between the upstream and
downstream methods; it uses less material than the downstream method and is safer than
the upstream method.

Understanding the deposition of the tailings is also importdme.sEttling rate is just
one component that will determine the fate of tailings in the impoundment. The type of
tailings will also affect the permeability in relation to the distance from where the tailings
are discharged at a point source, or spigot. Soepesited tailings, such as hedsagen
leadzinc mixtures, will reduce in permeability very quickly. This is due to the fact of the
settling rates, where the finer particles take longer to deposit, creating slimes downstream
of the spigot. Knowing the vition in permeability is important so one can determine
the flow path of potentially toxic water. The use of cyclondpshwiith separating and
depositing tailings by sizegaining insight to where these permeability regimes exist.

The size of tailinggange from 0.01 to 0.1 mm in diamet@vainali 2006) Since,
there is a large portion of fine grain material, settling of the tailings takes time in a
viscous slime and sludge. A typical copper slime, which nsixture of the finer tailings
and the effluent water from the beneficiation process, the sedimentation rate is roughly



between 0.14 to 0.31 ft’/hr. However, if zinc is found in the slime, the settling rate
increases to 0.38 to 0.54 ft/lf¥jick 1990)

{al

Figure 2.2: (a) Upstream, (b) Downstream, (c) Centerlinembankments(Vick 1990)

Designing a sound tailings dam is difficdue to failure mechanisms such as
liquefaction, slope stability, erosion, and seepigst often the failure of a TSF is due
to natural events, such as a heavy rain storm, erosion, and earthqbakes.et al.
2008) For example, a heavy rain event can cause seepage and piping through the
i mpoundment 6s embankment s. Earthguakes are s
and wind and water causes erosion over ti@reating water balances and understanding
the hydaulic parameters of these earthen structures will help shed light onto where water
is traveling and is seepage issues may arise.
2.2.2Pride of the West TSF

The TSFrom which thematerial usedor this project originateom a relatively

small impoundmentThe Pride of the West TSF is 100 yards from the processing
equipment.There are two inactive storage sections that are partitioned by one active

storage area. The active storage liner, which can beséggure2.3, acts a barriefThe



use of a liner is a conventional way of disposing of mine tailings. The liner minimizes the

exchange of MIW to the subsurface.
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Figure 2.3: Silverton's Pride of the West TSF

When observing the local lands for agédnerating and aciduffering minerals,
this area isbundant iracid generating material. €®SGS has found an innovative way
of scanning the terrain with an Airborndsible and InfraRed Imaging Spectrometer
(AVIRIS) to map where acigdenerating vs.neutralizing material consist along the
Animas River,(Dalton, et al. 2000)The resuls show that th&ride of the West TSF is
comprised of jarosite and nanocrystalline hematite, howevenguatralizingmaterial is
found close to th&SF.
2.3Formation of Mining Impacted Water

The removal of gold, silver, lead, copper, and zinc leaves the rest of the sulfur
bearing minerals available for bacteriadwidize the sulfides release metal iongnd
produce high concentrations of hydrogen ions. The principle sulfur bearing miredral th
is responsible for the formation of MIW is pyrit€o generate MIWair (oxygen)and
water are required for the chemical and microbiological reactiongthigr exothermic



reactionto occur. Therefore, there are both chemical and biological processes that
contribute to the overall reaction.
2.3.1Pyrite to MIW and Ferrous Iron Production

The formation of free metals in water is a mgtep process. When considering
pyrite, an overall reaitin representing the formation of free metals can be written as the

following chemical equatior{Herlihy, et al. 199Q)

TOY{ pwH pi0OGO TOQ O i YoOYs (2.1)

There are many individual steps involved in the formation of MIW such as: the
oxidation of pyrite by oxygen to yield ferrous iron, the dissociation of ferrous iron from
pyrite, oxidation of ferrous iron to yield ferric iron, and the fororatof iron(lll)
hydroxides. The two pathways for the production of ferrous iron from pyrite will be

analyzed. First, the oxidation of pyrite by oxygen,

TO ptB TOOO TOQ YY§ o (2.2)

is important because of heat generation and the consumption of oxygen. The standard
enthalpies of reaction can be calculated to validate the exothermic property. An enthalpy
of react i on-564%aKJmel, whi€h regrblsents an exothermic reactas
calculated from the standard enthalpies of formation va{Beszonik and Arnold 2011)

The second pathway for the production of ferrous iron, the dissociation of ferrous
iron, consumes ferric iron. MIW is di€ult to remediate because of the cyclical nature of
this reaction coupled with the oxidation of ferrous iron. Once ferrous iron is in its
oxidized form, then ferric iron can precipitate in solution. The chemical reaction written
below is a more completerm of the dissociation of ferrous iro(Singer and Stumm
1970)

oY pi0Q Yoo o pioQ <Y p (2.3)



Since, the oxidation of ferrous iron cpliments this reaction because of the
production of ferric, it is important to analyze the driving forces.
2.3.2Rate of Reaction and the Biological Cyclical Reaction

The rate determining step is of interest and the rates of reaction and/or the half

lives mustbe estimated for a deeper understanding of the overall reaction. The oxidation
of pyrite by oxygen is not as important of a pathway for producing ferrous iron when
compared to the dissociation of ferrous irfirefelvre, et al. 2001) This is true because
the oxidation of pyrite by oxygen is a relatively slow reaction with a-lifalfof
1000 days under acidic conditions and a reaction rate K'=afri* min™ below a pH
value of 3.5, (Singer and Stumm 197QYVhile, the dissociation of ferrous iron is much
quicker due to the halife of ferric iron, for this reaction, was calculated to be
50 minutes at a pH df.0, (Singer and Stumm 1970)herefore, the rate determining step
is the oxidation of pyrite by oxygen.

To produce ferric iron, ferrous iron must be oxidized. When there is no microbial
activity this reaction takes time, but can be $meged by a factor of a millior{Singer
and Stumm 1970Wwhen microbes are present. A common microbe studied under low pH
conditions is thiobacillus ferrooxida(F-ortin, Davis andeveridge 1996)The chemical

eqguation for ferrous iron oxidation is as follows:
TOQ U 10O °1t0Q ¢O0U (2.9)

As more microbes convert ferrous iron to ferric iron, increasing the concentration
gradient in the dissociation stated above. Therefore, increasing amounts of pyrite will be
consumed and increasing amounts of ferric iron will be produced.

The dissociatiorof iron to form iron(lll) hydroxides is what creates MIW and the

following chemical equation represents only one of the iron(lll) hydroxides in solution:

T0Q p OGO TOH O p O (2.5)

The a&idity of the solution will increase due to the release of protons. The cyclical
process which produces MIW will go on until reducing conditions are implemented,
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water is not present in the system, pH is driven upward, microbes are limited due to food
or removed by the use of surfactants, immobilization of the sulfide bearing minerals, or
the mineral containing metals are fully consumed.

In the context of the Pride of the West, the formation of MIW occurs in the TSF
where the waste is disposed in a congigblmanner with the use of synthetic liners and
the use of holding ponds. However, mine waste is not always disposed in a manner that
reduces the risk of MIW to contaminate ground and surface water.
2.4 Alternative sfor Treating MIW

When consideringways to treat minewaste and the impact of MIW, the
alternativesare dten comparatively examined feasibility studies. For example, if the
TSF has a low probability for producing MIW, then no action may be taken. This would
be the cheapest remediatiomethod. However, there are other alternatives such as:
monitoring, containment technologies, excavatiao)lection, diversionsolid treatment
technologies, water management technologies, water treatment technolagiks,
demolition/treatment activities
2.4.1Collection, Containment, Diversion, Excavation, and Monitoring Strategies

At the Pride of the West mill site collecting and containing the tailings was the
strategy from minimizing the environmental impact of MIW. After the useful life of the
TSF it wouldbe advantageous to use a cover to prevent emitting particulate matter into
the atmosphere. Organic chemicals can be added to the deposited tailings to also inhibit
the emission of air borne particles. A cap can be installed using a porous materias, such a
pea gravel, silty sand, or synthetic material. This can limit the flux of water due to the
capillary barrier effec{Stormont and Anderson 199%reating a closed system. While
this method of a barrier systeama common way of minimizing MIW; reusing a portion
of the reactive mine tailings and using it as a fine grained material for the barrier is a
containment optiofDoye and Duchesne 2003)
Reusing is advantagas, however, reactive mine tailings must be neutralized so it

can be used and/or immobilized safely. Therefore, water treatment technologies are often
needed if the tailings not only generate enough acid to neutralize all ;Gafp®alent

material but als dissolve heavy metals.
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The discussion concernirgpntainment strategies more indepth than just using
clay liners and impermeable caps. The application of shotcrete or construction of
concrete barriers are often used to immobilize contamimafesrtals, drifts, shafts, and
other mine working exposed to sulfide bearing mineiBild, sometimes the mobilization
of MIW is controlled by the use of flomhrough bulkhead and outlet pipinghis
diversion strategy can help with collecting or movMg/V to a more desirable areH.
the mobilization of contaminants is traveling towards an undesirable area, the direct
removal of the source is an optiofio help enhance the use of the waste, soil can be
mixed with the waste to dilute the containmentsoAlneutralizing material can be adde
to help immobilize the waste.

Preventive and oesite monitoring strategies can be implemented in conjunction
with other treatment technologies. Having knowledge of the environment in which a
contaminant be transportésl important. The hydraulic parameters of surface water and
ground water can be estimated, enhancing the decision making.

In the end, the remediation of heavy metals has to be addreBsectfore,
treatment technologies aegtherplanned from the stadf the mines inception or used
when MIW is found after the improper disposal of mine waste.
2.4.2Solid Waste Treatment Technologies

This category of treatment technologies incorporates encapsulation by the use of
cementitious materiaDnestabilization methodh useis paste backfillwhere it hadeen
estimatedthat aTSF can be reduced B80% in size (Benzaazoua, et al. 2004)his
technology has been used for refilling the open space for sucmgnedcavation
strategies such as room and pillar. This-MNawtonian fluid hardens and prevents the
potential for subsidence, reduces labor, dewatering, and impoundment requirements. The
hardened direct rase material usually has compressive strengthenranges of 1.5 to
3.5 MPa (217 to 507 psi{Brackebusch 1995 he fluid must be economically feasible
to pump long distances, often up to 0.6 miles from the TSF.

Thesetechnical and economic issues withigeling the cementitous mixtur®
locations under nethéhe groundcan be subdued with technology such as concentrated
foam The petroleum industry has used this controllable viscous\mevtonian fluid for

air/gas drilling and in the removal of liquids from gas reservoirs. This technology has
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been used to pump mine tailings back into the ground. This same technology has been
proposed as a method of transpotg r emedi at ifos targefingeMé, ci ne s 0
(Gusek, Masloff and Fodor 2012)his coud be a viable option when mixing tailings and

ordinary Portland cemenOfPQ with foambecause of theeduced cost for pumpiritpe

mixture.

There are many different types of fixation processes available in the commercial
treatment technologies industry. Some methods use ordinary cements, while other
methods use silicate, lime, or potanic based material€helating additivearealso in
use,such as EDTA,Jackman and Powell 1991\With the intent of enhancing the
physical mechanism of encapsulation, the chelates ligemalsl limit the reactions of
heavy metals duringylaration process when the material is hardening.

The alternative that is examined in this project is the use of mine tailings in
construction materials, specifically concrete. The stabilization and solidification of
contaminates of concern, mainly heavgtais, is one benefit of hydration chemistry. The
alkaline conditions reduce the amount of acid generating potential.

The disadvantage of using mine waste as an ingredient for concret@atehgal for
reduced quality of the concrete, particularly gtieength and durability. It is known that
the addition of sulfle bearing minerals careduce the compressive strength of concrete
due to the formation of sulfuric acid and degrading cement pastéNeville 1996)
However, if the mine tailings can be added to concrete mixes so that the structural
integrity and the environmental impacts can be minimized to acceptable levels, then there
might be an untapped resource that can be utilized for the benefit ottoaiunities,
mining companiesgconsulting firms,government entities, and other interested stake
holders.

In this case of this project, mine tailings are substituted for the sand in the concrete
mix; therefore, nme tailingsshouldmimic physical and chreicd propertiesof sand.One
project that has used mine tailings directly in concrete mixes was conduckeddmprt
McMoRan in Indonesia, where have built bridges and buildintdewever, there is a
large carbon footprint that is associated with OPC.

There has been a push in the academic community to focus on the cementitous

material, namely the use organic polymerization on inorganic subsfkaiemitsas and
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Zaharaki 2007)However, the subgtition for the aggregates with a waste stream has
only seen little research and development progress.

Research has been conducted on forming unit sized blocks using mine tailings and
other cementitious material, such as geopolym&sopolymers are derived fro
polymerization technology that is utilized for organic polyméds,Davidovits 1976)

These inorganic polymers are created from mixing caustic, such as sodium hydroxide and
potassium hydroxide, water, and natwgaurce of aluminsilicates while being fired at

low temperatures. The rate of polymerization is increased when thermally triggered.
Temperatures upward of 100 can be aplied to create the geopolymer.

The synthetic structure is a mixture of amorpha@esnicrystalline, and crystalline
aluminosilicates. This is due to the reaction kinetics. The faster the geopolymerization
occurs; the structure becomes more amorphous and less crystalline. If the reaction
occurred in a closed system with dilute soluianf alkali activators, then the final
product will be more of a crystalline zeolite mineral and less amorphlsanic
zeolites created under low temperature and pressures from sedimentary rocks are created
in closed systems, while laboratory conditiomsintain an open system.

The structure is dependent of the type of cations that are introduced to the mix.
Common activators come from the dissociation of NaOH;Cg, NaSO;, KOH,

K2CO;, KoSOy, and NaSiOs. The different types of structures that canfiwened from
these two cations are shownHigure2.4, (Khale and Chaudhary 2007)

Poly(sialate) Na-Poly(sialate) framework K-Poly(sialate) framework
(PS)

e , + NaOH/KOH
(-§i-O-AI-0-5i-0) ——*
Q Q

(Na,K)- Poly(sialate-siloxo) (Na,K)-Poly(sialate-siloxo) KPoly(sialatesiloxo)
(PSS) Framework Framework

Figure 2.4: Conceptual models ofgeopolymer structures
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This technabgy is advantageous because of the carbon footprint reduction and the
high strength capabilities of this cementitious material. To do so, sustainable concrete
material (SCM) such as slag, #4sh, and metakaolin can be used as precursors for
geopolymerskFrom an environmental stand poiRigure2.5 showsthe amount o6 C M6 s
that areneeadto off-set the current C{emissions associated with ORKehta 2007)

This has a direct effect for thmining, construction and the waste disposal industries. If
business as usual occurs, then the €@issions will not decrease in the fashion shown
below, but will create a burdem the cement industry.

4,000

3,500
3,000 I

2,500

mSCH

2,000

® Cement

1,500 @Co2

1,000 -

N l:

1990 2005 2020(1) 2020(2) 2020(3)

Volume (million tonne / year)

Figure 2.5: Shows the amount of concrete made in 1990 and 2005. Predictions are
made for future years and the amount of CQ emissions areestimated by red dots

This is the first major benefit for using geopolymers instead of .QBCproduce
1 ton of cement, the cement industry contributes roughly 1 ton of ©Othe
environment (J. Davidovits 1994)Sincegeopolymers are fired at low temperatures and
come from used waste, there is a reduction in @@issions, up to 80%.

The second advantage when using geopolymers instead of OPC is the cost
reduction. For example geopolymer concrete fromaliii is 1680% cheaper than
concrete made from OPC. However, there are disadvantages such as-timefaramty
of fly-ash geopolymeric material.
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The third benefit of using geopolymerization is the higher acid resistance properties
of a cured concrete specimen. One reseéeam used tungsten tailings from a mine in
Portugal as a precursor for the binder, while OPC was used as a,qdmrgal, Gomes
and Jalali 2007)The agitated specimens in sulfuric, nitric, and chloric acaveld that
OPC lost more of its mass compared to the geopolymerized mine tailings. The acid
resistant capabilities of geopolymers may exceed that of common OPC, however, what
leaches off is more important. Leaching tests have been performed on geopolymer
specimens, however, the metals that are introduced into the experiment often come in the
form of salts, not in their natural statBigure 2.6 shows the current encapation
capabilities of geopolymef&hale and Chaudhary 2007)
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Figure 2.6: The amount of heavy metals that can be encaplated in geopolymers is
shown

Some of the properties of geopolymers that can enhance material applications are
fast/slow setting times, low shrinkage, fire resistance, and low thermal conductivity are
also benefits that can be utilized using this technology. One application wouldahe in
emergency/military landing scenario for an airplane. Concrete can be set iFhsits6
gaining 70% of the final compressive strength, thus, being able to withstand the weight of
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an airplane during landing. Other applications can be found in foam, pesnt, and
high-tech fiber reinforcement.
2.4.3Water Management Technologies
One approach when considering treatment opi®dsectly remediating the MIW.
Conventional water treatment can be useghysically remove contaminants, such as
sedimentatiofclarification, solvent extractionand sand bed filtratioWhere advanced
water treatment entails carbon absorption and nanofiltration (NF). These are viable
options; however, they are labor intensive and require high operation costs versus more
appealingpassivetechnologiesEvaporation is a gential strategybut it requires large
surface area and adequate climate conditidhese physical type technologies are all
considered unit operations. Where chemical technologies are considered unit processes.
Chemical water treatment technologies involve precipitation, oxidasiod, ion
exchangeThey are also labor intensive, however, there are ways to engineer systems so
they operate in a more passive manner. For example, limestone can be placed in drainage
pathways, which the MIW flows through.

The neutralizing process can be an effective way of limiting the formation MIW
with the use of alkali materialsThe reaction chemistry is applicable to the hydration
process during the curing of concrete due tocthraponents found in cememime is a
common alkaline material in use because of the chemical and biological responses such
as raising the pH, precipitating metals out of solution and reducing the activity of
microbes. With respect to iron, the chemia@dponse can be explained by the chart in
Figure2.7, where the speciation of iron hydroxides can be mapped on pe vs. pH diagram
(Doye and Duchesne 2003)he spectrum of reductive and oxidative states is shown by
the electric potential on the vertical axis, where the concentration of hydrogen ions varies
on the horizontal axidt is important to note as the pH increases the more Fg(3MH)
that precipitates oubf solution. Also, the pH at which optimal precipitation of free
metals occurs is higher than the acidic conditions of MIWs optimal pH changes for
different kind of metals, therefore, this example for iron cannot be used for more
potentially dangerous heavy metals such as cadmium and lead.

As mentioned before the source of MIW is pyritic material, water, oxygen, and

microorganisms. In this treatment case with alkaditerial, more ferric iron is found in
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the solid phase and less will be available in solution. The decreasing concentration of

ferric iron will limit the dissociation of pyrite
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Figure 2.7:pe vs pH diagram for iron(lll) hydroxides. This represents the

precipitation of Fe(OH)3 (s) with an increase in pH

This use of lime or limestone in a closed system, likehe containment or
subsurface flow examples, is a treatment solution with a combinafisamediation
benefits The neutraliation of mine tailings is considered temporary when a system is
open, however, in the casé using aliner and cap, thisreates a closed systemhich
can be thought of as a mgeermanensolution This is becausadditional applications
aresometimesot necessary.

Oxidation may also me necessary if the iron is found in the dissolved fofin, Fe
The solubleiron mustbe oxidized so that it loses an electron and form¥.F&s seen in

Figure2.7 this requiresaising the electro potential, which is commonly done by aerating
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O, through the contaminated water. This treatment technology commonly is used in

conjunction to remove mangareedHowever, this conventiahtreatment technology is

very costly and is also labor intensive if large mechanical devices are used. However, this
technology could be applicable if natural aeration, such as waterfalls, is sufficient enough
to oxidize most 6 the soluble iroror manganese

The final chemical treatment technology is the use of ion exchange. This
technology commonly used resin beads thataxered in sodium ions. The iron, in this
example, exchange places with sodium. The bassisitheredhargedor discarded.
2.4.4Biological Water Treatment

Reasons why microorganisms are intriguing when treating MIW is because of the
potential reduction in manual labor compared to conventional treatment technologies.
The useof wetlands, with the purpose to rease he hydraulic detention time, @ne
technology hasoldsvalue forthe ability to treatment MIW passively. Wetlands have
often shown considerable promise at pilot scale experiments, however, when
implemented at full scale sizethey oftenfail. The second treatment technology is to
employ biochemical reactors to provide sulfate redudagteria. These reactors are
filled with substrates s as woodchips, hay, and stratwe more simple the substrate
the more bioavailable the nutrienf&his is al® a passive system thadshigh promise
when it comes to cheap and eféiot strategies. Again, theee problems that occur,
debris and precipitates from the formation of iron hydroxideg the pipes and conduits
in these system3.herefore, to solvéhese issugsnore unforeseen labor aten needed
to keep the reactor operatinfhese passive technologies still have great promise in the
future; however,a greatemunderstading of the microbial communitiesnd interactions
with substratess needed.

When considering all these strategies, this project focuses on the stabilization and
solidification of mine waste in cementitious material. The chemistry behind the setting of
cement paste and the leachability of the hardened material are the factoesethat
investigated. The compressive strength and the concentrations of heavy metals are
indications of the level of degradation that may occur when mine tailings are substituted

for a portion of the fine aggregate.
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2.5Hydration Process

The reaction betweerement such as OPGynd water creates a hardened material
that can be used to bind pieces of aggregate together to make concrete. There is a
transition zone between theroented paste and the aggregates layer that is between
10-15um in thickness is collection of crystals and hydrated calcium oxide. This layer is
weaker compared to the cemented paste and the aggregate, therefore it is often studied
because it is the weakest link in this construction material.

The formation of cemented paste, thecates and the aluminates from the cement
react with water in two ways. The first is a true hydration process where the addition of
water molecules directly reacts witbementitious material and creates theoretical
compondstricalcium silicate (@S), dialcium silicate (GS), tricalcium aluminate (§2),
and tetracalcium aluminoferrite {4&F), (Neville 1996) These reactions aexothermic.

The second is a process called hydrolysis

The hydrated calcium silicatgructure can encapsulate heavy mefaigure 2.8.

During the setting process the cemented paste becomes less porous and less permeable.
This is one reason why thmsaterial can be used as a form of encapsulation of unwanted
wastes.Another reason why the sadalification and stabilization process is intriguing is
because of the alkaline environment, usually found to be around pH 12 of, highar
environment that mrobes have a very difficult time surviving

In the case of cemented paste backfill, the production of dissolved heavy metals
due to MIW has been thoroughly studigateviously by other researchemifferent
cementitous material can be used, such as O#&t@emt kiln dust, and fly asfiNehdi and
Tarig 2008) It has been found that cement kiln dust and fly ash are more effective at
reducing the leaching of heawnetals from hardened materiéPark 2000) while also
increasing the setting time.oMever, in this study the use of OPC is the material of
choice.

The generation of sulfuric acid will degrade the solidified material over time and
cause corrosn and eventual failurdhe amount of pyrite found in the samples will help
determine the potential to produce sulfuric acicepending on the mill processing
methods, often times lime or calcium carbonate can be introduced for the purposes of

limiting the production oMIW.
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The corrosion of concretenay not occur in the long run if the mine tailings
potential to generate acid is overcome by the neutralizing capfoity the alkali
material found in the cementitious materlihen considering the additiaf aggregate
for the purposes of structural concrete, there is another interface at which the cement
paste may interact. Therefore, the transition zone maybe an important area of

encapsulation, not only the bulk cemented paste.
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Figure 2.8: The encapsulation of metals in portland cemen{Conner 1990)

2.6 Leachability

The processat which watertravels through a solid matrand dissolves analytes
considered leachingA common method of visualizing theow of contaminantsn a
solid matrix is with the use of aonceptial model. Themolecular diffusion de to
random Brownian motioran be used to create an analytical modebulk diffusion
modé andshrinking unreacted core leaching procedure are sources of future study. These
models can be found more detail in theecommende&utureResearclthapter.

The first most agreed upon explanation for the immobilization of hazardous
wastes is the chemical bonding within the solid matrix. This type of fixation denotes the
waste has gone under sometime type of alteration. The chemical changes can undergo
oxidationreduction reactions, acid/base reactions, and sorption. Chemisorption is

stronger than true adsorption at the surface due to the lack of a boundary between the
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waste and the surfacgonner 199Q)The most ofterused sorption material is activated
carbon, sodium silicates, and gypsufWiles 1987) The process of ion exchange is
another factor which dictates chemical fixation. lon exchange can sometimes be
incorporated in thesorption process(Conner 199Q) The second most agreed upon
explanation for the stabilizing and solidifying of hazardous wastes is encapsulation. This
physical mechanism can be separated into three differerdagz@s micr@ncapsulation,
macio-encapsulation, and embeddme@onner 199Q)For wastes to leach into solution
there must be a solubilizatiqdissolution is probablily a better term to ugepcess to
occur. Tke most dominate immobilization mechanism will be the one retaining the waste

in the solid matrix. One way to predict the leachability is to create a mechanistic model.
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Figure 2.9: The release of iron(lll) hydroxides into solution from anOPC and blast

furnace slag @ment pastefill (Benzaazoua, et al. 2004)

It is important to understand if the metals from the finished product will leach out
into solution, thus creating MIW under oxidizing conditiods. common way of
preparing a | eaching experiment is through
(Hornberger and Brady 1998J)his device is what 81zaazoua and his collogues used in
their experiments for estimating the leaching of metals from astéills with varying

cementitious materigBenzaazoua, et al. 2004)
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Shake flask extractions are also common with conducting leachingRiggtse 2.9
showsconcentrations of iron found in solution during the leaching prdoedsothOPC
and slag in paste backfillt is important to note leaching was conducted from the
concrete, not from the cement. Even though this is not a substantial finding, due to the
low number of data points, it is an indicator OPC might not be the best dtoosnt
material.

There is a difference between the leaching occurring in the real world and the
leaching occurring in the laboratory. The real world conditions are not 100%
reproducible because the physical and chemical conditions are never exactljnéhe sa
There arghree maindifferent types of kinetic leachirtgsts which mimic the real world.

First, the extraction test, such as the extraction procedure (EP) and the toxicity
characteristic leachate procedure (TCLP), overestimate the leachabilitywyf regals

from such substrates as concrete. The EP test was the predecessor to the TCLP test,
where the TCLP test was designed to handle heavy metals, pesticidesolstiei
compounds, and volatile organic compounds (VOCShively and Crawford 1989)
However, both tests predict similar leaching rates when implemented prdérdyg, et

al. 2001) The physical properties in the real world are not identical toEfReor the

TCLP test because the sample is crushed and grinded. The surface area of the sample is
usually larger and the particle size distribution is differé@gnner 199Q)Close to the

total amount of heavy mals in the sample can be calculated, however, this is not an
accurate prediction for the actual amount contained in the leachate in the real world.

The second testg method semidynamic batch leaching, is often used because the
system replaces the leathavith fresh extraction fluid periodically. The methalso
mimics the real world better thamatch extraction teshg because the sample is not
ground into smaller pieces. The laboratory tests such as the NEN (R&Giya and
Chaudhary 2006)and ARNI 16.1,(Baker and Bishop 199/7are both semdynamic
batch tests. The overall time for teemidynamicbatch leach procedures is much longer
than a TCLP test becaudeetsurface area/volume ratio is much lower. The main factor
responsible for the rate of leaching is the permeabilitthefsolid matrix which has a
range from 187 10® cm/s,(Conner 1990)
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The third type of @st is the column leaching test. This type of test implements a
continuous flow of leachant through crushed solidified wastes. The soxhlet reactor, which
was mentioned before, conducts a column test. The device mimics how water runs over
mine tailings pileduring a rain storm. The benefit when using the column leach test is the
compatibility for organic wastes such as trichloroethylene (TCE) and ph&maivites
and Bishop 1989)In this study a bulk diffusion motlevas used to predict the
leachability of the organic wastes.

The waste which leaches out of the solid matrix is due to a process called
decalcification (Bonen and Sarkar 19955round and surface water runs ovee th
stabilized/solidified solid, breaking down the silica/calciaride shell structure,
encapsulating and chemically fixates the wastes. Cal@anhesut into solutiomasthe
concentratiorof heavy metals increasgigure 2.10, because the solid matrix becomes a
silica skeleton that does not retain its structural integrity. Therefore, the capacity
decreases for the pour structure to encapsulate and chemicallyfacits.

Decalcification Figure2.10, takes place due to the formation of bicarbonate in the
porewater. Bicarbonate comes from carbon dioxide and calcium carbonate dissolving in
the water. The three phase system will creatddahewing reaction (Bonen and Sarkar
1995) where C-S-H, the solid m#&ix of the cement pasteis represented as
CaO-SiQ-H0:

6 Y 'O 04 ©°060® YO 00 (2.6)

The decalcification process can be thought of as the reciprocal of the process of
cement hardening, otherwise known as hydration. The pH of an inorganic cement
polymeris betweerll3 and 14(Jackman and Powell 1991hismakes a strong case for
the lack of microbial activity if mine tailings are used in the cement. But, more
importantly thehigh pH is lowered through the process of decalcification making the
waste susceptible to microbial activity and thus why the creatiavléf becomes a

concen.
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Figure 2.10: The process of decalcification, simlating the leaching of heavy

metals, (Lin and Huang 1994)

In the case of creating MIW from mine tailings encapsulated in concrete, the main
contaminants of concern are inorganic constituents such as: arsenicuroadiopper,
lead, mercury, nickel, selenium, silver, thallium, and zinc.
2.7Regqulatory Issues

The USEPA regulates the maximum contaminant EniMCL) for inorganics, in
this case the interest lies in heavy metdlSEPA 2012) The nationalregulations for
drinking water areoften more stringentthan the nationally recommended water quality
criteria forhuman and aquatilife, Table 2.1. However, the fresh water concentrations
for these recommended standards are sometimes higher than drinking water standards.
Taking this into account, the EPA notes that these criteria are not enforceable. The
criterion fall under two categories, tlegiteion maximum concentration (CMC) and
criterioncontinuousconcentration (CCCYUSEPA 2009) Please note that the MCLs for
silver and zinc are secondary drinking water regulations, thesmeaforceable.

The concentratias for the water quality criteria are posteddssolvedmetals
concentrationsthey were adjusted with a conversion factor. The conversion factor for
cadmium and lead are dependent on the hardness of the wWaienefore, the
concentration of calcm and magnesium will dictate these concentratiortowever,
natural organic matter (NOM) will also react witlissolved metalySchwarzenbach,
Gschwend and Imboden 2005)
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The junction between government, industry, and the world of academia are
important for the raise of mine waste for a construction product because of the potential
to be used worldwide. Making sutbe waste stream is regulated and implemented
properly isan issue just as important as insuring concrete is designed prdpedgards
to the United States, the American Concrete Institute (ACI) would need new regulations
for concrete with portions of tailings are substituted for fine aggregate. There leve be
studies that have focused on variousabh geopolymers and looking at properties such
as;sstatic elastic modul us, Poi ssonds ratio,
(Diaz-Loya, Allouche and Vaidya 2011)'hese properties need to be measured for
various mine tailings concrete specimens so that they can related to values found in
normal concrete mixes. Therefore, there can be established relationships between the
amounts of mine tailings of certain chieal characteristics that can be added for specific
construction material purposes. For example, if it found that the leaching of heavy metals
of mine tailings concrete specimens that are composed of 30% sulfide bearing minerals is
not potentially hazard@, then this material can only be used for interior use, minimizes
the contact with water from the natural environment. It is important to mention that

governments will need to work side by side with industry and academic partners.

Table 2.1: USEPA Drinking Water and Aquatic Life Criteria Standards

Drinking Water Water Quality Criteria (Fresh Water)

Metal Standards
MCL, mg/L CMC, mg/L CCC, mg/L
Arsenic 0.010 0.340 0.150
Cadmium 0.005 0.002 0.00025
Chromium 1l - 0.570 0.074
Chromium VI - 0.016 0.011
Chromium Total 0.1 - -
Copper 1.3 0.013 0.090
Lead 0.015 0.065 0.0025
Mercury 0.002 0.0014 0.00077
Nickel - 0.470 0.052
Selenium 0.05 - 0.005
Silver 0.1 0.0032 -
Thallium 0.002 - -
Zinc 5 0.120 0.120
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CHAPTER 3
STATEMENT OF EXPERIMENTAL OBJECTIVES

The reuse of mine tailings with the purpose of creating structural concrete is a
strategy for reducing the amount of mine waste #rads up beinglisposed, thus
reducing the environmental impact of one of the largest sources of waste in the world.
Therecould be a poterdl source of revenue generatioedudion of the carbon foot
print associated with the mining of aggregd@smining, build ad design firms, and
concrete companie¥o examine the feasibility of the-use of mine tailingshypotheses

are tested by accomplishing the following objectives:

1. Examining the compressive strength of concrete cylinders with and without mine
tailings sungituted for the fine aggregat&he first criterion is that the compressive
strength with tailings substituted for the fine aggregate has at least the same
compressive strength as the control concrete sample. The second criterion set as a
goal is thatconcrete specimenwith mine tailingsmeet the design parameters as

specified in Table 3.1

Table 3.1: Design criteria for structural concrete

Design Parameter Goal
Uniaxial compressivetength 4000 psi
Slump 340

2. The application of leaching tests simulate the weathering due &gid rain and
alkaline conditions When using batch leach extraction methods, the leachate

concentration of hegy metals will not be above the regulatory standards.

Table 3.2: Design criteria for leaching tests

Design Parameter Goal
Reduced particle size of concrepesimens 2-5mm
pH = 4.2, 60/40 sulfuric/nitric acid
Extraction fluid pH = 5.0, 60/40 sulfuric/nitric acid
pH = 10, NaOH
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The uniaxial compressive strength tesi® completed on small batchd$e curing
time depends on what parameters are of interest. For example, a studycoswlleted
to look at different tailing to fine aggregat€&FA) ratios to seef there is an optimal
amount of mine tailings that should be added to a batch of concrete. Or, a study can be
utilized to look at how the strengthdileachability changes over time

The goal ofmanufacturingconcrete with compressive strength consisgentver
4,000 psi is done by designingcantrol concrete mixthat meets the specifications by
conductingand undergoing iterative pours and adjustment of the concrete mix design.

The batch leach shake extraction tests are modifi€dPs which accelerate
weatheringprocess due to the reduced particle size of the contaminated material. By
reducing the size of the particles, the surface to volume ratio increases, thus exposing
more of the contaminated material to the acid conditions of the extractionTthedoH
of the extraction fluid varies, simulating different regions of the United States. The East
Coast has rain water that is often times more acid that rain water found West of the
Mississippi. This is due to the higher concentration of sulfur dioxide findustrial
process, mainly the off gas from coal fired power plafstsiore alkaline extraction fluid

is also used, this if for testing the leachability of amphoteric metals.
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CHAPTER 4
EXPERIMENTAL PROCEDURE

The four components that make up the concrete nesigh for this project are:
cement, coarse aggregate (gravel), fine aggregate éahanine tailings and water
The cement was donated by Quikretemanufacturing company locatedDenver, CQ
where418 Ib oftype I/l OPCwas transported tthe Colorado School of Mine@CSM).
Roughly 1250 Ib of gravel and 250 Ib of sand was donated by Metro IMIE in
Denver, CO. The gravel and sand were shoveled into 55 gallon drums and transferred to
CSM campusThe aggregate was placed imatal troughwheee polyethylendined the
bottom of the container. Avood separator was placed betwedhe gravel and sand so
thatcross contaminatiowas minimized The mine tailings were collected froniTT&Fin
Silverton, CO.

Mine tailings were collected from the Prideéthe WesfTSFin Silverton, CO. There
is one active storagarea that splits the two inactive argagure4.1l. The samples were
collected from the Southern inaatistorage facility, which isighlightedin O. During
the field sampling, th®perations DirectgrJohn Fergusonmentions that the holding
pond East of the TSF hasppH ar ound 4. 5. The streamds
observed during the time of sampling, indicating a high concentratiomonflll)

hydroxideprecipitates

y €

Seven1 06 x 1006 sampling plots were construct

so that thecomposites ampl e col |l ected was reprTeesent ati v

method of random sampling was the use bfirrd throw of a stone over the shouldkr.

the stone | anded within the 10s¢hovelfullddé pl ot ,

tailingswas collectedThree large stainless steel, acid wasiskédvels were was used to
excavate the mine tailing$f the stone landed outside the plot, the stone was thrown
again. If a stone landed in a previously dug hole, the stone was thrown aliin.
process was repeated untibagallon acid washedbucketwas filled between 8 to 10
stone throws wre requiredo fill one bucket The plots were spaced test if the particle

sizes of mine tailings changed over the distances samffegl. the seven pte were
sampled,seven breathable sampling bags were filled with a small stainless steel, acid

washedshovel.
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Figure 4.1: Sampling plotsat Pride of the West TSF- Silverton, CO

Before placingmine tailings in theirrespective 5gallon buckets, each gallon
bucketand lidwascleaned with a rag to remove any $eodebris, rinsed once withp
water,acid washed with one rinse of 10% hydrochloric aartt rinse three timesvith
RO waterfrom areverse osmosigRO) filter. The hydrochloric acid wagurchased from
JT Baker Chemical Company ai®l37.7% by weight. The Pufelow' reverse osmosis
filter was purchased fronCoralifeand has a 1 um filter cartridge and a carbon block
water filter. The RO water meets th&pecification for Reagent WatéASTM Standard
D119306 2011)

After the buckets and lids were cleaned they were air dfied. method was also
used to clean the four shovels that wessed for excavation When acid washing
laboratoryequipment however,substitutions were made for the hydrochloric acid and
RO waterwith nitric acid, sulfuric acid, and deionized watespectively

The sieving process was conductedthe CSM campusA 3@ x 3 06assi eve
constructed out of wood sfatscreen door mesh and screws. The screen mesh had
dimensions of 1.5 mm x 2 mm. Eablgallon bucketvassieved and mixetly handwith

a small stainless steel shovel to homogenim sample The mixing occurré in a
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cleared concrete mixedrum The tailings werehen placed back into their respective
buckets.
4.1Physical Characterization

To meet the objectives of this project the preparatiestingand analysiswere
organized so thatxperiments were performed addta was collected in systemaiiy.
The firstset of experimenta/as to collect the necessaifyysicalparameterstEach of the
seven mine tailing samples were subjected to seven physical characterization tests
4.1.1Particle Size Distribution

The first experiment that was conducted was estimating the particle size distribution
of the fine aggregate3.he purposes to observe thdistribution calculate the fineness
modulus,and estimate the specific surface gi®8A).

A dry seve approach was used for taeger particles, whereas a hydrometer test
was conducted for the finesmaller than 0.074 mnThe set of sievethat were useébr
the dry sieve are#10, 20, 30, 40, 5080, 100, and 200The massof each sievevas
recorde prior to the experimentThe balance that was used for all the physical
characterization and concrete mixing was the RADWAD, model WLC 1@@ance
with a maximum capacity of 10 kg and a resolution ®L Q. After the sieves were
weighed and recorded homogenized fine aggregate sample was weighted on the
RADWAD balance.The set of sieves wereplaced on a mechanical shakand the
weighed sample was slowly poured into the staked sidveap was placed on top of the
staked sieves anthé shaker wasperated for 10ninutes After 10 minutes, each sieve
was reweighted theremptied and cleaned withkaush Everything that pasthe #200
sieve underwent a hydrometer testhe hydrometer type used to perform each
measurement was 152H.

To perform a hydrometer test the following materials wased two 1000 mL
sedimentation graduated cylinders, rubber stopper, malt mixer, mixing cup, deflocculated
agent , stop watch, hydrometer, wash bottle, and RO water. Each component was rinsed
and ceaned before each experiment. The deflocculated agent that was used was a reagent
grade salt, hexametaphosphate. This salt was slowly mixed with RO water at a
concentration ofl0 g/L. The procedure for conducting the hydrometers experiments meet
the Test Method for ParticléSize Analysis of Soil{ASTM Standard D42B3 2007)
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where the geometry of the 152H hydrometer is showkignre4.2. The hydrometer is

slowly placed in the sedimentation column filled with well dispersed sediment sample,
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Figure 4.2: 152H Hydrometer

which was mixed for 4 minutes, and 125 mL of deflocculated solution. The hydrometer
reading occurs at time intervals, which are recorded in minutes. At this time the
temperature is also recorded. The effective depth of the hydrometer can be calculated

from thefollowing equation:
0 O ™ U - (4.1)

Where, \4 is the volume of the hydrometer bulb, which equals 67.®amd A is
the cross sectional area of the sedimentation cylinder, which equals 7.8, equals
27.0 cnf and Ly is the distance from the top of the bulb to the reading of the hydrometer.
The tabulated data for calculating the effective degit be foud inis shown inASTM
D422 standardt is important to note that the effective depth has to be corrected because
of the variation due to the meniscus, the zero effect, and temperature.

After each reading the hydrometer is placed in the second sediroertgltinder,

which is filled with RO water. The experiment is completed after 1.5 hours after the
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initial reading. The diameters of the particles are then calculated from the following
equation:
0 0 OrY (4.2)
K is a constant that depends on the temperature and specific gravity of the particles.
The tabulated data can be found in ASTM D422 standard.

Next, percentage passing is calculated by the following equation,:

o Y

’ — 4.3

6 — pmm (4.3)
whereU i s a correction factor correlated with
is the weight of the sample placed in the

ASTM D422 standardlhese experiments were daneduplicate.
4.1.2Fineness Modulus

Thepurpose of measuring the fineness modulus is due to the design requirements for
desigrng a concrete mixThe fineness modulus indicatdge relative amounts dfne
particles that are contained in tli@ee aggregateThe fineness moduluaffects the
volume ratio of large agggate to concrete, therefore indirectly affecting the amount of
water and fine aggregates proportione.calculate the fineness modulus the sum of the

cumulative percentetained is calculated anlden dividedby 100.

00 00 &0 aapoYAVOX "QE IO (4.4

When measuring the mine tailings, all particlesspdghrough a #10 sieviherefore
the only relevant sieves are: #, B®,50, and 100. When comparing the sieves numbers
to the paticle size distribution, sievé20 was correlatedto #16. The calculations that
were performed for this correlation are foundAppendix B. These experiments were
conducted in duplicate.
4.1.3Specific Gravity
The purpose for measuring the specific graatythe fine aggregatesas tofirst

tabulate the K antlvaluesthat are used for calculating the diameter of fine particles and
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correcting the depth of the hydrometer reading during the particle size distribution
experiments. Second, the specific gravity is usezhtoulatethe amount of mine tailings
that couldsubstituted for sand within the concrete mix.

Every ingredientn theconcrete mix design was proportioned by weight except the
sand, which was estimated by volunie. perform tke specific gravity experiment, two
pycnhometes, two rubber stoppersjacuum pum, RADWAD balance and water were
used.The vacuum pump is manufactured RgbinairVacumaster, Model 15400, with a
capacity o4 CFM with a 1/3 HP motorAn adapter was used to split the vacuum line in
two. The two pycnometemsereconnected to the punfpr 1 hour As the vacuum pump
ran, the pycnometer was shalside to side gentljo help with removing the trapped air.
These experiments were conducted in duplicate.

The specific gravity was calculated from the following equation

"Y'O 0 45
PR — (4.5)

Where, Mp is the mass ofempty, clean pycnometer, dMs the mass of empty
pycnometer plus thdry tailings Ma is the mass of pycnometer plie water, and M is
the mass opycnometer plus the dry tailind4lW thewater.
4.1.4Bulk Density

The purpose of calculating the bulk density wasgtmatethe contribution of the
coarseaggregateUnlike the specific gravity of the gravel, the bulk density includes the
void volumes of air betweethe pieces otoarse aggregatd&he reason why the bulk
density is used instead of the specific gravithesause the voids with in the aggregate
are still present ien the concrete muring;these voids fill up with the cement paste and
fine aggregates

To measurehis parameter thé e s t Met hod for Bul kandDensi ty
Voids in AggregategASTM StandardC29/C29M09 2009)was followed.To perform
this experiment a container of a known volurRADWAD balance and water were
used.The container was filled evenly three times; each portion nwdded 25 times

before adding the nextortion of gravel. The rodding technique can be compared to
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jigging and shoveling, where rodding is the process of tapping the side of the container so
that the aggregate pieces are compacted, thusly reducing the voidT¥pagaocedure
was done twamore timesso that the caminer was full, where the top voids in the
container roughly equaled the parts of the gravel that stuck above the contamer.
weight of the gravel was calculated and then divided by the known volume. This
procedure was conductedtriplicate.
4.1.5Moisture Content

The purpose of measuring the moisture content of the aggregategamtan
understanding of how much water is retainethafine aggregatesrhis amount of water
needs to be taken into consideration whegasuring the weight of the fine aggates.
This experimentrequiresthe use of an ovemperating at 105 °Cmoisture cans
polyethylene drying sheet, and wat&éhe procedure of this experiment meets Tiest
Methods for Laboratory Determination of Water (Moisture) Content of Soil and Bock
Mass (ASTM Standard D22140 2010) The cans were preeighted before the
experiment and the fine aggregate werepared so that surface dry conditions were met.
The samples were placed in the oven foh2drsandthen the moisurescars werere-
weighted. The moisture contenexperiments werecalculated in duplicateby the

following equation

PTT (4.6)

Where,S is the weight of thenoist sample and A is the weight of the oven dry
sample.
4.1.6Atterberg Limits

The purpose of performing Atterberg Limit tests is to measure the plastic limit,
liquid limit, and plasticity index of the finer particles in mine tailings and sand. These
limits are baed on the moisture content of the fine aggregates. The plastic limit, liquid
limit, and plasticity index can be related t@ thmount of clay or silt thad presenin the
sample The equipment needed to perform Atterberg Limit tests are: liquid limitele

evaporating dish, standard groove tool, balance, moisture cans, spatula, plate glass, wash
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bottle, purified water, anddrying oven. The liquid limit device that was used is
manufactured b¥LE International and is a part of the Soiltest Productionsizin. The
base rises 10 mm above the rubber base and the cup moves with the utilization of an
electric motor. The cup is dropped onto the rubber base twice per s@&tendetailed
procedure of conducting these experiments can be found ifeteMethod for Liquid
Limit, Plastic Limit, and Plastity Index of SoilSASTM Standard D431-80 2012) The
experiment was not conducted in duplicate due to the success of the experiment. The
outcomes of this experiment are further explainathéresults and discussion.
4.2 Concrete Encapsulation

After the physical characterizatiothe seven mine tailings sgles were mixed
homogeneously so that a batch of fimine tailings and one batch of coarseine
tailings werecreated. The coarsest mine tailing samples, 1, 2, 3, and 4 were combined in
equal proportions, by weight. The finest mine tailing sampless, 46, and 7 were
combined in equal proportions, by weight

The objective of this secondection of systematic experiments is to create
structural concrete that meets strength standdias. mine tailings areubstituted for
standard fine aggregaféwo ses of experiments were conducted. The first, was intended
to understanchow thetailings to fine aggregatel(FA) ratio affects the unconfined
compressive strength and the leachabilftyevariation wasl0%, 30%, and 50%f mine
tailings to total fine agggate The secondwas anexperiment examininthe unconfined
compressive strength and the leachability after the concrete specimens cGrddyor7
days, 14 dag, and28 day. The mineTl:FA ratio was 3% for the second experiment
Before making and pourintje concrete can occur, the concrete mixsdesigned.
The reason why the experiments lasted 28 days is because that is the time it takes

for the capillaries to mature and become segme(itexyjille 1996) for a water to cement
ratio equal to 0.57. This means that the water that was introduced to the cement has
hydrated the significant portion of the calcium silicates and aluminates. There will be
some poe water left, but the reactiors iconsidered completed for the water to cement
ratio stated above. If the water to cement ratio was above 0.70 there would never be
segmented capillaries and water would have would be able to travel through the

cemented paste.
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4.2.1Mix Design

To meet the first objectiveonair entrainedstructural concretenust be constructed
to withstand3,500 psior pressureTherefore a 4000 psi concretéth a 34 0 s Was mp
chosen as design paramstémportantconstraintssuch as the largest size bktcoarse
aggregate, fineness modulus of fine aggregate, specific grawtlythebulk density of
the coarse aggregate, will dictate {mm@portionsof the four ingredients.The concrete
mix design parameters wergelectedfrom t h e ADesi gn &LaondreteContr ol
Mi x t uKosnsmtkia S.H. and W.C. 2003jor example, to design a 4000 psi concrete
with a 34 0 s,lthe wgper to cement ratio must be equad.t/. The amount of water
per yardwas alsoe st i mat ed, which for a 1.B8fracoarse ;
34 0 s.Howewger, it was later found that the coarse aggregate was better represented
by a value equal to 325 Ipti2. Thebulk volume of dry rodded coarse aggregaee unit
volume of concretewas estimated from the fineness modullibis value changes
depending on the fineness modulus and nominal maximum size of the @kasehatka
S.H. and W.C. 2003)

These steps enable the proportionifgwater, cement, and coarse aggregate by
weight. The proportions of thdour ingredients for theT:FA variation and strength
developmenstudies can be found the results and discussion secti®p solve for the
amount of fine aggregateeeded,the T:FA ratio was usedin conjunction with the
specific gravity of eacttcomponent This volumetric approach is more accurate then
directly calculating the mass afand needed because the volume of the concrete
specimen is known. The mixing of concrete specimens was conductedcrafteitial
design was completed and the mix design was refined in an iterative process
4.2.2Making and Curing

Preparing the ingredients bedomixing concrete hiehes is necessary to insure
proper conditions. For example, the @hwas kept in dry conditiorie make sure that
no large clumps consolidated the concretdatches The mine tailings were stored
5 gallon buckets, keepingimoisture and keeping out contaminants. The saddyravel
were kept in dry conditions Three days before mixing, the sand is kept at saturated
conditions. The sand is placed on top of a tarp and the other end of the tarp covers the top

of the sand. Onhee third day the top portion of the tarp is removed so that the sand may
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become surface dry. The coarse aggregate undergo similar preparations, however, instead
of absorbing water on top of a tarp, the gravel is placed in large ctedainerdilled

with water. The gravel is allowed to absorb water for two days and on the third day the
gravel is set on the same tarp as the sand, allowing surface dry conditions.

The rotary concrete mixer, manufactured by ELE, has a capacity of 3.5 ft
Therefore, each mixan be completed in one batcfhe batches are made under the
accordance of thBractice of Making and Curing Concrete Specimens in the Laboratory
(ASTM Standard C192/C192M12 2012) Each ingredient is wghed with the
RADWAD balance First, the fine ggregate is added to the mixer and then mixer is
turned on. Ten the water is addedAfter the fine aggregates and water are
homogenized, the cement is slowly added, preveriimg particles emissions. Afte
well-mixed conditions tie coarse aggregate is slowly added. Once this mixture is
homogenized theoncretemixer is turned off.

Each batchundergoes a slump test, where the slump cone rieetest Method for
Slump of HydrauliecCement ConcretédASTM Standard C143/C143N12 2012) The
slump cone is filled in three even portions, where each portion is tamped 25 times and
rodded 20 times. After the slump cone is filldtk top of the cone wstriked. The cone is
then slowly removed in a vertical fashion. The slump is recorded.

After the slump is complete, three cylindrical molds are filldthe cylinders
di mensions are 40 Thacyliddera onderge similarnatpingandt al |
rodding asthe slump cone, however, the cylinders are poured in two even portions
instead of three. The cylindearet hen stri ked and capped. The
plastic and tightly cover the cylinders so that no moisture escapes.

In between each batch, thencrete mixer is cleaned and all other tools that are used
during the mixing and pourin@.he cylinders are transported lade possible and left to
cure for their designated time periods
4.2.3Unconfined Compressive Strengt{UCS)

Once the curing time hdseen achieved the concrete cylinders undergo UCS tests.
The reason for conducting &Ctests is to understand how thd=A ratio affectsthe
strength of concret&he uniaxial compressive strength indicates if the concrete batches

meet thestructural concre requirementsThe cylinders are prepared by first removing
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the cylinders from their molds. A sharp knife is used to cut away the cap. Once the cap is
removed, compressed air is used to remove the cylinders from their nioltie
cylinders do not lielat, they arecarefully sandedip to 3 mm.The height is measured
twice, 180 separating eacimeasurement. The diameter of the cylindeneasured with
combination squaran two places at the midpoint between the top and the bottom at 90
sections. Theyinder is then weighed and the density is calculated from the previously
measured dimensionk.the dimensions andhe densityof the concrete cylinder metite
requirements fronthe Test Method for Compressive Strength of Cylindrical Concrete
SpecimengASTM Standard C39/39M2a 2012)then cylirder undergoes a UCS test.
After the maximum load is reached and has decreased byr 3f6re the test is over.
The cylinder is observed for facture type, segregatiarge air voids, fractures that pass
through aggregateThe UCS test equipmenfEigure 4.3, that was ged isan ELE
International AccuTek 250 with 00 kN maximunm load capacity

Figure 4.3: UCS test equipment
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4.2.4Reduced Particle Size Fractionation

After the maximum load was measured during the UCS tests, each concrete
specimeris reduced in sizeo that the shake extraction test could be conducted. The size
fractionation was completed so that the target rangesih#n diameter particles was
captured. At first a hammer and chisel were used to break the concrete specimens into
smallerchunks, sméalenough to fit into the jaw crushdfigure4.4, which is stored in the
Mineral Processing Lab at CSM. The initial fine particles were separated from the rest of
the2 inch chunks with 8mm sieve. After the initial sieving, the concrete pieces were fed
into the jaw crusher. The jaw crusher was modified with shims so that the size of the
mouth ofthe jaw crusher was slightly larger than 5 mm. After the specimen wsiset,
the particles were placed in a sieve set that consisted of a 3/8 in a No. 4, 6, 8, and 10
sieves. The sieve set was placed on & R, Figure4.5, for 6 minute.

Figure 4.4: Jaw crusher
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Each sieve was weighed on a Sartorius Universal balance, with a resolution of 0.1g,
before and after the shaking process. The particles were separated according to size. The
reduced size particles were combined with samples that originated from the same
concrete batches. In these experiments three cylinders were poured from a single batch,
therefore, three -8 mm fractionations were combined for future chemical

characterizatio.

Figure 4.5: Ro-tap

4.3 Chemical Characterization

The third stage of systematic experiments is the chemical characterization of the
mine tailingswith the use ofshake extraction tests. The significancecohducting
leaching tests on the mine tailings and concrgtecimensis to observe the acid
generating potential and the ability for concrete to encapsulate heavy metals.
4.3.1Synthetic Precipitation Leaching Procedure (SPLP)

The extraction fluid used durirthis experiment is simulateatid rain and alkaline
water.The pH values of the extraction fluid used dgrthese experiments were 4520,
and 10. The acidic extraction fluids were synthesized by diluting a mixture of 60%
sulfuric acid to 40% nitric ad, by weight. The nitric acid was purchased by Macron Fine
Chemicals and is 68.010% by weight. The sulfuric acid was purchased by EMD and is
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95.098.0% by weight. The basic extraction fluid is synthesized from diluting NaOH
pellets. The NaOH pellets weparchased from Macron Fine Chemicals

The materials used for this experiment are: a balance, 1000 mL beaker, 500 mL
beaker, crucible, soil scoop, magnetic Tefkiin bar, pipets, pH meter, wash bottle,
deionized water, rotary agitator, 125 mL plasticastion vessels, 2 L filter flask, Opin
glass microfiber filter, clamp, vacuum pump, test tube holder, and 20 and 40 mL glass
vials.

The rotary agitatqrFigure 4.6, is manufactured by Associated Design and MFG
Company and the 4.7 cm diameter glass microfiber filters are manufactured by Whatman.
The vacuum pump is manufactured by Gast and the pH metemigfactured by Denver
Instruments, Model 215. The Acculab balance was used for all SPLP tests is
manufactured by Sercom, Model \ing, with a maximum capacity of 120 g and a
resolution of 0.001 g. All materials that come in contact with the samplesidneashed
with a dilute concentratioaf the 60/40 mixture of sulfuric and nitric acid. The procedure
of conducting this extraction test is in accordance to Test Method for Shake
Extraction of Mining Waste by the Synthetic Precipitation Leaching BtoedASTM
Standard D623498 2007) and Synthetic Precipitation Leaching Procedut¢SEPA
Method 1312 1994)

First, a 5 g sample is prepared and placed in a 125 mL extractselvélext,

100 g of extraction fluid is weighed and added to the extraction vessel with a pipet,
therefore, creating a 20:1 ratio of extraction fluid to mine waste sampheigyt The
contents are then sealed and placed tightly in the place asseithby rotary agitator.

Once all the extraction vessels are safely attached to the place assembly, the shake
extraction begins. The rotary agitator operates fat 28ours and rotates at 2 rpm.

After the shake extraction is complete, the leachate nmeisteparated from the
mine waste slurry. Before filtering the sample, the pH and specific conductance is
recorded and the glass microfiber filter is acid washed with 0.5 L of sulfuric/nitric
solution and rinsed with 1.5 L of deionized water. The leachategers sucked through
the filter apparatus a0 psi, leaving behind the mine waste. Each analytical batch has

one duplicate and one blank.

42



Figure 4.6: SPLP rotary agitator

4.3.2Total Metals Analysis

To understand the constituents of the raw mine tailings and thedmte coarse
mixture of the tailings, a total metals analysis was completed by Kate Fenlon from the US
EPA. The method that was followed for conducting this experiment can be found in the
US EPA Method 3051A Microwave Assisted Acid Digestion of Sediments, Sludges,
Soils, and Oils(USEPA Method 3051A 2007)The constituents in théeachatewere
measured witlinductively couple plasm@dcp).
4.3.3Specific Conductiity

The use of this test indicates the amount of free ions in solution relative to other
samples. The ability to understand what compounds are in solution is can be estimated
with comparing the ICFAES results and the concentration of hydroxide ions, kewe
this modeling exercise is not as accurate as measuring the mineralogy and specific
complexes in solution. Therefore, this experiment is to compare the overall
electrochemical activity, not to measure the specific complexes of heavy metals, alkali
metds, alkaline earth metals, and noretals.

To perform this experiment the following equipment is need@dmL graduated
cylinder, specific conductivityneter, wash bottle, deionized water, and Kim wipes, and
50 mL plastic beaker. The procedure from tlestTMethods for Electrical Conductivity
and Resistivity of Water was followedASTM Standard D11285 2009) The
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conductivity meter was calibrated with respect to specific conductance and temperature.
The tenperature was calibrated with deionized water at temperature 6C20he
specific conductance of the standard KCI solution is 2jd64at 25°C, where the
conductance was adjusted to 2558 due to the solutions temperature of ZL The
standard conductity fluid was manufactured by ®ton with a cell constant of 1.
4.3.4Inductively Coupled Plasmai Atomic Emission Spectrascopy (ICR-AES)

The purpose of using this spectrophotometric technique is to chemically analyze
the raw leachate from the collected mine tailings. This analysis returns base line
concentrations of heavy metals, alkali metals, alkaline earth metals, amdetals that
leach off of the mine waste and end up in the agqueous phase.

The ICRAES is a Perking EImer Optima 5300 DV instrument. The Cyclonic spray
chamber is noMaffled and the nebulizer is a Type A Meinhard. The argon gas flow is
16 L/min for the plasma, 65 L/mifor the nebulizer, and 0.5 L/min for the auxiliary gas
flow. The leachate from the SPLP test is transferred to 40vials. The leachateis
prepared with Opitma grade HNQwhich is 6770% by weight and is nmafactured by
Fisher Scientific. The pH is mea®d during preparation so that the concentration of
hydrogen ions falls below TOM, making sure thamostmetals are found in the aqueous
phase. The duplicates and the blank undergo the same procedure as all other samples.
4.3.5Hardness and Alkalinity Analysis

Water quality parameters can be calculated from réwmlts of the ICFAES
analysis. The two parameters of interest are the hardness and the alkalinity of the water.
The hardness is a measure of multivalent ions, but for these studies calcium and
magneium are assumed to be the source of hard water. The alkalinity is thenlguffer
capacity; therefore water with a higher alkalinity requires more acid to lower the pH. In
these studies the environmental condition of an open system is assumed. Theeefore, th
partial pressure of CQs in equilibrium with the carbonate system in the leachate from
the SPLP test

To find the hardness the milliequivalent,egnconcentration of calcium and
magnesium are calculatém the mass of analyte per volume of filtereshthate with
the application of stoichiometry. Thenilliequivalent concentrations of the two

multivalent ions arsummedand therthis value is converted into the common units that
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are used to report water hardness, mg/L of GaC@e conversion can lmempletedwith
the following relationship of 5hg/myof CaCQ.

Since an open system is assumed to occur when the samples rest on the auto
sampler during ICFAES analysis, the following equation is used to calculate the
alkalinity, (Brezonik and Arnold 2011)

ban o T O (4.7)
Where, K1 and Ky, are the equilibrium constants for the carbonate system. These

are the points where the concentration of carbonic acid equals the concentration of
bicarbonate, K, and where the concentration of bicarbonate equals the concentration
carbonate, K. Pco,is the partial pressure of carbon dioxide in the atmospherés e
Henrys Law constant for carbon dioxidey ks the equilibrium constant for the dissociate

of water, and [H] is the concentration of hydrogen ions in the sample. The values are
stated bedw in Table4.1.

Table 4.1: Values of parameters to calculate alkalinity
Ka1 Kaz Kymol / LZ P atm Kw
4.5E07 4.7E11 3.2E02 3.2E04 1.0E14
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CHAPTER 5
RESULTSAND DISCUSSION

There werefour different stageof experimentation during this study¥he first
stagewas characterization @ahe mine tailings, sand, and gravel. Thesss created our
Acont r dor the cdrareta design arslipplied information orbaseline chemical
compositions of the waste. After the initial characterizatiere was ampportunity to
examinehow the inclusion of varied amounts of mine tailings changes the structural and
chemicé properties of the building material. The third stage was to run iterations of
concrete mixes to optimize theontrol, aggregatbasedconcrete mix beforausing
tailings Finally, theopportunity to get a glimpse of the durability of this material over
time was examinedEach of the stagemcludesresults from at least one of the three
systematic characterizations physical characterization, concrete encapsulation, or
chemical characterization.
5.1Initial Characterization

The samples underwerntvo physicaland chemical characterizationEhe physical
characterization was prominently used to gain a starting point for the concrete mix
design. The chemical chatarization was used to analyttee base lineeompositionof
the mine tailings. Two types of metalsadysis were conducted, the first being a modified
TCLP and later a total metals analysis
5.1.1Physical Characterization

To create a concrete mix design tbarticle size distribution, fineness modulus,
specific surface aregSSA), moisture contentspecific gravity, bulk density, and
Atterberg Limitswere eithermeasurecr calculatedor the respectiveaggregatesMost
of these parameters were measured directly in the lab; however, the fineness modulus and
SSAwere calculated from the particle sidistribution. The particle size distributioraw
datacan be found in Appendi for the sand and tailings.

The seven raw mine tailing samples needed to be characterized before mixing them
togetherso that batches of coarsand fing mine tailings cald be achieved. It was
observed that as the samples deviatesize as distance increased from shayot,Figure
4.1. Size fractionation of tailing particlels usefulto definean optimal size distribution

that could be utilized in the concrete mix. Two different size distions of tailings were
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created by mixing the 7 samples togeth€he coarse mine tailing mixture was
determined to be equally portioned from samplds While the fine mine tailing mixture
was determined to be equally portioned from samplés 4

Each sample was individually characterized physicdiigfore deciding on the
percentage of tailings that could be substituted for the Jdredfineness modulusf the
fine aggregate mixture/as calculated from Equatiqd.4). The overalffineness modulus
for the concrete mixeswust be between 231 according to the Standard Specification
of Concrete AggregatéASTM Standard G3/C33M11a 2011)

Table 5.1: Fineness modulus for various fine aggregates

Fine Aggregate % Gravel % Sand % Fine Fineness Modulus
Sand 14.7 84.3 1.0 2.57
Tailings Sample 1 0.0 92.6 7.4 1.15
TailingsSample 2 0.0 97.8 2.2 1.50
Tailings Sample 3 0.0 93.9 6.1 1.10
Tailings Sample 4 0.0 88.3 11.7 0.94
Tailings Sample 5 0.0 87.3 12.7 1.06
Tailings Sample 6 0.0 79.8 20.2 0.82
Tailings Sample 7 0.0 76.6 23.4 0.75
Coarse Tailing Mixture 0.0 93.1 6.9 1.17
Finer Tailing Mixture 0.0 83.0 17.0 0.89

Therefore,with respect to this constraint it was found the maximum amount of
tailings that can be substituted for sand is 3&% a fineness modulus of 2.8Bhe more
tailings that are added to the mix, the lower the fineness modulus; this is due to the
amount of smaller particles found in the mine wastaple 5.1. An example of
calculating the fineness modulus of the combined sand/tailing mixturdoeaound
AppendixB. TheT:FA ratiowas 30% fortthe study where curing times wevaried.This
insured that the fineness modulus did not fall below 2.3

The specific surface aregg&SA) was estimated from the assumption that each
particle is a sphere with the diameter equal to the opening of respective sieve or
hydrometer readingrable5.2. An example calculation of SSA is shownAppendixC.

The SSA isa parameter that is used in the bulk diffusion models, such as the Fickian
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diffusion model. This is a gross under estimatlmetause a spherical shape has the
optimum volume to surface area. Any blengistcracls, fissures, or holeswill increase

the sur&ce area per unit volume.

Table 5.2: Specific surface aea for various fine aggregates

Fine Aggregate Specific Surface Area m?/kg
Sand 5.4
Tailings Sample 1 21.6
Tailings Sample 2 13.8
Tailings Sample 3 205
Tailings Sample 4 29.0
Tailings Sample 5 30.7
Tailings Sample 6 42.5
Tailings Sample 7 556
Coarse Tailing Mixture 21.2
Finer Tailing Mixture 395

Oneimportant parameter that pertains to thesign of concrete specimens is the
water tocement ratioThis ratio can be manipulated by the amount water that one adds to
the mix, however, the moisture that setb the fine aggregate needs to be accounted.
Therefore, the preparation of the fine aggregates dictates the moisture content which
influences the water to cement ratio. Also, the absorption of waterreduce the
workability of the mixture because of the relative moisture content percentages. For
example, the fine aggregates can absorption 10% of the fine aggregates weight in water
which less water is less available for the hydration procesgractice the internal
moisture is neglected in the total amount of water added to the mixture, where the surface
moistureis subtracted from the @ amount of watewhen the aggregates are jpaeed at
saturated surface dry conditions

This is how the mix desigwas first calculated when ning and pouring th&:FA
variation experiment. However, the UCS test resulsowed thatthe un-axial
compressive strengttlid not meet the design criteri@€reating iteration of the concrete
mix was necessary to achieve the design criteria of compressive strength of at least 4000

psi.

48



Other parameters such as specific gravity and bulk defdshle5.3, are used to
calculate the proportions of aggregates to the proportion of water and cérhent.
specific gravity for the fine aggregates fell in between 285, where the bulk density
of the gravel was measured to3e98 Ib/ff. The raw data can be found in AppenBix

The ACI method for creatingstarting point for the concrete mix design is done by
weight, except for theand, which is caldated by volume. This is done to close the mass
balancewith the use of the specific gravity of the aggregates and cement and the density
of water. The absolute volume method is more accurate then completing the design
purely by weight.

Table 5.3: Specific gravity and bulk densityof the aggregates

Aggregate Specific Gravity Bulk Density, Ib/ft?

Gravel - 92.0
Sand 2.56 -
Tailings Sample 1 2.50 -
Tailings Sample 2 2.56 -
Tailings Sample3 2.68 -
Tailings Sample 4 2.85 -
Tailings Sample 5 2.61 -
Tailings Sample 6 2.55 -
Tailings Sample 7 2.72 -
Coarse Tailing Mixture 2.65 -
Finer Tailing Mixture 2.68 -

Finally, the l&t parameter that was measuvess the liquid and plastic limiThese
Atterberg limits are useful to judge how much clay and silt are present in a sample of soil
or in the case mine tailings. The liquid limit is an arbitrary number that represents the
water content at specific conditie while using a liquid limit device.

The mine tailings were able to meet the water content condition before conducting
the experiment, however, while using the liquid limit device the outcome shofkgd a
state thaeither flowed one or two taps of tlevice or did noflow at all. The moisture
content of thdluid statewas not conducivéor operating the deviceo thata relationship

between water content and number of tepsld be obtainedTherefore, the amount of
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clay present in the mine tailings is negligible with respect to understanding this material
with this experimentThis means that the remaining particles not included in the size
distribution curves are mostly silt. To better close these curves, the rgtdrom
experiment could have been operated for a longer period of time.

A similarissue arose when conducting the plastic limit test, where the wetted mine
tailing were unabl e Thisomedne that vehenlthese minetailiogsa 3/ 8 «
were in the wetted state before being pumped to the tailing storage facility, there was not
a transitional state where the moisture contentsstarbecome an issue fgrumping
This isbeneficialin the aspect aiinimizing the water that ends up in th8Fdue to the
% solids of the waste sludge. When drying the solids before transporting them to the
TSF, there is a more definitive value for which the tailings should not have a moisture
content less than.
5.1.2Chemical Characterization

The results from the SPLERests conducted on the raw mine tailings show that
cadmium, lead,manganese,and zinc are metalghat are abovethe MCLs or
recommended concentrations under the National Primary and Secondary Drinking Water
Regqulations (NPDW and NSDW). The complete results are foudgppendixF.

The total metals analysis is more conservatiith respect to the concentration of the
andytes found in the leachat@owever less realistic when compared to the SPLP test
Table 5.4. This is because of the rigorous use of concentrated acids, nitric and
hydrochloric acid, and a microwave. The acids used for the SPLP tests are more
representative of acidic rain becausiethe use ofdilution. The SPLP represents a
potential leaching othis building material in more realistic environmental conditions.
The SPLP will be used as a baseline and directly compared to the batch extraction tests
conducted on the concrete specimens, where the total metals analysis is used to show the
overall amant of metals that are found in the samplésis assuned that the
concentrations of analytes for the encapsulated mine tailings will be lower than the raw
mine tailings arelue to the pH environment from the cement and the inclusion of less

pyritic aggreates.
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Table 5.4: Total metals vs. SPLP analysifor raw tailings

Mine Tailing Mix

Total Metals Analysis, mg/L  SPLP Test, mg/L  Regulatory Limit, mg/L

Cadmium

Coarse
4.2
pH 5.0
10
Finer
4.2
pH 5.0
10

.364

0.314

0.262
0.277
0.265
0.005
0.036
0.030
0.022

Mine Tailing Mix

Total Metals Analysis, mg/L  SPLP Test, mg/L  Regulatory Limit, mg/L

Manganese

N
5
o

Coarse
4.2
pH 5.0
10
Finer
4.2
pH 5.0
10

60.9

48.0

1.08
1.96
1.37
0.015
BDL
0.002
0.006

Mine Tailing Mix

Total Metals Analysis, mg/L  SPLP Test, mg/L  Regulatory Limit, mg/L

Coarse
4.2
pH 5.0
10
Finer
4.2
pH 5.0
10

50.4

70.4

45.0
59.6
39.6
0.05
8.29
6.73
4.57

Mine Tailing Mix

Total Metals Analysis, mg/L  SPLP Test, mg/L  Regulatory Limit, mg/L

Coarse
4.2
pH 5.0
10
Finer
4.2
pH 5.0
10

54.1

48.0
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Table 5.5: Total metals analysis for raw mine tailings samples, concentratioof dry
tailings in mg/kg
Average concentrations (dry basis)

Sample Cd Mn Pb S Zn
Name mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg

Finer 33.33 7476.7 4345.2 35023.2 5095.3
Coarseg 38.48 5331.6 5884.8 46238.9 5715.5
Tallingl 24.48 1100.0 5877.3 37528.8 4249.0
Tailing 2 7.45 933.1 5916.3 317429 1299.0
Tailing3  18.82 1035.2 5836.6 35292.7 3272.8
Tailing4  65.19 8350.0 6847.6 67065.9 7363.4
Tailing5 17.88 5296.3 4418.3 25557.3 2998.6
Tailing6  22.39 5988.3 3071.3 22604.1 3774.5
Tailing7 41.19 8649.1 3954.2 37298.0 5886.5

The concentration of analytes with respect to the leachate is not only important, the
concentrations with respect to the solidslable 5.5, are used to understand how the
introduction of mine waste can change the hardening process of concrete. For example,
the amount ofsulfur can be used to assume thmount of sulfide bearing minerals
present. This is an over estimation because not all sulfur is in sulfide form. The presence
of the sulfide bearing mineral is necessary to form MIW and produce sulfuric acid, which
will degrade the concrete specimentsdl the amount of calcium present in the raw mine
tailings will indicate the amount of alkali material that may have been added to help
neutralize and inhibit the formation of MIW.

The second chemical characterization that was conducted on the leasiratadr
SPLP test is the measurement of specific conductance. This represents the relative
amounts of dissolved ions in solution. This experiment cannot extrapolate which ions are
in solution, but is an indicator of the relative amounts if dissolved mifeuad in the
sample.

The higher the specific conductance represents the more leaching that occurred or
the higher the chance of contamination after filtration through the glass microfiber filter.
For example, if it was observed that an analytical blaa high specific conductance,
relatively speaking 8.1 mS/cm, then this is an indication that contamination occurred.
Also, if the samples specific conductance varied from the mean of the analytical batch,

then some form of contamination occurred durihng SPLP experiment. The specific
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conductance results are shown Timble 5.6. There was not a blank there indicated
contamination during experimentation. The detection limits when using theAESP

equipment can be found in Appendix

Table 5.6: Water quality parameters of raw tailing SPLP leachate

Raw Mine Tailing Sample Specific Conductivity, Hardness as CaCQ@, Alkalinity as CaCQOs3,
uS/cm mg/L mg/L
Finer Mine Tailings
pH=4.2 503 221 2.53
pH=4.2 Duplicate 553 275 6.56
pH=5.0 555 216 8.07
pH=5.0 Duplicate 498 204 8.07
pH=10 468 178 12.2
Coarsea Mine Tailings

pH=4.2 - 451 0

pH=5.0 1160 557 0
pH=10 1020 412 0.22

Blanks

1 15.9 1.28 -

2 10.9 0.036 .04

5.2T:FA Variation Study

The tailings to fine aggregationT(FA) ratio variation studyinvestigated the
compressive strength of concrete specimens that contained varying amounts of mine
tailings, which were substituted for the sand. The T:FA ratio were 0, 10, 30, 50% on a per

weight kasis.

Table 5.7: Concrete mix designand parameters T:FA variation study. Each batch

is
Tailings/Fine Volume, Water, OPC, Tailings, Gravel, Sand, Fineness Slump,
Aggregate yd? Ib. Ib. Ib. Ib. Ib. wic Modulus in.
Control Mix
0 1 307 534 0 1763 1547 0.57 2.91 35
Finer Mine Tailing Mix
0.1 1 311 534 150 1814 1350 0.58 2.71 2
0.3 1 320 534 421 1914 981 0.6 2.31 1
0.5 1 329 534 653 2019 651 0.61 1.9 0.5
Coarsa Mine Tailing Mix

0.1 1 310 534 150 1806 1356 0.58 2.74 0.75
0.3 1 319 534 426 1894 993 0.6 2.39 1
0.5 1 326 534 666 1983 666 0.61 2.04 0.5
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When developing a concrete mix design the conditions of the environment and the
ingredients must be accounted. The water to cement ratioimportant factor and in
this study was corrected during the iterative pours after this study. During the T:FA
variation study the water to cement ratio was defined as the water added to saturated
surface dry aggregates. Therefore, the aggregates wereegurejpathat saturated surface
dry conditions were met. This enabled a workable concrete mix with slumps between
0.8050, depending on the Tablésiro of tailings
The more mine tailings that were encapsulated in the concrete specimens, the lower
the slump. This is due to the absorption of water that was retained in the finer particles.
Since, the mine tailings are finer than the sand; theivelaurface area available is
increased per total volume of fiaggregateTherefore, the slump is reduced whaore
mine tailings are added.
5.2.1Structural Integrity
After 28 days of curing, the aged specimens did not meet the compressive strength
design criteria for the uraxial compressive strengthable5.9. Therefore, the appach
that was used to achieve this mixture needed to be refined before moving onto the

strength development studyHowever, inferences

about the leachability could still be made for thg
specimens. It is important to note that __f 5
cylindrical specimens are made from molds tha
were past the liféime usefulness. These cylindel
showed significant chipping at the bottom of ti

cylinders. This was corrected by using new mok
that had thicker plastic at the bottom section of =
cylinder. These molds wereused for future E -
experiments.

The resultof the low compressive strengtii

could have been due tmman errarair voids, and Figyre 5.1 Air void found
segregation Figure 5.1 and Figure 5.2 show the ;, sample with T:FA = 50% with
findings of air vads and segregation, respectivelsiner mine tailings mix, SF-0.5-2

To minimize large air voids and segregation, the
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tamping and rodding of the cylindrical molds while pog the concrete is necessary.

The more likely reason why the concrete did not meet the design criteria is because
of the water to cement ratio. To achieve better compressive strength results, the water to
cement ratio wasorrectedvhere the internal moisture content of the fine aggregates was
removed from the total water added to the mix. Also, the water contenivestiohanged
from300t0 325lb/yd This due to the nominal size of

1.50. The results from these mixes are shown

Figure 5.2: Segregation found insample with T:FA = 10% with fine mine tailing
mix, S-F-0.1-3
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One interesting finding was ¢hcontrol specimens performed as well as the
specimens containing mine tailings with respect to the unconfined compressive strength.
Therefore, even though the sttural integrity did not meet design criteria the
performance of concrete containing mine tailings is possibly feasible.

One other interesting point is that tb@empressive strength gpecimens that had
50% of coarsermine tailings substituted for sand@ihe fineness modulus for the fine
aggregate was 1.90 and 2.04 for therfisved coarsemine tailingmixtures, respectively.

These values are lower than the ASTM standards, which states the fineness modulus
should be between 231, (ASTM Standard C192/C192M12 2012) The average
compressive strength of the specimens was significantly higher than the control
specimens. The fineness modulus in this case is not a good indicator for compressive
strength becae this parameter is a single number that is related the distribution of
particle sizes and does represent the general behavior of aggrégetdie 1996)

The reason why the unconfined compressive streigythigher in this case is
depicted in the gradation curves, AppendixMine tailing samples-B show a narrow
distribution of particles, where samples74show a rore broad distribution. This
difference in the sizes of particles may enhance the aggregates to make a more dense and
solid matrix when the cement paste is introduced, even though there is a greater amount

of finer material.

Table 5.8: Concrete mix parameters

Bulk_ SG SG Density  Water Vc‘)'lur'r‘le Vc?‘lurpe
Density SG ) G 4"x8 2"x4
Gravel Sand Finer Coarsea Cement Water,  Content, Cylinder Cylinder

NPt Tailings Tailings Ib/ft®  Iblyd® yinger,  Lylnder,

ft3 ft3
92.0 256 2.68 2.65 3.15 62.4 300325 0.064 0.008

To understand the effect thamall particles <0.074 mm (#200 sieve), has on
strength, cost, water use, and microstructure, larger percentages of fines must be added to
the mix. In the case of 50% T:FAatios, the percentages of particles smaller than
0.074mm is more that 9%. In the case of cemented paste backfill, the observation in the
reduction of uniaxial compressive strength occurs when the percentage of fines,
<0.02um, is arand 55% (Fall, Benzaazoua and Ouellet 2005)
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Table 5.9: UCS test results forT:FA variation study

Tailings/Fine  Age, Avg. Compressive Std Deviation, Coefficient of

Aggregate days Strength, psi psi Variation, %
Control Mix
0 28 2350 76.9 3.3
Finer Mine Tailing Mix
0.1 28 2540 430 16.9
0.3 28 2820 574 20.3
0.5 28 2370 1230 52.1
Coarsa Mine Tailing Mix
0.1 28 1730 271 15.6
0.3 28 2380 161 6.8
0.5 28 3060 635 20.7

5.2.2Leachability

After the completion of the UCS tests, the concrete specimens were reduced to a
size between-8 mm where on average 43% of the crushed specimen fell within this size
range,and underwent SPLP batch leach extrastion

Most of a singlecylinder was crushed to particle sizes smaller tham® 47% on
average.This was due to the act of the jaw crusher pulverizing the hardened cement,
large aggregate pieces, sand, and mine tailifigs.particle size distribution was similar
for the control specimens and the speamsecontaining mine tailings. This can be
observed by the size fractionationTiable5.10.

The initial characterization of the wamine tailings showed concentrations of
cadmium, lead, manganese, and zinc were above the MCLs and recommended
concentrations for drinking water. Therefore, these constituents were analyzed by
comparing the raw mine tailing leachate to the rfined coarar encapsulated mine
tailings and the control specimens, dégure 5.3 and Figure 5.4, respectively. Most
constituents saw a-ldg removal for the leachate. There were exceptions, zinc for the
concrete specimensontaining finer mine tailings and cadmium for tleencrete
specimengontaining coarser mine tailingshere a dog renoval was observed.

The cemented paste material visibly noticeable but the metals that were originally
found in the mine tailings such as lead, cadmium, and zinc were also measured in the
leachate after batch extraction tests. This is an indication thatiskolved metals were
from the tailings. However, thaetals could be coming from tikement itself.
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There are instances where the control specimens show higher concentrations of
metals compared to the ones containing mine tailings. These constitueidsbeo
leaching from the cementitious material. For example, the measured concentration of
arsenic in the raw mine tailings samples was below the detection limit, wh&EAn
variationstudy arsenic was measured around 0.01 mg/L in most leachates ufte &o
arsenic most likely came from the cement, due to the processing of various minerals
during the manufacturing process of Portland cement.

There were outliers, the most interesting being a sample from the concrete
specimengontaining coarser minaitings, where the concentration of zinc was more
than 200% more that the raw mine tailing samples. This is most likely because the
amphoteric zinc leached due to the pH 10 extraction fluid. The concentration of calcium
in the leachate was almost 5 ordefsnagnitude lower than other samples, where levels
were measured around .03 mg/L compared to 250 mg/L. Therefore, the high
concentration of zinc was due to the human error of not collecting a sample that properly

represented the concrete specimen.

Table 5.10:Size fractionation after crushing concrete specimens with jaw crusher

Sample ‘ TFA,% >476 mm% 2-476 mm % <2.0mm %
Control Specimens

S1 0 10 43 47

S2 0 9 42 49

S-3 0 9 41 50

Finer Mine Tailing Specimens
SF-0.1-1 10 10 43 47
SF-0.1-2 10 10 43 47
SF-0.1-3 10 9 41 50
SF-0.31 30 10 44 46
SF-0.32 30 11 43 46
SF-0.33 30 11 43 46
SF-0.51 50 11 44 45
SF-0.53 50 10 43 47
Coarsea Mine Tailing Specimens

S-C-0.1-1 10 9 41 51
S-C-0.1-2 10 9 40 51
S-C-0.1-3 10 9 43 48
S-C-0.31 30 11 42 47
S-C-0.3-2 30 10 42 48
S-C-0.33 30 10 42 48
SC-0.51 50 11 44 45
S-C-0.52 50 11 44 45
S-C-0.53 50 10 43 47
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There was no correlation between the concentrations of heavy metals when using
different extraction fluids varying in pH. The use of alkaline extraction fluid was to see if
amphoteric metals such as zinc or aluminum were observed to have higher conoentrati
compared to batch extraction conducted with acidic fluids. This was not the case for zinc,
or any metal of concern, except for the possibility of the outlier mentioned above. The
important finding is the capacity level of encapsulation. In the casetafcluding large
aggregate, this is similar finding from a study that looked at the leaching of Cd, Cu, Zn,
and Pb(Choi, et al. 2009)for small mortar specimens.

Water quality parameterd,able 5.11, were either measured in the laboratory or
estimated from the ICP result. The specific conductance show relatively high
concentrations of ions of the ndiftered leachate after the SPLP test was conducted. The
blanks, which only contained the extraction fluid, show relatively low concentrations of

ions. This indicated that little to no contamination occur during the SPLP experiments.

Finer Mine Tailing Mix

Avg = 0.03
=
?0-005 0.008
=
-0.004 - =
5 Pb -+ 0.0062
= 0.003 . =
- —1— 9
é 0.002 i 0.004'4§
5 =
g 0.001 = T 0.0028
3 5
o 0 - T T T T r 0 o
0 0.1 0.3 0.5 raw 0 0.1 0.3 05 raw g
Tailings : Fine aggregate Tailings : Fine aggregate
0.05 Avg. = 6.53 Avg. =1.21 0.2
-
S 0.04 Extraction n 0152
£ mpH = 4.2 E
£ 0.03 pH =2. <
2 — - 0.1 2
S 0.02 W pH =5.0 S
c ] | c
3 0.01 pH = 10 0.058
38 0 0 §
= 0 01 03 05 raw 0 01 03 05 raw N
Tailings : Fine aggregate Tailings : Fine aggregate

Figure 5.3: Concentrations of metals from fine mine tailing concrete specimens after

SPLP experimentsfor the T:FA variation study
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The alkalinity was estimated from the pH of the unfiltered sample for an open
system. Thusly, the equilibration of G&@om the atmosphere is an assumption that is
used during this calculation.

If the pH of the unfiltered leachate was below 7 then Equalon returns a
negative number because the concentration of hydrogen ions out compete the carbonate
system. Every blank during this study observed a pH less thenréfateeinstead of
reporting a negative alkalinity value, 0 mg/L of CaCOg3 is reported.

Coarsa Mine Tailing Mix

Avg. = 0.27
0.012

0.01
0.008
0.006
0.004
0.002

Cd concentration, mg/L

0O 01 03 05 raw 0
Tailings : Fine aggregate

0.1 03 05 raw
Tailings : Fine aggregate

0.03 Avg.=48.1 Avg. =108
o A - 40 <
E Mn Z g
= 0.02 = . n -+ 30 &
IS Extraction S
g mpH=4.2 + 20 g
c
o 0.01 - )
§ mpH=5.0 1 10 %’
o
2 pH =10 t
2 0 -1 r T T T T - 0 N
0O 01 03 05 raw 0 01 03 05 raw
Tailings : Fine aggregate Tailings : Fine aggregate

Figure 5.4: Concentrations of metals from concrete specimensontaining coarser
mine tailings after SPLP experiments for theT:FA variation study
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ThepH of the leachate from the samples contained cemented padieuwwdgo be
consisently above 12.Thusly, the opposite problem occurs when comparing the
environmental impacts to the risks MW to leachate from this construction material
where the leachate is more basic instead of being aEliexample, the leachate from a
mine taling concrete structure may end up in the storm water system and loaded into
surface downstreanThis mayaffect conventionaldrinking water treatment planthat
already have a difficult time removing organic carbon from their influent. The increased
amount of alkalinity may make it more expensive for use of advanced coagulation.
However, even if all the alkalinity in consumed downstream, this leads to the third water

guality parameter

Table 5.11: Water quality parameters for leachate duringT:FA variation study

Mine Tailing Sample Specific Hardness as Alkalinity as CaCOs,
Conductivity, mS/cm  CaCO3, mg/L mg/L
Control Samples
pH=4.2 2.80 623 5.38E+07
pH=5.0 2.86 739 8.13E+07
pH =10 2.98 616 7.76E+07
Finer Mine Tailing Specimens
10% T:FA pH =4.2 3.28 766 7.08E+07
10% T:FA pH =5.0 2.95 626 5.63E+07
10% T:FA pH =10 3.04 574 6.17E+07
30% T:FA pH=4.2 3.10 590 6.76E+07
30% T:FA pH=5.0 3.06 606 6.46E+07
30% T:FA pH =10 3.29 630 7.41E+07
50% T:FA pH=4.2 2.45 521 4.09E+07
50% T:FA pH = 4.2 Duplicate 2.78 576 5.38E+07
50% T:FA pH=5.0 2.71 545 4.91E+07
50% T:FA pH =10 2.85 622 4.91E+07
Coarsea Mine Tailing Specimens
10% T:FA pH=4.2 2.87 674 5.63E+07
10% T:FA pH = 4.2 Duplicate 2.56 497 4.48E+07
10% T:FA pH=5.0 3.14 600 6.76E+07
10% T:FA pH =10 2.82 605 5.63E+07
30% T:FA pH=4.2 3.17 730 7.08E+07
30% T:FA pH=5.0 3.06 626 6.76E+07
30% T:FA pH = 5.0 Duplicate 2.68 549 5.38E+07
30% T:FA pH =10 2.86 516 5.14E+07
50% T:FA pH=4.2 291 555 5.63E+07
50% T:FA pH=5.0 3.02 597 5.90E+07
50% T:FA pH =10 2.92 0.038 5.38E+07
Blanks

1 18.5 uS/cm) 2.34 0

2 23.9 uS/cm) 4.09 0

3 35.3 uS/cm) 6.97 0
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Finally, the hardness represents to amoumpoténtial free calcium and magnesium

that was found in each sample. These samples show high concentrations of these ions. In
the case of leaching of concrete in an urban setting, the leachate would most likely be
diluted by other surface runoff so that tt@ncentration falls below 150 mg/L of CagO
equivalent. However, the values reported show that specimens leach water that would be
considered very hard. Therefore, industrial process that may indirectly use this water
downstream may have to treat this water due scaling issues. If the problentspersis
precipitate of minerals like gypsum may occur and create clogging of pipes. Again, the
dissolved metals could be diluted due to imjxwvith other sources ofater.
5.3Iterations of Concrete Mixes

Conducting consecutive mixtures of concrete batchewdgssary when using the
ACI method for optimizing the strengtifhe main goal during these iterations was to
redue the water to cement ratio while not inhibiting the workability of the matértak
strategy isthe most common method for creating a ndiesign for normal strength
concrete irthe US therefore, it used for this project for the purpose of consistency.

Each iteratiorprocessncludesthreesteps to obtain a new estimated amount of water
to add to the mixture. The first step is to measueestmp of the each batch. The slump
is an indication of the workabilifythe goal for this mix design was to have a moderately
wor kabl e, with -40stampr ddte¢d weenhh 3beasonabl e
4000 psi If the workability is too high,sth as sl ump of 006 for examp
i s not enough water in the mixture. Li kewi
indicates a mixture with too much water.

The slump is not a dependable parameter to run iterations of concrete mixtises. Th
fact is shown in the results from tfeFA variationexperiment,Table5.7. The slump
ranged from 8 . 5 0 , showing a reasonabl y iwoot kabl e ¢
meet the design conditions of 4000 pEherefore, water was removed from the mix
while compromising the workability of the concrel@ help with the workability issua
water reducewas added to the mix. The super plasticizer targets a lower-gatent
ratio by 512% and increases the slump. Therefore, the coaaah be pumped more
easily with the same amount of water. The main ingredients for water reducers, which are

Type A admixtures, are organiguch admixtures use lignosulfonates, hygoaxboxylic
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acids, and hydroxylated polyme(Rixom and Mailvaganam 1999) superplasticizer is
a material derived from these compounds in a polymerized fBinebenefits for using
this additive areshown in the firstiteration that was conducted, whewnater was
removed from theT:FA variation mix and the slumpended up to bel . 2 Fhe

compressive strengthenthe design condition$able5.12 & Table5.13.

Table 5.12:Concrete mix design and parameters for iterative batches

Tailings/Fine Volume, Water, OPC, Tailings, Gravel, Sand, Super wlc Slump,
Aggregate yd? Ib. Ib. Ib. Ib. Ib. Plasticizer, Ib. in.
Iteration 1

0 1 300 526 0 1736 1461 19 057 1.25
Iteration 2
0 1 325 570 0 1637 1517 0 0.57 -
Fine 0.1 1 325 570 148 1686 1323 0 0.57 -

The secondstep in during the iteration process was to measure the compressive
strength of the cured concrete specimens. This was completed either Srothisd7 day
of curing.During the second iteration, the super plasticizer ma®ved from the mix to
see if the design criteria for the compressive strength could be achieved. Even though the
workability was sacrificed, the compressive strength for the second batch showed to have
failure loads comparable to the first batch. Itnigportant to note that the cure time was
shorter for the batch ctaining the super plasticizéWhen organic matter is added to a
concrete mix, the setting time is often times increased; however, in this case we saw
accelerationin the setting time. Therefe, it is possible that CaglCa formate,
triethanolamine, and/or sodium thiocyanate were present in the super plagitiizam

and Mailvaganam 1999)

Table 5.13: UCS test results for iterative batches

Tailings/Fine Age, Avg. Compressive Std Deviation, Coefficient of

Aggregate days Strength, psi psi Variation, %
Iteration 1
0 7 4320 236 55
0 7 3330 621 18.7
Iteration 2
0 14 3950 119 3.0
Fine 0.1 14 3930 149 3.8

63



During this study, it was found that the internal moistshould be taken into
accountwhen calculating the wateto-cement ratio so thathe design Gteria of a
4000 psi concretelherefore, the third stage was to recalculate the moisture that is lost
due to the absorption during storage and preparation of the fine aggregates. The moisture

content calculations can be found in Apperix

Table 5.14:Moisture content of aggregates in prepared conditions forstrength

developmentstudy

Aggregate Moisture Content, % (Storage Conditions)
Gravel 0.0
Sand 9
Coarse Tailing Mixture 6.2
Finer Tailing Mixture 6.8

5.4 Strength Development Study

Once the concrete proportioning was iteratedtrsd specimens met the design
criteria of a compressive strength of 4000 psi, therstfength developmerstudy was
conducted. The amount of tailings to fine aggregate ratio was constant, while UCS tests
and SPLP tests were conducted after a specified cumeg3, 7, 14, and 28 daySince,
the range of T:FA ratios did not have an effect on the leachability the previous
study,the T:FA ratio was set to the maximum amount of mine tailings allotted by the
ASTM standards due to the fineness modulus reqents. Which, in this cas¢ aT:FA
ratio of 30% for both the fineand coarsemine tailings mixturesthe fineness modulus
ends up slightly above 2.Fherefore, to mix up 1 ydbf this mix, 413 Ib and 419 Ib of

finer and coarsemine tailings, respeistely, would substitute for sand.

Table 5.15:Concrete mix design and parametersor strength development study

Tailings/Fine Volume, Water, OPC, Tailings, Gravel, Sand / Slump,
Aggregate yd? Ib. Ib. Ib. Ib. b. Y° i
Control Mix
0 1 175 569 0 1635 1515 0.57 0

Finer Mine Tailing Mix
0.3 1 199 569 412 1783 962 0.57 0
Coarsa Mine Tailing Mix
0.3 1 197 569 419 1763 694 0.57 0.25
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5.4.1Structural Integrity

The intent of these experiments was to understand the strength development of the
materials produced and to see if there is a correlation between the age of the specimen
and the potential to leach heavy metdlse time between measuring compressive failur
loads, reducing the particle size, and conducting leaching tests was minintigzegfore,
when the curing time was completese tests all took place on the same day.

The UCS tests show that the strength developments over 28 days are not only
similar for the specimensontaining finer and coarser mining tailindpit also similar to
the control specimengrror! Reference source not found.

One issue with the results from the UCS tests is the coefficients of variation
(COV). The limit that is stated by the ASTM standards is 10.68TM Standard
C39/39M12a 2012) where the sample sets are oftarger than this value. This issue
could be caused from inclusion of air voids and presence of segregation. However, during
the reduction of particle size, the specimens were inspected and often times did not have
either of the strength reducing criterieor example, sample-28 dC-0.3-2, which is the
second specimen out of three that was tested after 28 days of curing that contained
coarse mine tailings that substituted for 30% of the fine aggregate, did not show signs of
air voids or segregation anfhiled at relatively low loads compared to the other
specimens in the batch. These anomalies were observed to have typically type Il
fractures, which vertical fractures are propagating from the top of the cylinder towards
the bottom.

Even though that th€OV values were often over the ASTM standards, the general
trend, Figure 5.5, shows that the concrete specimenstaining finer and coarser mine
tailings maintainedcomparable strength to structural concrete up to 28 days. That is not
to say the degradation of the cemented material would not occur over the lifetime of the
concrete. For example, the specimensontaining coarse mine tailingdo show
degradation in stregth between 14 and 28 days of curing. However, since the COV is
large for this sample set, then it is difficult to extrapolate conclusidmerefore, longer
term studies are needed to further investigate the potential of using this as a construction

materal.
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One reason why the strength development is comparable for the specimens
containing mine tailings versus the controls might be because of the chemicalpnaike
the tailings.Large amounts of pyritic material, which is the source of MIW, could be
readive and produce sulfuric acid. However, on a 28 day time frame, this problem did
not occur. This would have been visible with the observation ofopdg and stained
from iron hydroxides. Thusly, the pyritic material present in the tailings must not have

been reactiveluring the time of the experiment

Using the information| 5000

in found Table 5.5 the total | 4500 ; ———a

_ _ | 4000
amount of sulfideper unit 3500

weight ofthe tails was found 33000
32500
O

52000
tailings batch and4.6% for | 1500

to be 3.9% for the fine mine

=¢— Control
=—Fine, 30% substitution

Coarse, 30% substitution

the coarse mine tailing | 1000
500

0F
be the posbility to form 0

batch. Therefore, thereould

30

0 20
Ages, days

MIW  products such as
) ) ) Figure 5.5: UCS test results for strengtl
sulfuric acid and dissolvec

heavy metals. However, ther(ﬁlevelopment study
was the presence of calcium, which indicateseatitralizing material may have been
added to the tails, which were found to be 6.3% and 8.6% by weight of theafide
coarser tails respectively. Due to compressive strength results, inferredriffora 5.5,
the formation of MIW products did not cause the specimens contamiisgd degrade.
This does not mean for longer curing times this trend will stay the same, however, up to
28 days this material could be feasibly used as structural concrete.
5.4.2L eachability

Again, once the UCS tests were finished, the concrete specimeesliatety were
prepared for undergoing a batch leach extraction tests. The cylinders were fed through a
jaw crusher and particles betwee® 2nm were collected and used for the acid digestion
experiment. The results show that cadmium, lead, and zinc wespsuated below

either the MCL levels or the recommended concentrations for drinking water. One
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Cadmium

Concentration, mg/L
Total Cd - Finer 0.314
Total Cd - Coarse 0.364
Cd MCL Level 0.005
Detection Limit 0.0008B
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Figure 5.6: SPLP results for cadmium during thestrength developmentstudy
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Lead

Concentration, mg/L
Total Pb - Fine 48.0
Total Pb - Coarse 60.9
Pb MCL Level 0.015
Detection Limit 0.00173
Finer, 30% T:FA Coarser, 30% T:FA
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Figure 5.7: SPLP results for leadduring the strength developmentstudy
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Figure 5.8: SPLP results for manganeseéuring the strength developmentstudy
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Figure 5.9: SPLP results for zincduring the strength developmentstudy
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Table 5.16:Water quality parameters for leachate during strength developmet

study
Mine Tailing pH of Extraction Age, Specific Conductivity, Total Hardness,  Alkalinity as
Sample Fluid days mS/cm mg/L CaCO? CaCO3, mg/L
Control
Control 4.2 3 2.08 501.8 7.76E+07
Control 4.2 7 3.14 664.3 2.23E+08
Control 4.2 14 3.26 644.0 1.69E+08
Control 4.2 28 2.76 732.0 1.94E+08
Control 5.0 3 2.36 588.7 1.17E+08
Control 5.0 7 2.81 575.2 1.12E+08
Control 5.0 14 3.02 604.8 1.62E+08
Control 5.0 28 2.63 651.6 1.86E+08
Control 10.0 3 3.07 720.0 1.86E+08
Control 10.0 7 2.98 624.1 1.77E+08
Control 10.0 14 2.76 535.3 1.55E+08
Control 10.0 28 2.79 683.3 1.69E+08
Fine
30% Fine 4.2 3 2.66 596.7 1.32E+08
30% Fine 4.2 7 2.62 559.1 1.42E+08
30% Fine 4.2 14 2.50 468.6 1.27E+08
30% Fine 4.2 28 3.10 762.6 2.05E+08
30% Fine 5.0 3 2.66 611.0 1.35E+08
30% Fine 5.0 7 2.36 499.2 1.02E+08
30% Fine 5.0 14 2.65 496.6 1.17E+08
30% Fine 5.0 28 2.96 757.9 2.04E+08
30% Fine 10.0 3 2.22 495.7 9.33E+07
30% Fine 10.0 7 2.45 505.5 1.02E+08
30% Fine 10.0 14 2.73 554.6 1.35E+08
30% Fine 10.0 28 2.97 753.4 2.23E+08
Coarse
30% Coarse 4.2 3 2.26 509.0 9.33E+07
30% Coarse 4.2 7 2.42 499.3 1.07E+08
30% Coarse 4.2 14 2.34 419.8 9.33E+07
30% Coarse 4.2 28 2.03 494.5 9.76E+07
30% Coarse 5.0 3 2.39 555.0 1.02E+08
30% Coarse 5.0 7 1.95 402.3 6.46E+07
30% Coarse 5.0 14 2.06 396.8 7.76E+07
30% Coarse 5.0 28 1.73* 5135 6.76E+07
30% Coarse 10.0 3 2.18 489.3 9.33E+07
30% Coarse 10.0 7 2.16 437.3 8.51E+07
30% Coarse 10.0 14 2.37 436.4 8.51E+07
30% Coarse 10.0 28 2.54 587.8 1.77E+08
Blanks
1 4.2 - 26.1 (uS/cm) 4.7 0.00E+00
2 4.2 - 23.8 (uS/cm) 0.9 0.00E+00
3 4.2 - 23.3 (uS/cm) 0.7 0.00E+00
4 4.2 - 19.4 (uS/cm) 1.6 0.00E+00
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concretespecimen that contained the fine mine tailings did show a concentration above
the recommended level. This data point occurred when an extraction fluid of pH equal to
10 was used during the digestion period. This is an interesting observation because
mangaese oxides are not amphoteric and do not dissolved in a basic solution. However,
even at a concentration of 0.06 mg/L, this is orders of magnitude below the concentration
of Mn leaching from the raw mine tailings. The results for the strength development
study are shown iRigure5.6, Figure5.7, Figure5.8, andFigure5.9.

When comparing the results for the SPLP compared to the total metals analysis, Cd
showed a 3 log encapsulation capacity, Pb showed almost a 4 log encapsulation capacity
(every measurement was below the detection limit), and Mn and Zn both showed a 3
encapsulation capacity. The effectiveness of this treatment could be feasible for this site
specific material.

Again, water quality parameters such as the specific conductance, hardness, and
alkalinity, Table5.11 andTable5.16, were either measured in the laboratory or estimated
from the ICP result. The specific conductance showpsesnin the range of 2.6826
mS/cm, where the blanks were orders of magnitude less, arouq&/2éh. This is
indication that contamination of the samples was minimized during the SPLP
experiments. The alkalinity was estimated from the pH of the unfilteaenple for an
open system. Thusly, the equilibration of £fm the atmosphere is an assumption that
is used during this calculation. The pH of the leachate from the samples was found to be

consistently above 12.
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CHAPTER 6
RECOMMENDEDFUTURERESEARCH

This studydemonstrateshe fundamental feasibilitpf using mine tailings as a
substitute for fine aggregates in making structural conerbés considering remediation
strategiegor managing the environmental impacts of mine tailings. The first expetime
showed that a variable amount of mine tailings can be solidified and stabilized in
concrete with similar encapsulation capacities. The ratio of tailings to fine aggregates
were relatively low compared to the amount of sarulit was necessary to meet the
fineness modulus requiremeiids ASTM standards.

To have a deeper understanding of g#mnomis and the technicalviability of
encapsulating mine tailings in structural concré&grg-term durabiky studies should be
conductedThe studypresented ab@is, in essencea snapshot in timeombined with a
limited period of curing, with a maximum of 28 day8ne option would be to take
specimens and apply thermocycling to simulated seasonal temporal changes. This
increased rate of erosion will age the agete and possibly help predict future strength
and leachability outcomes. The second option would be to have the cylinder age much
longer in the laboratory before undergoing UCS and SPLP testing.

There are parameters for stabilization and solidificatiowastes that control the
model more than others. The leachability of heavy metals is dependent on list of physical
characteristics of the curing of concrete, leachant, and waste composition. The physical
nature of the solid matrix is linked to the cherhigeperties of the leaching process, as
noted with the importance of porosity, particle size distribution and moisture content.
Some of these factors can be controlled in the experiment such as the curing temperature,
curing time, curing moisture, mass oément, water/cement ratio, type of leachant,
leaching time, leaching temperature, and liquid/solid rafiteimann, et al. 1992)
However, the type of matrix cannot be controlled, optimizing structural integatause
the waste composition often varies. Modeling the solid matrix is diffi¢hiills and
Pollard 1997) some instruments such as an electron microscope can show the
microstructure of the solid matrix, bunhéwing the chemical makeup takes a deeper

understanding.
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The structure of the solid matrix will change the permeability due the change in
pore structureTo further understand the corrosion of concrete, the permeability of the
specimens could be measurd@this would be useful when developing leaching models.
For metals, the tortuosity is also an important factor, dictated by the structure of the solid
matri x. A retardation factor can be esti ma
tortuositye rlet awhiart é on ({BékarcandoBishop §997Thes U/ U,
retardation factor is often used in mechanistic models for predicting the leachability of
heavy metals from concreténother parameterof interestis the acid neutralizing
capacity. This parameter is measured so that the buffer capacity can be estimated for the
waste solid. The buffer capacity will dictatiees ol i d f or més suscepti bi
with acids and minimizing alkali condition@Barth, et al. 1990)The higher the buffer
capacity the more alkali material is needed to lower the pH aml iticreasing the
leachability.

A common mechanistic model used for predicting the leachability is the bul
diffusion model. This type of model is used for the leachability of radioactive wastes
from solid materials, howevehas beenapplied to hazardous wastes such as heavy
metals (Cheng and Bishop 1990The physicaland chemical properties are different
between radioactive and heavy metals wastes. The pH of the system must be taken into
consideration due to acid/base reactions. The &ic#liffusion model is dependemn the
concentration gradients of the waste matdsetween the solid matrix and the leachate.
The observed diffusion coefficient is an important parameter estimated in this model. The
following equationrepresents the leaching of a contaminant in a mass to mass basis,
(Cheng and Bishop 1996)

o, , , T®
Sty g™ ©)

Where @ is the contaminant loss in mg, is the initial contaminant in mgyis
the volume in crf) "Ydis the surface area in énd is the leaching period in s, ai@ the
observeddiffusion coefficient in crfis. The overall bulk diffusion equation in three
dimensions is as follow¢Barna, et al. 1997)
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The effective diffusionDe, is a parametewhich describes th@hysical properties
of the system, but, does not describe the chemical properties of thengepocess. The
chemical and physical propertiesth need to baepresented in a model. An observed
diffusion coefficient can be measured, where both the chemical and physical properties
are included in the term, however, the chemical and physical ifheraion mechanisms
must be separated for this type of model to fully wéBatchelor 1992)The solution to
the overall bulk diffusion equation in one dimension under unstsatgyconditions can
be describeds:

T Lap QQ
6ad 6 p AOED 2 (6.3)

D \

TOO0

Where, X is the penetration distance of the leachdatthe solid matrix, d is the
density of the sample, and k is a first order reaction rate. The penetration distance must be
adjusted with the retardation factor because the porosity of the solid matrix creates a long
tortuous path for the heavy metats find its way into the bulk leachat@here are
boundary conditions stated before this solution was solved from the overall bulk diffusion
equation. When time equals zero for all penetration distances, the concentration in the
leachant is zero. When tinie greater than zero at penetration distance equals to zero, the
concentration equals the initial concentration. Finally, when penetration distance equals
infinity, concentration equals zero.

A common leachant used in experiments is acetate. Thereferéouh elements
modeled for the leachability of wastes in concrete afé, €f, Ac, and the contaminant,
such as PB, (Batchelor 1992)When using this model, it is important ¢onsiderthe
activity versus he concentration because the ionic strength of the leachate solution,
(Shukla, et al. 1992)may not be negligible

The bulk diffusion model has limitations not addressed due to the complexity of the

chemical interactions between the leachate and the solid matrix. The shrinking unreacted
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core (SUC) leaching model is more comprehensive because the buffer capacity is
incorporated into the mathematicBhe overall view Figure6.1, of the leaching process

is not different from the bulk diffusion model except leachate is considered to be
diffusing into the solid matrix, instead of the waste diffusing out to the leg¢Maltiya

and Chaudhary 2006) here are limitations to this model such the inability of measuring
the diffusion through the bodary layer, measuring the diffusion through the leached
layer and the ability to understand the chemical reactions at the leaching boundary,
(Baker and Bishop 1997However, the use of an acidic leachaides not over
complicate the testing procedures. The exposure of the acid must be calculated, very
similar to the concentratiotime (CT) calculation for chlorination in a waste water
treatment plant. Therefore the leachability is a function of CT nag, tisnen compared

to the bulk diffusion model. One problem arises with this model; a lechant of neutral pH
is used than the model breaks down since the exposure integral must be calculated by
taking periodic pH measurement throughout an experiment. Alamdarstanding of the
kinetics must be known so that the acid neutralizing capacity is known with respect to

time.

Leaching Boundary \

i - Remineralization Region
Acids Dissolved Metal lons

e Unleached Kernel./
Metal lons
Leached

- —

l.eached Layer pH=11-125
Leachant

(Not to Scale)
Figure 6.1: A diagram of the conceptual process of the SUC leaching procedure,
(Baker and Bishop 1997)

It would also be advantageous to look at different cementitous material and see the

different encapsulation properties that exist for these materials, particularly geopolymers.
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Dr. Claire White, a pstdoctoral fellow at Los Alamos National Laboratory, mentions
that mine tailings can be used a precursor to geopolymers, not only used as a substitute
for the small aggregate in concrete. Therefore, afblbbenefit can be utilized when
incorporatingmine tailings as a filler and a binder. However, there is little research
contributed to this idegPachecerlorgal, CastreGomes and Jalali 2008)

The amount of research that has developed has shown greasgfomslag, fly
ash, and metakaolin precursdosgeopolymersHowever, the use of mine tailings as a
precursor needs more attention. Characterizing the physical and chemical properties is
important to develop this idea further. Also, more focus need® taimed at studying
how mine tailings can be encapsulated in concrete. There is a lot of work geared towards
mortars and grout, however, if large volumes of mine tailings are going to transported
from storage facilities to construction sites, concret nsaterial that has the possibility
of retaining a large percentage of mine wastes. Therefor@mtdractions between large,
coarse aggregate, compressive strength and leachabilitynmeedattention.

It would also be advantageous to understand the mineralogy of the mine tailings
and see what these structures look like when combined with cemented paste. This could
be done by using-ray diffraction (XRD) in combination of using a scanning electron
microsope. Withthis methodone could visually see what the hardened material and
have arunderstanding of the amounts of hydrgiessent in the specimen.

Since the assumption the fine aggregates could be geometrically considered
spheres, the SSA was grosslyemstimated. However, using the Brunauer, Emmett, and
Teller (BET) method for gas absorption experimentation often yields an underestimate

for the SSA. Therefore, a range of SSA values could be obtained.
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CHAPTER 7
CONCLUSION

The scope of this project was to iistigate the feasibility of rasing mine tailings as
an input material for structural concrete. The factors that were examined were the
unconfined compressive strengthen and the concentration of heavy metals in leachate
from batch leach extraction tests.was hypothesized that the compressive strength of
concrete containing mine tailings would meet the design criteria for the control
specimenswhich was a compressive strength of 4000 psi and a slump betwieeb e
to the encapsulation capabilitieswiais also hypothesized that the concentration of heavy
metals will be below the regulatory levels for drinking water standards in the United
States.

The initial characterization of the raw mine tailings showed concentrations of
cadmium, lead, manganesendazinc were above the MCLs and recommended
concentrations for drinking water.

A trend in the size distribution was correlated to the locations where the mine tailing
samples were taken at the Pride of the West PSFthe distance increased from the
spigd, from which the tailings were deposited, the particle sizes distribution got wider
and the relative ammt of fine material increased.

It was observed that the fineness modulus is not the best indicator for the compressive
strength;it was observed thdbr the coarse specimens that had 50% of mine tailings
substituted for sand had average compressive strength significantly higher than the
control specimendVhere the fineness modulus limit is 2.3, the value for these specimens
was 1.9.

When varyingthe T:FA ratios no correlation was observed in the concentration of
heavy metals in the leachate for substitution ratio less than 50%. Since, there no
correlation found in the optimal portion of mine tailings and the leachabiltiy, the fineness
modulus was usetb calculate the maximum amount according to the ASTM standards,
which was found to be 35 for this site specific material

The heavy metals of interest constituents were analyzed when varying the T:FA
ratios by comparing the raw mine tailing leachate to the fine and coarse encapsulated

mine tailings and the control specimens. Most constituents sal@grgmoval for the
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leachate. There were exceptionsyas observed thainc for the fine concretgpecimens
and cadmium for the coarse concrete speciraehievedl-log removal.

Since, the unaxial compressive strengthddnot meet the design criteria during the
T:FA study, the concrete mix design was perfected so that the compressive strength was
4000 psi or greater. It was found that a slump ef#® coul d not be achi e
additives were used, such as a superplasticizer. To minimize ingredisptsially
relatively expensive onesthe superplasticizer was not used during the strength
developmentests so that minimum bias was present.

It was found during the strength development teststhigatompressive strength for
the specimens containing0% substitution ofmine tailings for the fine aggregate
maintainedsimilar failure loads to the contsd This shows that the strength of this
concrete meets the ASTM standards for compressive strength up to 28 days. This opens
up the possibility for future research; however, the {tmrgy durability is of grave
interest before ever commercially utilizitigs material.

When comparing the results for the SPLP compared to the total metals analysis, Cd
showed a 3 log encapsulation capacity, Pb showed almost a 4 log encapsulation capacity
(every measurement was below the detection limit), and Mn and Zn tmtred a dog
encapsulation capacity. The effectiveness of this treatment could be feasible for this site
specific material.

Concrete specimens that contained mine tailicgsleachheavy metals above the
MCL level for drinking water standards. The onexadst concern is the level of cadmium
from a specimen that contained the coarse mine tailing mixture at a T:FA of 50%. Even
thoughtherewasno correlation between the T:FA ratio and tt@ncentration of heavy
metals, this shows that it is possible to antapsulate heavy metals well enough when
using the most conservative standards for decision making. Therefore, more research
needs to be conducted on the different types of cementitous material and additives for the

purposediseof this remediation stradg.

79



REFERENCES CITED

ASTM Standard C10712. "Testing Concrete and Concrete Aggregates for Use in

Construction and Criteria for Testing Agency EvaluatiohSTM International.
2012.

ASTM Standard C1231/C123H¥2. "Practice for Use of Unbonded Caps in
Determination of Compressive Strength of Hardened Concrete Cylin&&S$M
International .2012.

ASTM Standard C1282. "Test Method for Density, Relative Density (Specific
Gravity), andAbsorption of Fine AggregateASTM International2013.

ASTM Standard C143/C143M12. "Test Method for Slump of Hydrau€ement
Concrete."/ASTM International2012.

ASTM Standard C192/C19212. "Practice for Making and Curing Concrete Test
Specimens inhte Laboratory.’ASTM International2012.

ASTM Standard C29/C29M 9 . "Test Met hod for Bul k
Voids in Aggregate.ASTM International2009.

ASTM Standard C33/C33M1la. "Specification for Concrete AggregateASTM
International.2011.

ASTM Standard C39/39M2a. "Test Method for Compressive Strength of Cylindrical
Concrete SpecimensASTM International2012.

ASTM Standard C617/C617M12. "Practice for Capping Cylindrical Concrete
Specimens.ASTM International2010.

ASTM StandardC67010. "Practice for Preparing Precision and Bias Statements for Test

Methods for Construction MaterialsASTM International2010.

ASTM Standard C706. "Test Methods for Surface Moisture in Fine Aggregad&TM
International.2006.

ASTM Standard D11295. "Test Methods for Electrical Conductivity and Resistivity of
Water."ASTM International2009.

ASTM Standard D11986. "Specification for Reagent WaterRSTM International.
2011.

ASTM Standard D22140. "Test Methods for Laboratory Determination \Mater
(Moisture) Content of Soil and Rock by MasaSTM International2010.

ASTM Standard D42B3. "Test Method for Partici8ize Analysis of Soils."ASTM
International.2007.

80

Densi



ASTM Standard D43180. "Test Methods for Liquid Limit, Plastic Limit, and Plasticity
Index of Soils."ASTM International2012.

ASTM Standard D623498. "Test Method for Shake Extraction of Mining Waste by the
Synthetic Precipitation Leaching Procedu&STM International2007.

ASTM Standard D691B4. "Test Methods for ParticlBize Distribution (Gradation) of
Soils Using Sieve AnalysisASTM International2009.

ASTM Standard D8540. "Test Methods for Specific Gravity of Soil Solids by Water
Pycnometet ASTM International2006.

Baker, P.G., and P.L. Bishop. "Prediction of metal leaching rates from
solidified/stabilized wastes using the shrinking unreacted core leaching
procedure.'Journal of Hazardous Material&lsevier) 52, no. 2 (1997): 34333.

Barna, R., F. Sanchez, P. Moszkowicz, and J. Méhu. "Leaching behavior of pollutants in
stabilized/solidified wastesJournal of Hazardous MaterialElsevier) 52, no. 2
(1997): 287310.

Barth, E.F., et alStabilization and Solidification of Hazardous Wastboyes Data
Corporation, New Jersey, 1990.

Batchelor, B. "A numerical leaching model for solidified/stabilized wast@gdter
Science & Technolod@6, no. 12 (1992): 107115.

Benzaazoua, M., P. Marion, I. Picquet, and B. Bussiére. "The use of pastefill as a
solidification and stabilization process for the control of acid mine drainage.”
Minerals EngineeringElsevier) 17, no. 2 (2004): 23313.

BiczOk, Imre, and Zoltan Szilvags Concrete corrosion and concrete protection.
Publishing House of the Hungarian Academy of Sciences, 1964.

Bonen, D., and S.L. Sarkar. "The effects of simulated environmental attack on
immobilization of heavy metals doped in cembased materials.Jourral of
Hazardous Material¢Elsevier) 40, no. 3 (1995): 323435.

Bouzoubaa, N., and S. Foo. "Use of fly ash and slag in concrete: A Best Practice Guide."
Tech. rep., Canmet Materials Testing Laboratory, Canmet, Ottawa, ON, Canada,
2004.

Brackebusch, FW. "Bacs of paste backfill systemslfiternational Journal of Rock
Mechanics and Mining Sciences and Geomechanics Abstrb@®h. 122A-
122A.

Brezonik, P., and W. ArnoldWater Chemistry: An Introduction to the Chemistry of
Natural and Engineered Aquatic Sgists.Oxford University Press USA, 2011.

81



Chang, E.E., P.C. Chiang, P.H. Lu, and Y.W. Ko. "Comparisons of metal leachability for
various wastes by extraction and leaching methddsémospheré¢Elsevier) 45,
no. 1 (2001): 999.

Cheng, K.Y., and P.L. Bishop."Developing a kinetic leaching model for
solidified/stabilized hazardous wastesJournal of Hazardous Materials
(Elsevier) 24, no. 2 (1990): 21224.

Choi, Y.W., Y.J. Kim, O. Choi, K.M. Lee, and M. Lachemi. "Utilization of tailings from
tungsten mine was as a substitution material for cemen€dnstruction and
Building Materials(Elsevier) 23, no. 7 (2009): 248U486.

Conner, J.RChemical Fixation and Solidification of Hazardous Wastmn Nostrand
Reinhold, New York, 1990.

Dalton, J.B., et al. "Distioution of acidgenerating and acibuffering minerals in the
Animas River watershed as determined by AVIRIS spectroscéppteedings
from the Fifth International Conference on Acid Rock Drainage. SME, Littleton,
C0.2000.

Davidovits, J. "Solid phase syresis of a mineral blockpolymer by low temperature
polycondensation of aluminosilicate polyme®JPAC International Symposium
on Macromolecules, Stockhol@976.

Davidovits, J. "Global warming impact on the cement and aggregates industfatd"
Resouce Review;(United State§) no. CONF940422- (1994).

Diaz-Loya, E.I., E.N. Allouche, and S. Vaidya. "Mechanical properties eéslybased
geopolymer concrete ACI Materials JournallAmerican Concrete Institute, Box
19150 Detroit Ml 48219 United Stae108, no. 3 (2011): 36B06.

Doye, I., and J. Duchesne. "Neutralisation of acid mine drainage with alkaline industrial
residues: laboratory investigation wusing bdtdching tests.” Applied
GeochemistryElsevier) 18, no. 8 (2003): 119213.

Fall, M., M. Benzaazoua, and S. Ouellet. "Experimental characterization of the influence
of tailings fineness and density on the quality of cemented paste backfill."
Minerals EngineeringElsevier) 18, no. 1 (2005): 444.

Fortin, D., B. Davis, and TJ Beveridge. 'lRoof Thiobacillus and sulfateeducing
bacteria in iron biocycling in oxic and acidic mine tailingSEMS Microbiology
Ecology(Wiley Online Library) 21, no. 1 (1996): 124.

Gusek, J., B. Masloff, and J. Fodor. "Engineered pumpable pHOAM: A new invevati
method for mitigating ARD." Tech. rep., Golder Associates, 2012.

82



Heimann, RB, et al. "Leaching of simulated heavy metal waste stabilized/solidified in
different cement matricesJournal of Hazardous MaterialElsevier) 31, no. 1
(1992): 3957.

Herlihy, A.T., P.R. Kaufmann, M.E. Mitch, and D.D. Brown. "Regional estimates of acid
mine drainage impact on streams in the Mithntic and Southeastern United
States.'Water, Air, & Soil Pollution(Springer) 50, no. 1 (1990): 9107.

Hills, C.D., and S.J.T. Pollard. "The influence of interference effects on the mechanical,
microstructural and fixation characteristics of cenmaiidified hazardous waste
forms." Journal of Hazardous Material&lsevier) 52, no. 2 (1997): 17191.

Hornbeger, RJ, and KBC Brady. "Kinetic (leaching) tests for the prediction of mine
drainage quality."RIDGE, T. SEIF, JM Coal Mine Drainage Prediction and
Pollution Prevention in Pennsylvania. The Pennsylvania Department of
Environmental Protection. Cap (1999: 7-29.

Jackman, A.P., and R.L. Powelazardous Waste Treatment Technoldggyes Data
Corporation, New Jersey, 1991.

Khale, D., and R. Chaudhary. "Mechanism of geopolymerization and factors influencing
its development: a reviewJournal of MaterialsScience(Springer) 42, no. 3
(2007): 729746.

Kim, K.N., J.H. Kim, D.Y. Shin, B.G. Lee, and H. Park. "Properties of cement paste
using mine tailing and polymer material®foceedings of the Materials Science
Forum.2009. 623626.

Kolvites, B., and P. Bigtp. "Column leach testing of phenol and trichloroethylene
stabilized/solidified with Portland cement."Environmental Aspects of
Stabilization and Solidification of Hazardous and Radioactive Wdateerican
Society of Testing and Materials, Philadelphi89: 238250.

Komnitsas, K., and D. Zaharaki. "Geopolymerisation: A review and prospects for the
minerals industry."Minerals Engineering(Elsevier) 20, no. 14 (2007): 1261
1277.

Kosmatka S.H., Kerkhoff B., and Panarese W.C. "Design and Control of Gahcret
Chap. Chapter 9 Designing and Proportioning Normal Concrete Mixtures, 149
177. PCA, 2003.

Lefebvre, R., D. Hockley, J. Smolensky, and P. Gélinas. "Multiphase transfer processes
in waste rock piles producing acid mine drainage: 1: Conceptual model and
system characterizationJournal of Contaminant HydrologiElsevier) 52, no. 1
(2001): 137164.

83



Lin, C.F.,, and T.H. Huang. "Leaching characteristics of a model
solidification/stabilization system: Tricalcium silicate and copper oxidietnal
of hazardousnaterials(Elsevier) 36, no. 3 (1994): 3&4.9.

Mainali, G. "Monitoring of tailings dams with geophysical methods.” Ph.D. dissertation,
Luled University of Technology, 2006.

Malviya, R., and R. Chaudhary. "Leaching behavior and immobilization of heaasmet
in solidified/stabilized productsJournal of Hazardous MaterialElsevier) 137,
no. 1 (2006): 20-217.

Matlock, M.M., B.S. Howerton, and D.A. Atwood. "Chemical precipitation of heavy
metals from acid mine drainageNater ResearcliElsevier) 36, nol9 (2002):

47574764,

Mehta, P.K. "Sustainable Issues: Presentation at Concrete Summit on Sustainable
Development.” Geopolymer Alliance. March 29, 2007.
http://lwww.geopolymers.com.au/science/sustainability (accessed Novemeber 20,
2012).

Naugle, W., and MHolmes. "Bolts Lake Area and Areas within €lbf the Eagle Mine
Site." Remediation Feasibility Study, USEPA Region 8 and Colorado Department
of Public Health and Environment, Environmental Resources Management 6455
South Yosemite Street, Suite 900 Greend Village, Colorado 80111, 2007.

Nehdi, M., and A. Tarig. "Evaluation of sulfidic mine tailings solidified/stabilized with
cement kiln dust and fly ash to control acid mine drainadéirierals &
Metallurgical Processin@5 (2008): 185198.

Neville, Adam M. Properties of concrete-ourth Edition. Pearson Education Limited,
1996.

Nisbet, M.A., M.L. Marceau, and M.G. VanGeeanvironmental Life Cycle Inventory of
Portland Cement ConcretBortland Cement Association, 2000.

Pachecerlorgal, F., J. Castr@omes and S. Jalali. "Properties of tungsten mine waste
geopolymeric binder.Construction and Building MaterialéElsevier) 22, no. 6
(2008): 12011211.

Park, C.K. "Hydration and solidification of hazardous wastes containing heavy metals
using modified cemeitious materials.” Cement and Concrete Research
(Elsevier) 30, no. 3 (2000): 42485.

Rico, M., G. Benito, AR Salgueiro, A. Didderrero, and HG Pereira. "Reported tailings

dam failures: A review of the European incidents in the worldwide context.”
Journalof Hazardous Material¢Elsevier) 152, no. 2 (2008): 84652.

84



Rixom, M Roger, and Noel P Mailvagana@hemical admixtures for concreféaylor &
Francis, 1999.

Samarai, Mufid A. "The disintegration of concrete containing sulpt@at¢éaminated
aggregates.'Magazine of Concrete Researlte Virtual Library) 28, no. 96
(1976): 1360142.

Schwarzenbach, René P, Philip M Gschwend, and Dieter M Imba&tdeironmental
Organic ChemistryWiley-Interscience, 2005.

Shively, W.E., and M.A. Crawford. "Extraction proced toxicity and toxicity
characteristic leaching procedure extractions of industrial and solidified hazardous
waste."Environmental Aspects of Stabilization and Solidification of Hazardous
and Radioactive Wastéastm International) 1033 (1989): 150.

Shulda, S.S., J.L. Margrave, M. Hotchandani, and SN Shukla. "The role of chemical
activities in leaching models and experimengUrnal of Hazardous Materials
(Elsevier) 30, no. 3 (1992): 26572.

Singer, P.C., and W. Stumm. "Acidic mine drainage: thedatermining step.Science
(American Association for the Advancement of Science) 167, no. 3921 (1970):
11211123.

Stormont, J.C., and C.E. Anderson. "Capillary barrier effect from underlying coarser soil
layer." Journal of Geotechnical and Geoenvironmertagineering(American
Society of Civil Engineers) 125, no. 8 (1999): 6U8.

Torgal, F.P., JP Gomes, and S. Jalali. "AHaadiivated tungsten mine waste mud binder
versus OPC concrete: acid and abrasion resistance." (Agentura Action) 2007.

USEPA. "Designand evaluation of tailings dams." Technical Report, Washington DC,
1994,

USEPA Method 1312. "Synthetic Precipitation Leaching Procedure.” September 1994.

USEPA Method 3051A. "Microwave Assisted Acid Digestion of Sediments, Sludges,
Soils, and QOils." Febary 2007.

USEPA. "National Recommended Water Quality Criteria for Priority Pollutants."
Standards, 2009.

USEPA "Water: Drinking Water Contaminants.United States Environmental
Protection Agency. June 5, 2012.
http://water.epa.gov/drink/contaminants/indd#m (accessed Febraury 6, 2013).

Vick, S.G.Planning, Design, and Analysis of Tailings Dam&ley, 1990.

85



Wiles, C.C. "A review of solidification/stabilization technologydurnal of Hazardous
Materials (Elsevier) 14, no. 1 (1987)-51.

Xu, Y., JP Lay,and F. Korte. "Fate and effects of xanthates in laboratory freshwater

systems."Bulletin of Environmental Contamination and Toxicola@pringer)
41, no. 4 (1988): 68889.

86



APPENDICES
A. Particle Size Distribution
B. Fineness Modulus
C. Specific Surface Area
D. Specific Gravity
E. Moisture Content
F. Raw Tailing Chemical Characterization
G. UCS Test Results

H. Batch Leach Extraction Results

87



A. Particle Size Distribution
Sand

Particle Size Distribution

100 —Qs*

90

80

70

60 \

\
50 \K =—S1.1 Air Dry
=—S1.2 Air Dry

40

% Finer

30

20

10

10 1 0.1 0.01
Particle Diameter (mm)

Figure A.1: Particle sizedistribution for sand

88



Table A.1: Sieve data for sand, sampl&1.1

Sample Number: S1.1
Test Date: 10/27/2012
Visual Classification of Soil:  silica mix, quartz sand
Weight of Dry Sample (g) 472.1
Dry Sieve
Sieve D (mm) Mas; of Empty Mass of Sieve + Soil  Soil Retained % Cumulqtive Mass % Cuml_JIative %'
Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing

4 4.76 592.8 605.4 12.6 2.7 12.6 2.67 97.3
10 2.00 461.7 521 59.3 12.6 71.9 15.23 84.7
16 1.20 107.9 34.9 68.0
20 0.841 456.2 612.7 156.5 33.3 228.4 48.38 51.4
30 0.595 430.0 486.7 56.7 12.1 285.1 60.39 39.3
40 0.420 392.6 450.0 57.4 12.2 342.5 72.55 27.1
48 0.297 444.8 499.9 55.1 11.7 397.6 84.22 15.3
80 0.177 383.7 429.5 45.8 9.8 443.4 93.92 5.6
100 0.149 478.3 487.9 9.6 2.0 453.0 95.95 3.5
200 0.074 334.2 346.4 12.2 2.6 - - 0.9
Pan 342.8 347.2 4.4 0.9 - - 0.0

Total Weight = 469.6 100.00
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Table A.2: Sieve data for sand, sample S1.2

Sample Number: S1.2
Test Date: 10/27/2012
Visual Classification of Soil:  silica mix, quartz sand
Weight of Dry Sample (g) 524.4
Dry Sieve
Sieve D (mm) Mass_ of Empty Mass of _Sieve + Soil  Soil Retained % Cumula_tive Mass % Cuml_JIative %_
Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing
4 4.76 592.8 607.2 14.4 2.7 14.4 2.7 97.3
10 2.00 461.7 521.9 60.2 114 74.6 14.2 85.9
16 1.20 111.35 33.7 70.5
20 0.841 456.2 618.7 162.5 30.7 237.1 45.2 55.2
30 0.595 430 498.7 68.7 13.0 305.8 58.3 42.2
40 0.420 392.6 457.9 65.3 12.3 3711 70.8 29.8
48 0.297 444.8 510.2 65.4 12.4 436.5 83.2 17.5
80 0.177 383.7 444.6 60.9 115 497.4 94.9 5.9
100 0.149 478.3 488.7 104 2.0 507.8 96.8 4.0
200 0.074 334.2 349.5 15.3 2.9 - - 1.1
Pan 342.8 348.5 5.7 1.1 - - 0.0
Total Weight = 528.8 100.0
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Table A.3: Sieve data for tailings, sample T1.1.1

Sample Number:
Test Date:
Visual Classification of Soil:

T1.11

10/22/2012

Light yellow sand

Weight of Dry Sample (g) 421.5
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing
4 4.76 598.2 598.2 0 0 0 0 100
10 2.00 461.7 461.7 0 0 0 0 100
20 0.841 456.3 456.8 0.5 0.1 0.5 0.1 99.9
40 0.420 392.7 425.9 33.2 7.9 33.7 8.0 92.0
48 0.297 444.6 541.8 97.2 23.2 130.9 31.1 68.7
80 0.177 383.8 611.9 228.1 54.5 359 85.2 14.3
100 0.149 478.3 487.7 9.4 2.2 368.4 87.4 12.0
200 0.074 326.8 368.7 41.9 10.0 410.3 - 2.0
Pan 342.8 351.3 8.5 2.0 418.8 - 0
Total Weight = 418.8 100
Hydrometer Test
: Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C R, R, L (cm) K D (mm) Cqr a R Finer P Finer P,
5:13:00 PM 0 215 10 12 14.3 0.01422 0.00E+00 0.3 1.04 - - 2.1
5:14.00 PM 1 215 9 11 14.5 0.01422 5.41E02 0.3 1.04 8.3 101.6 2.1
5:16:00 PM 3 21.5 7 9 15.2 0.01422 3.20e02 0.3 1.04 6.3 77.1 1.6
5:18:00 PM 5 215 7 9 15.2 0.01422 2.48E02 0.3 1.04 6.3 77.1 1.6
5:22:00 PM 9 215 7 9 15.2 0.01422 1.85r02 0.3 1.04 6.3 77.1 1.6
5:28:00 PM 15 215 6 8 15.0 0.01422 1.42E02 0.3 1.04 53 64.8 1.3
5:43:00 PM 30 21 6 8 15.0 0.01414 1.0002 0.2 1.04 5.2 63.6 1.3
6:13:00 PM 60 21 5 7 15.2 0.01414 7.12E03 0.2 1.04 4.2 51.4 1.0
6:43:00 PM 90 21 5 7 15.2 0.01414 5.81E03 0.2 1.04 4.2 51.4 1.0
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Table A.4: Sievedata for tailings, sample T1.1.2

Sample Number: T1.1.2
Test Date: 10/22/2012
Visual Classification of Soil: Light yellow
Weight of Dry Sample (g) 435.2
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained (g) (9) Retained Retained(g) Retained Passing
4 4.76 598.2 598.2 0 0.0 0 0 100.0
10 2.00 461.7 461.7 0 0.0 0 0 100.0
20 0.841 456.3 462.1 5.8 1.3 5.8 1.3 98.7
40 0.420 392.7 460.9 68.2 15.7 74 17.0 82.9
48 0.297 444.6 528.8 84.2 194 158.2 36.4 63.5
80 0.177 383.8 586.1 202.3 46.6 360.5 82.8 16.9
100 0.149 478.3 489 10.7 2.5 371.2 85.3 14.5
200 0.074 326.8 379.3 52.5 12.1 - - 2.4
Pan 342.8 353.1 10.3 2.4 - - 0.0
Total Weight = 434 100.0
Hydrometer Test
: Elapsed o Corrected % % Adjusted
Time Time (min) Temp.°C R, Ra L (cm) K D(mm)  Cr a Re Finerp Finer P,
3:25:00 PM 0 22 12 14 14.0 0.01422 0.00E+00 0.4 1.04 - - 2.4
3:26:00 PM 1 22 10 12 14.3 0.01422 5.38E02 04 1.04 94 94.9 2.3
3:28:00 PM 3 22 10 12 14.3 0.01422 310802 04 1.04 94 94.9 2.3
3:30:00 PM 5 22 9 11 145 0.01422 242802 04 1.04 84 84.8 2.0
3:35.00 PM 10 22 8 10 14.7 0.01422 1.72602 0.4 1.04 7.4 4.7 1.8
3:41.00 PM 16 22 8 10 14.7 0.01422 1.36E02 04 1.04 7.4 4.7 1.8
3:55:00 PM 30 22 7 9 14.8 0.01422 9.99503 04 1.04 6.4 64.6 15
4:25:00 PM 60 22 7 9 14.8 0.01422 7.06603 04 104 6.4 64.6 15
4:55:00 PM 90 22 6 8 15 0.01422 581E03 04 1.04 54 54.5 1.3
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Table A.5: Sievedata for tailings, sample T1.1.3

Sample Number: T1.1.3
Test Date: 10/27/2012
Visual Classification of Soil: Light yellow sand
Weight of Dry Sample (g). 460.9
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0 0.0 0.0 0.0 100.0
20 0.841 456.2 460.8 4.6 1.0 4.6 1.0 99.0
30 0.595 430.0 449.2 19.2 4.2 23.8 5.2 94.8
40 0.420 392.6 434.8 42.2 9.2 66.0 14.3 85.6
48 0.297 444.8 539.0 94.2 20.6 160.2 34.8 65.0
80 0.177 383.7 530.0 146.3 32.0 306.5 66.5 33.0
100 0.149 478.3 516.2 37.9 8.3 344.4 74.7 24.8
200 0.074 334.2 413.7 79.5 17.4 - - 7.4
Pan 342.8 376.7 33.9 7.4 - - 0.0
Total Weight = 457.8 100.0
Hydrometer Test
: Elapsed o Corrected % % Adjusted
Time Time (min) Temp.°C R, Ra L (cm) K D(mm)  Cr a Re Finerp Finer P,
6:21:00 PM 0 22 37 38 10.1 0.01422 0.00E+00 0.4 1.04 - - 7.4
6:22:00 PM 1 22 24 25 12.2 0.01422 49702 04 1.04 214 657 4.9
6:23:00 PM 2 22 21 22 12.7 0.01422 35802 04 1.04 184 56.4 4.2
6:25:00 PM 4 22 19 20 13.0 0.01422 256E02 04 1.04 164 503 3.7
6:29:00 PM 8 22 18 19 13.2 0.01422 1.83E02 04 1.04 154 472 35
6:37:00 PM 16 22 16 17 135 0.01422 1.31E02 04 1.04 134 411 3.0
6:51:00 PM 30 22 15 16 13.7 0.01422 9.61E03 04 1.04 124 38.0 2.8
7:25:00 PM 64 22 14 15 13.8 0.01422 6.6003 04 1.04 114 350 2.6
7:51:00 PM 90 22 14 15 13.8 0.01422 55703 04 1.04 114 350 2.6
Tailings
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Table A.6: Sievedata for tailings, sample T1.2.1

Sample Number: T1.2.1
Test Date: 10/22/2012
Visual Classification of Soil: Dark yellow
Weight of Dry Sample (g) 425.5
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing
4 4.76 598.2 598.2 0 0 0 0 100.0
10 2.00 461.7 461.7 0 0 0 0 100.0
20 0.841 456.3 469.7 134 3.1 134 3.1 96.9
40 0.420 392.7 525.5 132.8 31.2 146.2 34.4 65.7
48 0.297 444.6 594.8 150.2 35.3 296.4 69.7 30.4
80 0.177 383.8 488.2 104.4 24.5 400.8 94.2 5.9
100 0.149 478.3 490.2 11.9 2.8 412.7 97.0 3.1
200 0.074 326.8 337.8 11.0 2.6 - - 0.5
Pan 342.8 344.9 2.1 0.5 - - 0.0
Total Weight = 425.8 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C R, R, L (cm) K D (mm) Cqr a R Finer P Finer P,
3:25:00 PM 0 22 12 14 14.0 0.01370 0.00E+00 0.4 1.018 - - 2.2
3:26:00 PM 1 22 10 12 14.3 0.01370 5.18602 0.4 1.018 9.4 4557 2.2
3:28:00 PM 3 22 10 12 14.3 0.01370 29902 0.4 1.018 9.4 4557 2.2
3:30:00 PM 5 22 9 11 145 0.01370 2.33602 0.4 1.018 8.4  407.2 2.0
3:35:00 PM 10 22 8 10 14.7 0.01370 1.66E02 0.4 1.018 7.4 358.7 1.8
3:41.00 PM 16 22 8 10 14.7 0.01370 1.31E02 04 1018 74 358.7 1.8
3:55:00 PM 30 22 7 9 14.8 0.01370 9.62E03 0.4 1.018 6.4 310.2 15
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Table A.7: Sievedata for tailings, sample T1.2.2

Sample Number: T1.2.2
Test Date: 10/27/2012
Visual Classification of Soil: Dark yellow sand
Weight of Dry Sample (g) 4730
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained () (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0 0.0 0.0 0.0 100.0
20 0.841 456.2 462.9 6.7 1.4 6.7 1.4 98.6
30 0.595 430.0 458.4 28.4 6.0 35.1 7.4 92.6
40 0.420 392.6 465.6 73.0 15.4 108.1 22.9 77.2
48 0.297 444.8 584.6 139.8 29.5 247.9 52.4 47.6
80 0.177 383.7 542.0 158.3 33.4 406.2 85.9 14.2
100 0.149 478.3 505.5 27.2 5.7 433.4 91.6 8.4
200 0.074 334.2 366.4 32.2 6.8 - - 1.6
Pan 342.8 350.5 7.7 1.6 - - 0.0
Total Weight = 473.3 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C R, R, L (cm) K D (mm) C a R Finer P Finer P,
6:32:00 PM 0 22 10 11 145 0.01370 0.00E+00 0.4 1.018 - - 1.6
6:33:00 PM 1 22 8 9 14.8 0.01370 5.27E02 0.4 1.018 5.4 71.4 1.2
6:34:00 PM 2 22 8 9 14.8 0.01370 3.73E02 0.4 1.018 5.4 71.4 1.2
6:36:00 PM 4 22 7 8 15.0 0.01370 2.65E02 0.4 1.018 4.4 58.2 0.9
6:40:00 PM 8 22 7 8 15.0 0.01370 1.88E02 0.4 1.018 4.4 58.2 0.9
6:47:00 PM 15 22 7 8 15.0 0.01370 1.37E02 0.4 1.018 4.4 58.2 0.9
7:02:00 PM 30 22 6 7 15.2 0.01370 9.75e03 0.4 1.018 3.4 45.0 0.7
7:32:00 PM 60 22 6 7 15.2 0.01370 6.90e03 0.4 1.018 3.4 45.0 0.7
8:02:00 PM 90 22 6 7 15.2 0.01370 5.63E03 0.4 1.018 3.4 45.0 0.7
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Table A.8: Sievedata for tailings, sample T1.2.3

Sample Number; T1.2.3
Test Date: 10/27/2012
Visual Classification of Soil: Dark yellow sand
Weight of Dry Sample (g). 466.2
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0 0.0 0.0 0.0 100.0
20 0.841 456.2 460.2 4 0.9 4.0 0.9 99.1
30 0.595 430.0 455.1 25.1 5.4 29.1 6.2 93.8
40 0.420 392.6 464.2 71.6 154 100.7 21.6 78.4
48 0.297 444.8 586.5 141.7 30.4 242.4 52.0 48.0
80 0.177 383.7 532.6 148.9 32.0 391.3 83.9 16.0
100 0.149 478.3 503.4 25.1 5.4 416.4 89.3 10.6
200 0.074 334.2 370.5 36.3 7.8 - - 2.8
Pan 342.8 356.0 13.2 2.8 - - 0.0
Total Weight = 465.9 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp.°C  Ra Ra L (cm) K D (mm) — Cr a Re Finerp Finer P,
6:44:00 PM 0 22 11 12 14.3 0.01370 0.00E+00 0.4 1.018 - - 2.8
6:45:00 PM 1 22 8 9 14.8 0.01370 5.27E02 0.4 1.018 5.4 41.6 1.2
6:46:00 PM 2 22 8 9 14.8 0.01370 3.73E02 0.4 1.018 5.4 41.6 1.2
6:48:00 PM 4 22 7 8 15.0 0.01370 2.65E02 0.4 1.018 4.4 33.9 1.0
6:52:00 PM 8 22 6 7 15.2 0.01370 1.89802 0.4 1.018 3.4 26.2 0.7
6:59:00 PM 15 22 5 6 15.3 0.01370 1.38602 0.4 1.018 24 18.5 0.5
7:14:00 PM 30 22 5 6 15.3 0.01370 9.78603 0.4 1.018 24 18.5 0.5
7:44:00 PM 60 22 4 5 155 0.01370 6.96E03 04 1.018 1.4 10.8 0.3
8:14:00 PM 90 22 4 5 155 0.01370 5.69E03 0.4 1.018 1.4 10.8 0.3
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Table A.9: Sievedata for tailings, sample T1.3.2

Sample Number: T1.3.2
Test Date: 10/26/2012
Visual Classification of Soil: Brown sand
Weight of Dry Sample (g). 434.1
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained () (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0 0.0 0.0 0.0 100.0
20 0.841 456.2 458.5 2.3 0.5 2.3 0.5 99.5
30 0.595 430.0 441.7 11.7 2.7 14.0 3.2 96.8
40 0.420 392.6 427.1 34.5 7.9 48.5 11.2 88.8
48 0.297 444.8 534.5 89.7 20.7 138.2 31.8 68.2
80 0.177 383.7 536.9 153.2 35.3 291.4 67.1 32.9
100 0.149 478.3 520.0 41.7 9.6 333.1 76.7 23.2
200 0.074 326.8 397.6 70.8 16.3 - - 6.9
Pan 342.8 372.9 30.1 6.9 - - 0.0
Total Weight = 434.0 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C R, R, L (cm) K D (mm) C a R Finer P Finer P,
2:51:00 PM 0 22 24 25 12.2 0.01320 0.00E+00 0.4 0.99 - - 6.9
2:52:00 PM 1 22 20 21 12.9 0.01320 4.74E02 0.4 099 174 575 4.0
2:53:00 PM 2 22 17 18 13.3 0.01320 3.40E02 04 099 144 476 3.3
2:55:00 PM 4 22 15 16 13.7 0.01320 2.44E02 04 099 124 409 2.8
2:59:00 PM 8 22 12 13 14.2 0.01320 1.76E02 04 099 94 31.0 2.2
3:06:00 PM 15 22 10 11 14.5 0.01320 1.30E02 04 099 74 24.4 1.7
3:21:00 PM 30 22 9 10 14.7 0.01320 9.24E03 04 099 64 21.1 15
3:51:00 PM 60 22 8 9 14.8 0.01320 6.56E03 04 099 54 17.8 1.2
4:21:00 PM 90 22 7 8 15 0.01320 5.3903 04 099 44 14.5 1.0
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Table A.10: Sievedata for tailings, sample T1.3.3

Sample Number; T1.3.3
Test Date: 10/27/2012
Visual Classification of Soil: Brown sand
Weight of Dry Sample (g): 486.9
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained () (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0.0 0.0 0.0 0.0 100.0
20 0.841 456.2 457.3 1.1 0.2 1.1 0.2 99.8
30 0.595 430.0 439.5 9.5 2.0 10.6 2.2 97.8
40 0.420 392.6 428.8 36.2 7.5 46.8 9.6 90.3
48 0.297 444.8 542.3 97.5 20.2 144.3 29.6 70.1
80 0.177 383.7 566.2 182.5 37.8 326.8 67.1 32.4
100 0.149 478.3 521.5 43.2 8.9 370.0 76.0 23.4
200 0.074 334.2 421.2 87.0 18.0 - - 5.4
Pan 342.8 369 26.2 5.4 - - 0.0
Total Weight = 483.2 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C  Ra Ra L (cm) K D(mm)  Cr a Re  Finerp Finer P,
6:56:00 PM 0 22 26 27 11.9 0.01320 0.00E+00 0.4 0.99 - - 5.4
6:57:00 PM 1 22 20 21 12.9 0.01320 4.74802 04 099 174 66.0 3.6
6:58:00 PM 2 22 16 17 135 0.01320 3.43E02 04 099 134 50.8 2.8
7:00:00 PM 4 22 14 15 13.8 0.01320 2.45E02 04 099 114 433 2.3
7:04:00 PM 8 22 11 12 14.3 0.01320 1.76E02 04 099 84 31.9 1.7
7:11:00 PM 15 22 10 11 14.5 0.01320 1.30E02 04 099 74 28.1 15
7:26:00 PM 30 22 9 10 14.7 0.01320 9.24E03 04 099 64 24.3 1.3
7:56:00 PM 60 22 9 10 14.7 0.01320 6.53603 04 099 64 24.3 1.3
8:26:00 PM 90 22 8 9 14.8 0.01320 5.35E03 04 099 54 20.5 1.1
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Figure A.5: Particle size digribution for tailings, sample 4
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Table A1L Sievedata for tailings, sample T1.4.1

Sample Number: T1.4.1
Test Date: 10/27/2012
Visual Classification of Soil: Brown sand
Weight of Dry Sample (g): 485.5
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained () (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0.0 0.0 0.0 0.0 100.0
20 0.841 456.2 456.8 0.6 0.1 0.6 0.1 99.9
30 0.595 430.0 435.7 5.7 1.2 6.3 1.3 98.7
40 0.420 392.6 418.5 25.9 5.3 32.2 6.6 93.4
48 0.297 444.8 528.8 84.0 17.3 116.2 23.9 76.1
80 0.177 383.7 559.6 175.9 36.3 292.1 60.2 39.8
100 0.149 478.3 517.4 39.1 8.1 331.2 68.2 31.7
200 0.074 334.2 429.4 95.2 19.6 - - 12.1
Pan 342.8 401.6 58.8 12.1 - - 0.0
Total Weight = 485.2 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C  Ra Ra L (cm) K D(mm)  Cr a Re  Finerp Finer P,
7:08:00 PM 0 22 50 51 7.9 0.01258 0.00E+00 0.4 0.96 - - 121
7:09:00 PM 1 22 32 33 10.9 0.01258 4.15£02 0.4 0.96 294 480 5.8
7:10:00 PM 2 22 27 28 11.7 0.01258 3.04E02 04 096 244 39.8 4.8
7:12:00 PM 4 22 21 22 12.7 0.01258 2.24E02 04 096 184 30.0 3.6
7:16:00 PM 8 22 18 19 13.2 0.01258 1.62E02 04 096 154 25.1 3.0
7:23:00 PM 15 22 15 16 13.7 0.01258 1.20202 0.4 096 124 20.2 2.5
7:38:00 PM 30 22 13 14 14.0 0.01258 8.5903 0.4 096 104 17.0 2.1
8:08:00 PM 60 22 10 11 14.5 0.01258 6.18€E03 04 096 74 12.1 15
8:38:00 PM 90 22 10 11 14.5 0.01258 5.05E03 04 096 74 12.1 15
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Table A.12 Sievedata for tailings, sample T1.4.2

Sample Number: T1.4.2
Test Date: 10/27/2012
Visual Classification of Soil: Brown sand
Weight of Dry Sample (g) 535.4
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained () (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0.0 0.0 0.0 0.0 100.0
20 0.841 456.2 457.1 0.9 0.2 0.9 0.2 99.8
30 0.595 430.0 437.0 7.0 1.3 7.9 15 98.5
40 0.420 392.6 423.5 30.9 5.8 38.8 7.2 92.7
48 0.297 444.8 537.2 92.4 17.3 131.2 24.5 75.4
80 0.177 383.7 577.0 193.3 36.2 324.5 60.6 39.3
100 0.149 478.3 522.6 44.3 8.3 368.8 68.9 31.0
200 0.074 334.2 438.8 104.6 19.6 - - 11.4
Pan 342.8 403.6 60.8 114 - - 0.0
Total Weight = 534.2 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C R, R, L (cm) K D (mm) C a R Finer P Finer P,
7:20:00 PM 0 22 58 59 6.6 0.01258 0.00E+00 0.4 0.96 - - 11.4
7:21:00 PM 1 22 38 39 9.9 0.01258 3.96E02 04 096 354 55.9 6.4
7:22:00 PM 2 22 31 32 111 0.01258 2.96E02 04 096 284 4438 5.1
7:24:00 PM 4 22 26 27 12.0 0.01258 2.1802 0.4 0.96 234 36.9 4.2
7:28:00 PM 8 22 21 22 12.7 0.01258 15902 04 096 184 29.1 3.3
7:35:00 PM 15 22 18 19 13.2 0.01258 1.1802 0.4 0.96 154 24.3 2.8
7:50:00 PM 30 22 14 15 13.8 0.01258 8.53E03 0.4 096 114 18.0 2.0
8:20:00 PM 60 22 12 13 14.2 0.01258 6.12E03 0.4 096 94 14.8 1.7
8:50:00 PM 90 22 11 12 14.3 0.01258 5.01k03 0.4 096 8.4 13.3 15
Tailings
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Figure A.6: Particle size digribution for tailings, sample 5

105




Table A.13 Sievedata for tailings, sample T1.5.1

Sample Number; T1.5.1
Test Date: 10/27/2012
Visual Classification of Soil:  Light brown/yellow sand
Weight of Dry Sample (g): 463.5
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %

Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing

10 2.00 461.7 461.7 0 0.0 0.0 0.0 100.0

20 0.841 456.2 462.4 6.2 1.3 6.2 1.3 98.7

30 0.595 430.0 449.0 19.0 4.1 25.2 5.4 94.6

40 0.420 392.6 431.8 39.2 8.5 64.4 13.9 86.1

48 0.297 444.8 525.1 80.3 17.3 144.7 31.2 68.8

80 0.177 383.7 528.5 144.8 31.3 289.5 62.5 37.5

100 0.149 478.3 510.6 32.3 7.0 321.8 69.4 30.5

200 0.074 334.2 415.8 81.6 17.6 - - 12.9

Pan 342.8 402.5 59.7 12.9 - - 0.0

Total Weight = 463.1 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted

Time Time (min) Temp.°C R, R, L (cm) K D (mm) Cr a R. Finer P Finer P,
1:26:00 PM 0 22 52 53 7.6 0.01349 0.00E+00 0.4 1.01 - - 12.9
1:27:00 PM 1 22 37 38 10.1 0.01349 42902 04 1.01 354 5938 7.7
1:28:00 PM 2 22 30 31 11.2 0.01349 3.19r02 04 1.01 284 480 6.2
1:30:00 PM 4 22 26 27 11.9 0.01349 23302 04 1.01 244 412 5.3
1:34:00 PM 8 22 22 23 125 0.01349 16902 04 1.01 204 344 4.4
1:42:00 PM 16 22 19 20 13.0 0.01349 12202 04 1.01 174 294 3.8
2:01:00 PM 35 22 13 14 14.0 0.01349 853E03 04 1.01 114 192 2.5
2:27:00 PM 61 22 13 14 14.0 0.01349 6.46E03 04 1.01 114 192 2.5
2:56:00 PM 90 22 13 14 14.0 0.01349 5.32E03 04 1.01 114 192 2.5
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Table A.14: Sievedata for tailings, sample T1.5.2

Sample Number; T1.5.2
Test Date: 10/27/2012
Visual Classificatiorof Soil:  Light brown/yellow sand
Weight of Dry Sample (g): 426.3
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve () Retained (g) (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0.0 0.0 0.0 0.0 100.0
20 0.841 456.2 460.9 4.7 1.1 4.7 1.1 98.9
30 0.595 430.0 447.7 17.7 4.2 22.4 5.3 94.7
40 0.420 392.6 430.1 37.5 8.8 59.9 14.1 85.9
48 0.297 444.8 516.1 71.3 16.8 131.2 30.8 69.1
80 0.177 383.7 514.6 130.9 30.9 262.1 61.5 38.2
100 0.149 478.3 509.2 30.9 7.3 293.0 68.7 30.9
200 0.074 334.2 412.1 77.9 18.4 - - 12.5
Pan 342.8 395.9 53.1 12.5 - - 0.0
Total Weight = 424 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted
Time Time (min) Temp.°C R, R, L (cm) K D (mm) Cr a R. Finer P Finer P,
1:39:00 PM 0 22 55 56 7.1 0.01349 0.00E+00 0.4 1.01 - - 12.5
1:40:00 PM 1 22 37 38 10.1 0.01349 42902 04 101 354 672 8.4
1:41:00 PM 2 22 30 31 11.2 0.01349 3.19r02 04 1.01 284 539 6.8
1:43:00 PM 4 22 25 26 12.0 0.01349 23402 04 1.01 234 444 5.6
1:48:00 PM 9 22 20 21 12.9 0.01349 161E02 04 1.01 184 349 4.4
1:55:00 PM 16 22 18 19 13.2 0.01349 123602 04 101 164 311 3.9
2:11:00 PM 32 22 15 16 13.7 0.01349 8.83E03 04 1.01 134 254 3.2
2:40:00 PM 61 22 14 15 13.8 0.01349 6.42E03 04 1.01 124 235 2.9
3:11:00 AM 90 22 13 14 14.0 0.01349 5.32E03 04 1.01 114 216 2.7
Tailings
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Figure A.7: Particle size digribution for tailings, sample 6
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Table A.15: Sievedata for tailings, sample T1.6.1
Sample Number: T1.6.1
Test Date: 10/27/2012
Visual Classification of Soil:  Light brown/yellow sand
Weight of Dry Sample (@) 423.1
Dry Sieve
Sieve D (mm) Mass of Empty Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %

Number Sieve (Q) Retained (g) (9) Retained Retained (g) Retained Passing

10 2.00 461.7 461.7 0 0.0 0.0 0.0 100.0

20 0.841 456.2 459.8 3.6 0.8 3.6 0.9 99.2

30 0.595 430.0 441.3 11.3 2.6 14.9 3.5 96.6

40 0.420 392.6 415.1 22.5 5.2 37.4 8.8 91.4

48 0.297 444.8 494.5 49.7 11.5 87.1 20.6 79.9

80 0.177 383.7 499.3 115.6 26.6 202.7 47.9 53.3

100 0.149 478.3 515.5 37.2 8.6 239.9 56.7 44.7

200 0.074 334.2 436.7 102.5 23.6 - - 21.1

Pan 342.8 434.2 91.4 21.1 - - 0.0

Total Weight = 424 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted

Time Time (min) Temp. °C  Rq Ra L (cm) K D (mm) Cr a Re  Finerp Finer P,
1:52:00 PM 0 22 60+ - - 0.01374 0.00E+00 0.4 1.02 - - 21.1
1:53:00 PM 1 22 51 52 7.8 0.01374 3.84E02 0.4 1.02 494 55.1 11.6
1:54:00 PM 2 22 41 42 9.4 0.01374 2.98E02 0.4 1.02 394 440 9.3
1:56:00 PM 4 22 33 34 10.7 0.01374 2.25E02 0.4 1.02 314 350 7.4
2:00:00 PM 8 22 26 27 11.9 0.01374 1.68E02 0.4 1.02 244 27.2 5.7
2:09:00 PM 17 22 22 23 12,5 0.01374 1.18E02 0.4 1.02 204 228 4.8
2:23:00 PM 31 22 19 20 13.0 0.01374 8.90E03 0.4 1.02 174 194 4.1
2:52:00 PM 60 22 16 17 13,5 0.01374 6.52E03 0.4 1.02 144 16.1 3.4
3:22:00 PM 90 22 15 16 13.7 0.01374 5.36E03 0.4 1.02 134 150 3.2

109



Table A.16:

Sievedata for tailings, sample T1.6.2

Sample Number; T1.6.2
Test Date: 10/27/2012
Visual Classification of Soil: Light brown/yellow sand
Weight of Dry Sample (g). 426.3
Dry Sieve
Sieve D (mm) Mass of Empty ~ Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %
Number Sieve (g) Retained (g) (9) Retained Retained (g) Retained Passing
10 2.00 461.7 461.7 0.0 0.0 0.0 0.0 100.0
20 0.841 456.2 460.2 4.0 0.9 4.0 0.9 99.1
30 0.595 430.0 441.8 11.8 2.8 15.8 3.7 96.3
40 0.420 392.6 417.5 24.9 5.9 40.7 9.5 90.4
48 0.297 444.8 494.5 49.7 11.8 90.4 21.2 78.6
80 0.177 383.7 501.0 117.3 27.8 207.7 48.7 50.9
100 0.149 478.3 513.9 35.6 8.4 243.3 57.1 42.4
200 0.074 334.2 431.8 97.6 23.1 - - 194
Pan 342.8 424.6 81.8 194 - - 0.0
Total Weight = 422.7 100.0
Hydrometer Test
: Elapsed o Corrected % % Adjusted
Time Time (min) Temp. °C R, R, L (cm) K D (mm) Cr a R. Finer P Finer P,
2:06:00 PM 0 22 60 60+ - 0.01374 O0.00E+00 0.4 1.02 - - 194
2:07:00 PM 1 22 46 47 8.6 0.01374 4.03E02 0.4 1.02 444 554 10.7
2:08:00 PM 2 22 37 38 10.1 0.01374 3.09802 0.4 1.02 354 441 8.5
2:10:00 PM 4 22 30 31 11.2 0.01374 230802 04 102 284 354 6.9
2:14:00 PM 8 22 24 25 122 0.01374 170802 04 1.02 224 279 5.4
2:21:00 PM 15 22 20 21 129 0.01374 127802 04 1.02 184 229 4.4
2:38:00 PM 32 22 17 18 13.3 0.01374 8.86E03 0.4 1.02 154 19.2 3.7
3:06:00 PM 60 22 15 16 13.7 0.01374 6.57E03 04 1.02 134 16.7 3.2
3:36:00 PM 90 215 14 15 13.8 0.01374 53803 0.4 1.02 124 155 3.0
Tailings

110



Sample 7

% Finer

Particle Size Distribution

100.0 ‘-

90.0

80.0

70.0

60.0

—o—T1.7.1 Air Dry

50.0

—m—T1.7.2 Air Dry

40.0 \

30.0

20.0

10.0

10.00 1.00 0.10 0.01
Particle Diameter (mm)

0.00

Figure A.8:

Particle size digribution for tailings, sample 7
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Table A.17: Sieve data for nilings, sample T1.7.1
SampleNumber: T1.7.1
Test Date: 10/27/2012
Visual Classification of Soil:  Light brown/grey sand
Weight of Dry Sample (g) 456.0
Dry Sieve
Sieve D (mm) Mass of Empty ~ Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %

Number Sieve (Q) Retained (g) (9) Retained Retained (g) Retained Passing

10 2.00 461.7 461.7 0.0 0.0 0.0 0.0 100.0

20 0.841 456.2 459.2 3.0 0.7 3.0 0.7 99.3

30 0.595 430.0 438.9 8.9 2.0 11.9 2.6 97.4

40 0.420 392.6 415.3 22.7 5.0 34.6 7.6 92.4

48 0.297 444.8 499.4 54.6 12.0 89.2 19.6 80.4

80 0.177 383.7 503.8 120.1 26.3 209.3 45.9 54.1

100 0.149 478.3 507.3 29.0 6.4 238.3 52.3 47.7

200 0.074 334.2 443.1 108.9 23.9 - - 23.8

Pan 342.8 451.4 108.6 23.8 - - 0.0

Total Weight = 455.8 100.0
Hydrometer Test
. Elapsed 0 Corrected % % Adjusted

Time Time (min) Temp. °C - Rq Ra L (cm) K D (mm) Cr a Re  Finerp Finer P,
2:18:00 PM 0 22 60+ 60+ - 0.01305 O0.00E+00 0.4  0.99 - - 23.8
2:19:00 PM 1 22 60 60+ - 0.01305 - 04 0.99 - - 23.8
2:20:00 OM 2 22 52 53 7.6 0.01305 2.54E02 04 099 504 458 10.9
2:22:00 PM 4 22 46 47 8.6 0.01305 1.91E02 04 099 444 403 9.6
2:26:00 PM 8 22 35 36 104 0.01305 149802 04 099 334 303 7.2
2:33:00 PM 15 22 29 30 114 0.01305 1.14802 04 099 274 249 5.9
2:48:00 PM 30 22 24 25 122 0.01305 8.32E03 04 099 224 203 4.8
3:18:00 PM 60 22 20 21 129 0.01305 6.05803 0.4 099 184 16.7 4.0
3:48:00 PM 90 22 19 20 13.0 0.01305 4.966£03 04 099 174 158 3.8
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Table A.18Sievedata for tailings, sample T1.7.2

Sample Number: T1.7.2
Test Date: 10/27/2012
Visual Classification of Soil:  Light brown/grey sand
Weight of Dry Sample (g) 421.5
Dry Sieve
Sieve D (mm) Mass of Empty ~ Mass of Sieve + Soil  Soil Retained % Cumulative Mass % Cumulative %

Number Sieve (g) Retained (g) (9) Retained Retained (g) Retained Passing

10 2.00 461.7 461.7 0.0 0.0 0.0 0.0 100.0

20 0.841 456.2 458.9 2.7 0.6 2.7 0.6 99.4

30 0.595 430.0 438.6 8.6 2.0 11.3 2.7 97.3

40 0.420 392.6 413.0 20.4 4.8 31.7 7.5 92.5

48 0.297 444.8 495.6 50.8 12.1 82.5 19.6 80.4

80 0.177 383.7 493.5 109.8 26.1 192.3 45.6 54.3

100 0.149 478.3 508.2 29.9 7.1 222.2 52.7 47.2

200 0.074 334.2 436.1 101.9 24.2 - - 23.0

Pan 342.8 439.7 96.9 23.0 - - 0.0

Total Weight = 421 100.0
Hydrometer Test
. Elapsed o Corrected % % Adjusted

Time Time (min) Temp.°C  Ra Ra L (cm) K D (mm) Cr a Re Finerp Finer P,
2:35:00 PM 0 22 60+ 60+ - 0.01305 O0.00E+00 0.4  0.99 - - 23.0
2:36:00 PM 1 22 58 59 6.6 0.01305 3.35£02 04 099 564 574 13.2
2:37:00 PM 2 22 51 52 7.8 0.01305 2.58E02 04 099 494 503 11.6
2:39:00 PM 4 22 43 44 9.1 0.01305 1.97E02 04 099 414 421 9.7
2:43:00 PM 8 22 35 36 10.6 0.01305 1.50E02 04 099 334 340 7.8
2:50:00 PM 15 22 29 30 114 0.01305 1.14802 04 099 274 279 6.4
3:05:00 PM 30 22 24 25 122 0.01305 8.32E03 04 099 224 228 5.2
3:35:00 PM 60 22 21 22 12.7 0.01305 6.0003 04 099 194 197 4.5
4:05:00 PM 90 22 20 21 129 0.01305 494603 0.3 099 183 186 4.3
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B. Fineness Modulus

Table B.1: Mix ratio calculator for fineness modulus for coarse tailings spreadsheet 1

Coarse Tailing Proportioning

Tailings1 Tailings2 Tailings3 Tailings4  Total
V\éﬁ;%ht 10.00 10.00 10.00 1000  40.00
Coarse Tailings Mixture
Tailings 1 Tailings 2 Tailings 3 Tailings 4 Coarse Tailings
. % % % % % % % b % %
Sieve Number Cumul_atwe Passin Cumul_at|ve Passing Cumul_at|ve Passing Cumul_at|ve Passing Cumul_at|ve Passing
Retained g Retained Retained Retained Retained
10 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0
20 1.0 99.0 1.1 98.9 0.4 99.6 0.1 99.9 0.7 99.3
30 5.2 94.8 6.8 93.2 2.7 97.3 1.4 98.6 4.0 96.0
40 14.3 85.6 22.2 77.8 10.4 89.6 6.9 93.1 135 86.5
48 34.8 65.0 52.2 47.8 30.7 69.1 24.2 75.7 35.5 64.4
80 66.5 33.0 84.9 15.1 67.1 32.6 60.4 39.5 69.7 30.1
100 74.7 24.8 90.5 9.5 76.4 23.3 68.6 31.4 77.5 22.2
200 - 7.4 - 2.2 - 6.2 - 11.8 - 6.9
Pan - 0.0 - 0.0 - 0.0 - 0.0 - 0.0

Tailing/Small Aggregate Ratio m
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Table B.2: Mix ratio calculator for fineness modulus fa coarse tailings, spreadsheet 2

Tailings Substitution Ratio Based on Fineness Modulus

Coarse Tailings

Substitute Mixture

%

%

Sieve Cumulative %. % Cuml_JIative %. Cumulative %.
Number Retained Passing Retained Passing Retained Passing
4 0.0 100.0 2.7 97.3 1.9 98.1
10 0.0 100.0 14.7 85.3 10.3 89.7
16 0.0 100.0 34.3 69.3 24.0 78.5
20 0.7 99.3 46.8 53.3 33.0 67.1
30 4.0 96.0 59.4 40.7 42.8 57.3
40 13.5 86.5 71.7 28.4 54.2 45.9
48 35.5 64.4 83.7 16.4 69.3 30.8
80 69.7 30.1 94.4 5.8 87.0 13.1
100 77.5 22.2 96.4 3.8 90.7 9.3
200 - 6.9 - 1.0 - 2.8
Pan - 0.0 - 0.0 - 0.0
Overall Fineness Modulus { 2.9121
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C. Specific Surface Area

Table C.1: Example of pecific surface area calculation for sand, sample S1.1

Specific Surface Area Calculator

Sand

Sample Number:

Test Date:

Visual Classification of Soil:
Weight of Dry Sample (g).

S1.1
10/27/2012
silica mix, quartz sand
472.1

Specific Surface Area

Sieve Number D (mm)  Soil Retained (g) Individual SA, m"2 Individual V, m"3 Total V, m"3 N Total SA, m"2
4 4,76 12.6 7.12E05 5.65E08 4.63E06 8.20E+01 5.84E03
10 2.00 59.3 1.26E05 4.19E09 2.18E05 5.20E+03 6.54E02
20 0.841 156.5 2.22E06 3.11E10 5.75E05 1.85E+05 4.10E01
30 0.595 56.7 1.11E06 1.10E10 2.08E05 1.89E+05 2.10E01
40 0.420 57.4 5.54E07 3.88E11 2.11E05 5.44E+05 3.01E01
48 0.297 55.1 2.77TEO07 1.37E11 2.03E05 1.48E+06 4.09E01
80 0.177 45.8 9.84E08 2.90E12 1.68E05 5.80E+06 5.71E01

100 0.149 9.6 6.97E08 1.73E12 3.53E06 2.04E+06 1.42E01
200 0.074 12.2 1.72E08 2.12E13 4.49E06 2.11E+07 3.64E01
Total 2.48E+00

SSA, nflkg = 5.25
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Tailings

Table C.2: Example of specific surface areaalculation for tailings, sample T1.4.1

Visual Classification of Soil:

Sample Number:

Weight of Dry Sample (g)
Specific Gravity of Solids:

Brown sand

T1.4.1

485.5
2.85

SA of Dry Sieve

Sieve Number D (mm) Soil Retained (g) Individual SA, m"2 Individual V, m"3 Total V, m"3 N Total SA, m"2
10 2.00 0.0 1.26E05 4.19E09 - - -

20 0.841 0.6 2.22E06 3.11E10 2.11E07 6.76E+02 1.50E03
30 0.595 5.7 1.11E06 1.10E10 2.00E06 1.81E+04 2.02E02
40 0.420 25.9 5.54E07 3.88E11 9.09E06 2.34E+05 1.30E01
48 0.297 84.0 2.77E07 1.37E11 2.95E05 2.15E+06 5.95E01

80 0.177 175.9 9.84E08 2.90E12 6.17E05 2.13E+07 2.09E+00
100 0.149 39.1 6.97E08 1.73E12 1.37E05 7.92E+06 5.52E01

200 0.074 95.2 1.72E08 2.12E13 3.34E05 1.57E+08 2.71E+00

Total: 6.10E+00

SA of Hydrometer Experiment
D (mm) Temp. °C Mass, g Individual SA, m"2 Individual V, m"3 Total V, m"3 N Total SA, m"2
0.00E+00 22 - - - - - -
4.15E02 22 30.59 5.42E09 3.75E14 1.07E05 2.86E+08 1.55E+00
3.04E02 22 4.80 2.91E09 1.47E14 1.69E06 1.14E+08 3.32E01
2.24E02 22 5.76 1.58E09 5.90E15 2.02E06 3.43E+08 5.41E01
1.62E02 22 2.88 8.20E10 2.21E15 1.01E06 4.58E+08 3.75E01
1.20E02 22 2.88 4.54E10 9.10E16 1.01E06 1.11E+09 5.05E01
8.59E03 22 1.92 2.32E10 3.32E16 6.74E07 2.03E+09 4.71E01
6.18E03 22 2.88 1.20E10 1.24E16 1.01E06 8.16E+09 9.81E01
5.05E03 22 0.00 8.01E11 6.74E17 0.00E+00 0.00E+00 3.21E+00
Total: 48.85 7.96E+00
| SSA, nflkg= 28.96 |
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D. Specific Gravity
Sand

Table D.1: Specific gravity data for sand, samples S1.1 & S1.2

Sample Number:  S1.1& S1.2
Test Date: 10/27/2012

Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pycnometer (g)p W 178.5 181.1
Mass of empty pycnometer + dry sand (ghsW 190.0 191.5
Mass of pycnometer + dry sand + water (g W 682.8 684.9
Mass of pychometer + water (g),A\W 676.0 678.4
Specific Gravity, SG 2.447 2.667 2.56

Tailings

Sample 1

Table D.2 Specific gravity data for sand, samples T1.1.1 & T1.1.2
Sample Number: T1.1.1 & T1.1.2
TestDate: 10/27/2012

Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pycnhometer (g)r W 178.4 181.1
Mass of empty pycnometer + dry tailings (g)pW 188.4 191.1
Mass of pycnometer + dry tailings + water (g)s W 681.9 684.5
Mass of pycnometer + water (g),,\W 675.9 678.8
Specific Gravity, SG 2.500 2.326 2.41

Sample 2

Table D.3: Specific gravity data for sand, samples T1.2.1 & T1.2.2
Sample Number; T1.2.1&T1.2.2
Test Date: 10/27/2012

Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pycnhometer (g)r W 178.3 180.9
Mass of empty pycnometer + dry tailings (g)pW 189.1 1911
Mass of pycnometer + dry tailings + water (g)g W 682.6 684.7
Mass ofpycnometer + water (g), ¥V 676.0 678.5
Specific Gravity, SG 2.571 2.550 2.56
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Sample 3

Table D4: Specific gravity data for sand, samples T1.3.1 & T1.3.2

Sample Number; T1.3.1 &T1.3.2

Test Date: 10/26/2012
Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pycnometer (g)p W 178.2 180.7
Mass of empty pycnometer + dry tailings (g)sW 188.4 190.6
Mass of pycnometer + dry tailings + water (g)s W 682.5 685.1
Mass of pycnometer water (g), W 676.2 678.8
Specific Gravity, SG 2.615 2.750 2.68

Sample 4
Table D.5: Specific gravity datafor sand, samples T1.4.1 & T1.2
Sample Number: T1.3.1 & T1.3.2

Test Date: 10/26/2012
Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pycnometer (g)s W 178.2 180.8
Mass of empty pycnometer + dry tailings (g)pW 188.6 190.8
Mass of pycnometer + dry tailings + water (g)s W 682.4 685.1
Mass of pycnometer water (g), W 675.8 678.5
Specific Gravity, SG 2.737 2.941 2.84

Sample 5
Table D.6: Specific gravity datafor sand, samples T1.5.1 & T1.2
Sample Number; T1.5.1 & T1.5.2

Test Date: 10/27/2012
Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pycnhometer (g)r W 178.5 181.2
Mass of empty pycnometer + dry tailings (g)pW 188.5 191.3
Mass of pycnometer + dry tailings + water (g)s W 682.2 685.1
Mass of pycnometer water (g), W 676.1 678.8
Specific Gravity, SG 2.564 2.658 2.61
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Sample 6

Table D.7: Specific gravity datafor sand, samples T1.6.1 & T1.2

Sample Number; T1.6.1 & T1.6.2

Test Date: 10/27/2012
Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pycnometer (g)p W 178.2 180.8
Mass of empty pycnometer + dry tailings (g)sW 189.0 190.7
Mass of pycnometer + dry tailings + water (g)z W 682.9 684.6
Mass of pycnometer water (g), W 676.2 678.7
Specific Gravity, SG 2.634 2.475 2.55

Sample 7
Table D.8: Specific gravity datafor sand, samples T1.7.1 & T1.2
Sample Number: T1.7.1&T1.7.2

Test Date: 10/27/2012
Specimen Number 1 2 Average
Pycnometer bottle number 1 4
Mass of empty, clean pychometer (g)r W 178.5 181.1
Mass of empty pycnometer + dry tailings (g)pW 188.7 191.6
Mass of pycnometer + dry tailings + water (g)s W 682.3 685.2
Mass of pycnometer water (g), W 675.8 678.6
Specific Gravity, SG 2.757 2.692 2.72
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E. Moisture Content
Sandat Storage Conditions

Table E.1: Moisture content data for sand

Sample Number;  Sand 1 and 2
Test Date: 1/24/2013

Specimen Number Sand 1.1 Sand 1.2 Sand 1.3 Average
Moisture can and lid number 1 2 3
Time in Oven 3:15PM 3:15PM 3:15PM
Time out of Oven 8:00AM 8:00AM 8:00AM
Mass of empty clean plate (g),dV 71.98 73.75 147.96
Mass of can, and moist sand (g)c\¥ 250.43 263.74 373.6
Mass of can and dry sand (g).cW¢ 232.58 244.91 351.37
Mass of sand (g), W 160.6 171.16 203.41
Mass of pore water (g), W 17.85 18.83 22.23
Water content (w%), w 11.11 11.00 10.93 11.0
Specimen Number Sand 2.1 Sand 2.2 Sand 2.3 Average
Moisture can and lid number: 4 5 6
Time in Oven: 3:15PM 3:15PM 3:15PM
Time out of Oven: 8:00AM 8:00AM 8:00AM
Mass of empty clean plate (g),dV 72 71.48 68.51
Mass of can, and moist sand (g)c\¥ 245.53 282.88 281.67
Mass ofcan and dry sand (@), WV 230.64 266.12 265.00
Mass of sand (g), W 158.64 194.64 196.49
Mass of pore water (g), M 14.89 16.76 16.67
Water content (w%), w 9.39 8.61 8.48 8.8
Overall Average 9.9
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Tailingsat Storage Conditions
Coarse Tailing Mixture

Table E.2: Moisture content data for coarse mine tailings

Sample Number; T1.C.1&T1.C.2

Test Date: 12/30/2012
Specimen Number 1 2 Average
Moisture can and lid numbe - -
Time in Oven 9:30 AM 9:30 AM
Time out of Oven
Mass of empty clean can (g),dV 46.9 47.06
Mass of can, and moist tailings (g).c\¢: 89.09 95.43
Mass of can and dry tailings (g),38#: 86.61 92.65
Mass of tailings (g), W 39.71 45.59
Mass of pore watdig), My: 2.48 2.78

Water content (w%), w 6.25 6.10

Finer Tailing Mixture

Table E.3: Moisture content data for finer mine tailings

Sample Number: T1F1&TL1.R2

Test Date: 12/30/2012
Specimen Number 1 2 Average
Moisture can and lid numbe - -
Time in Oven  9:30 AM 9:30 AM
Time out of Oven
Mass of empty clean can (g), M 45.75 48.08
Mass of can, and moist tailings (g).c\M 85.98 94.43
Mass of can and dry tailings (g),d8+ 83.42 91.51
Mass oftailings (g), W 37.67 43.43
Mass of pore water (g), I 2.56 2.92

Water content (w%), W 6.80 6.72
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F. Raw Tailing Chemical Characterization

Total Metals Analysis

Table F.1: Total metals analysis for raw mine tailingssamples concentration in

leachate in mg/L

aweN aeuy
7/6w ‘1oul4

/6w ‘ BSIR0D

/6w

T 8|dwes Buire
/6w

Z a|dwes bBulre
/6w

£ a|dwes bBulrel
/6w

¥ ajdwes Buire
/6w

5 ajdwes bBulrel
/6w

9 ajdwes bBulrel
/6w

y ajdwes Bulrel

Ag | 0.158 0.159 0.203 0.161 0.172 0.0973 0.194 0.129 0.0995
Al 354 20.2 11.8 10.6 25.6 30.9 33.0 37.2 40.4
As | 124 0611 0.749 0.723 0511 0.608 2.24 1.40 0.444
B | 0577 0.668 0.533 0.554 0.912 0.672 0.548 0.469 0.528
Ba | 0589 0.184 0.294 0.181 0.121 0.188 0.908 1.26 0.657
Ca | 845 64.2 44.0 56.3 57.7 87.1 37.9 57.5 145
Ca | 80.8 60.3 41.0 52.9 54.3 83.7 36.1 55.3 140
Cd | 0.314 0.364 0.229 0.0700 0.628 0.455 0.168 0.208 0.384
Co | 0.0737 0.0617 0.0310 0.0247 0.0987 0.0910 0.0597 0.0560 0.0743
Cr | 0.244 0.252 0.185 0.201 0.357 0.268 0.227 0.208 0.243
Cu | 182 30.1 32.8 15.4 46.1 26.3 14.5 12.0 16.2
Fe 393 468 368 387 624 460 364 314 359
K 16.0 13.0 17.2 135 9.49 8.12 17.1 14.7 111
Mg | 21.8 11.7 2.40 5.68 15.6 21.8 15.6 19.1 26.4
Mn | 70.4 50.4 10.3 8.8 80.4 87.5 49.9 55.6 80.6
Mo | 0.276 0.325 0.383 0.326 0.371 0.316 0.204 0.209 0.329
Na | -0.881 -0.903 -0.965 -1.29 -1.29 -1.16 -1.49 -1.32 -1.22
Ni | 0.0287 0.0187 0.0047 0.0033 0.0283 0.0310 0.0220 0.0227 0.0297
P 3.59 2.28 1.00 1.57 3.12 3.00 3.83 3.56 3.22
Pb | 48.0 60.9 59.0 59.0 68.9 40.4 42.6 28.7 36.7
S 330 437 350 298 646 462 241 210 347
Sb | 0470 0.119 0.202 0.0890 0.0817 0.0790 0.912 0.493 0.0870

Se| - y y y y y y . -0.008
0.0210 0.0413 0.0467 0.0500 0.0523 0.0237 0.0303 0.0170

Si | 312 245 238 175 338 288 350 298 294

Sr| 0188 0.142 0115 0116 0143 0163 0141 0180 0.257

Ti | 0487 0366 0198 0180 0535 0512 0523 0537 0.439

V | 0.107 0.0727 0.0633 0.0907 0.0747 0.0690 0.153 0.126 0.0767

Zn | 480 541 394 122 709 609 282 351 548
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Table F.2: Total metals analysis for raw mine tailings samples, concentratioof dry

tailings in mg/kg

Sample
Name

Finer
Coarsea
Site 1
Site 2
Site 3
Site 4
Site 5
Site 6
Site 7

Sample
Name

Finer
Coarsea
Site 1
Site 2
Site 3
Site 4
Site 5
Site 6
Site 7

Al
mg/Kg

3754.3
2131.9
1221.6
1131.1
1174.1
2662.1
3501.4
4000.5
4340.7

Al
mg/Kg

712.46
149.39
190.10
91.62
229.02
454.25
52.11
663.38
297.52

As
mg/Kg

131.6
64.6
80.7
76.9
78.8
53.1

237.6

150.3
47.7

As
mg/Kg

11.97
4.28
5.36
4.41
4.09
3.65
18.14
11.69
0.51

Ba
mg/Kg

62.52
19.44
31.56
19.31
27.50
12.56
96.43
135.80
70.48

Ba
mg/Kg

19.81
0.77
1.25
0.14
2.07
4.34
3.74

26.47
4.07

Ca
mg/Kg

8573.6
6372.8
4470.8
5636.6
4764.6
5635.9
38314
5949.9
15047.3

Ca
mg/Kg

363.41
221.54
252.65
496.16
54.38
394.65
367.90
383.80
456.73

Cd

Average concentrations (dry basis)

Co

Cr

mg/Kg mg/Kg mg/Kg

33.33
38.48
24.48
7.45
18.82
65.19
17.88
22.39
41.19

7.820
6.519
3.343
2.626
3.081
10.247
6.337
6.028
7.980

25.94
26.68
20.00
21.40
20.29
37.11
24.07
22.42
26.12

Standard deviation

Cd

Co

Cr

Cu
mg/Kg

1935.5
3178.5
3521.0
1643.2
2885.1
4791.2
1540.0
1288.0
1735.6

Fe
mg/Kg

41718
49439
39362
41205
39622
64771
38625
33834
38504

Mg
mg/Kg

23155
1239.3
253.8
604.9
362.5
1619.8
1661.1
2055.9
2839.1

metal concentrations

Cu

mg/Kg mg/Kg mg/Kg mg/Kg

0.322
4.150
1.792
0.282
7.182
0.550
1.141
1.694
1.656

0.062
0.425
0.089
0.162
0.596
0.215
0.163
0.325
0.222

0.164
1.334
0.586
1.328
1.860
0.686
0.876
0.618
0.900

26.89
67.64
126.65
123.33
212.39
127.91
165.85
58.87

Fe
mg/Kg

424.66
886.11
996.84
2301.97
350.63
469.98
379.63
1683.20

Mg
mg/Kg

97.66
67.42
16.01
43.08
63.73
100.04
29.39
151.68

83.62 623.21 36.86
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Mn
mg/Kg

7476.7
5331.6
1100.0
933.1
1035.2
8350.0
5296.3
5988.3
8649.1

Mn
mg/Kg

335.13
213.11
45.35

48.59

325.33
111.64
121.26
303.72
238.69

Ni
mg/Kg

3.043
1.973
0.485
0.355
0.430
2.943
2.337
2.440
3.185

Ni
mg/Kg

0.062
0.266
0.062
0.061
0.215
0.210
0.108
0.126
0.063

Pb
mg/Kg

4345.2
5884.8
5877.3
5916.3
5836.6
6847.6
4418.3
3071.3
3954.2

Pb
mg/Kg

90.46
194.97
483.38
381.96
276.25
149.88
405.52

54.67
218.55

S Zn
mg/Kg mg/Kg

35023.2 5095.3
46238.9 5715.5
37528.8 4249.0
31742.9 1299.0
35292.7 3272.8
67065.9 7363.4
25557.3 2998.6
22604.1 3774.5
37298.0 5886.5

S Zn
mg/Kg mg/Kg

404.87 38.14
2825.39 410.68
834.11 185.85
1871.23 56.44
3631.34 298.53
44559 94.55
532.99 168.68
1064.13 228.52
987.12 126.95



SPLP Analysis

Table F.3: SPLP analysis for raw mine tailings samples

Finer Finer Finer Coarse Coarse

Analyte pH=4.2, pH=5, pH=10, pH=4.2, pH=5, Coarsea

Name mg/L mg/L mg/L mg/L mg/L pH=10, mg/L
Ag 0.0095 0.0099 0.0108 0.0150 0.0155 0.0137
Al 0.254 2.97 0.197 0.572 2.61 0.405
As BDL 0.0124 BDL 0.0070 BDL BDL
B 0.170 0.165 0.0991 0.168 0.198 0.0652
Ba 0.193 0.262 0.105 0.146 0.152 0.0869
Be BDL BDL BDL BDL 0.0003 BDL
Ca 95.0 80.4 68.0 173 213 158
Cd 0.0356 0.0298 0.0224 0.262 0.277 0.265
Co 0.0007 0.0014 BDL 0.0217 0.0286 0.0190
Cr BDL 0.0080 BDL BDL BDL BDL
Cu 0.0127 0.0119 0.0133 0.558 1.86 0.374
Fe 0.0819 1.40 0.0738 0.0669 0.0995 0.0318
K 8.02 27.8 40.7 3.97 2.62 30.7
Li 0.0034 BDL 0.0011 0.0113 0.0110 0.0094
Mg 2.61 2.32 1.99 4.88 6.28 4.07
Mn 8.29 6.73 4.57 45.0 59.6 39.6
Mo BDL BDL BDL 0.0006 BDL BDL
Na 0.687 0.555 2.08 0.557 0.483 2.14
Ni 0.0088 0.0045 BDL 0.0184 0.0236 0.0148
P 0.109 3.94 BDL 0.0265 0.127 BDL
Pb BDL 0.0029 0.0062 1.08 1.96 1.37
S 98.2 81.9 506 230 292 221
Sb BDL BDL BDL BDL BDL BDL
Se 0.0054 BDL 0.0043 0.0098 0.0128 0.0152
Si 3.57 3.70 2.49 4.96 5.78 5.84
Sn BDL BDL BDL BDL BDL BDL
Sr 0.0565 0.0868 0.0423 0.0704 0.0822 0.0659
Ti 0.0805 0.122 0.0284 0.0689 0.0940 0.0223
Tl BDL BDL BDL BDL BDL BDL
\Y, BDL 0.0043 BDL BDL BDL BDL
Zn 1.43 1.26 0.941 36.7 41.2 37.7
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Table F4: ICP-AES detection limits for the following analytes.
Analyte Name DL, mg/L

Ag 0.00053
Al 0.00707
As 0.00356
B 0.00083
Ba 0.00006
Be 0.00006
Ca 0.00138
Cd 0.00013
Co 0.00021
Cr 0.00021
Cu 0.00031
Fe 0.00016
K 0.02714
Li 0.00074
Mg 0.00039
Mn 0.00002
Mo 0.00042
Na 0.00609
Ni 0.00031
P 0.00660
Pb 0.00173
S 0.00149
Sb 0.00473
Se 0.00331
Si 0.00808
Sn 0.00152
Sr 0.00002
Ti 0.00022
Tl 0.00190
\% 0.00048
Zn 0.00016
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G. UCS Test Results

T:FA variationStudy

Controls

Table G.1: UCS test data forT:FA variation study, sample S

Date: 1/16/2013
Age of Specimen: 28 days
Sample Number: S
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.06 4.08 4.04 4.06
Cross Sectional Area, i 12.9 13.0 12.8 12.9
Height of Cylinder, in: 8.00 7.97 8.00 8.0
Volume, in*: 103.3 103.9 1026 1033
Weight, g: 3821.9 3807.8 3828.4 38194
Density, Ib/ft*: 140.9 1396 142.2 140.9
Less than 800kg/m?>?: Yes Yes Yes
Time: 4:30 PM 4:45 PM 5:00 PM
Pace Rate, Ib's 450 450 450
Sample Stress, 2423 2519 2320
Maximum Load, Ibs-force: 30450 31660 29150 30420
Compressive Strength, psi: 2360 2430 2270 2350 | 769 |
Fracture Type: 1 " 1"
Large Air Voids?: No No No
Evidence of Segregations?: No No No
Fractures Pass Through Aggregate?: Yes Yes Yes
Coefficient of Variation, %: 3.3

Fine Mine Tailing Specimens
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Table G.2: UCS test data forT:FA variation study, sample SF-0.1

Date: 1/17/2013
Age of Specimen: 28 days
Sample Number: SF-0.1
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.08 4.05 4.08 4.07
CrossSectional Area, irf 13.0 129 131 13.0
Height of Cylinder, in: 8.00 8.00 7.94 7.98
Volume, in®: 1046 1031 1038 103.8
Weight, g: 3897.9 3809.8 3875.1 3860.93
Density, Ib/ft*: 142.0 140.8 1423 1417
Less than 800 kg/r?: Yes Yes Yes
Time: 3:30PM 3:45PM 3:55PM
Pace Rate, Ip's 450 450 450
Sample Stress, 2855 2912 2136
Maximum Load, Ibs-force: 35880 36600 26840 33106.7
Compressive Strength, psi: 2740 2840 2090 2540 430
Fracture Type: 1l v 1]
Large Air Voids?: No No No
Evidence of Segregations? No No Yes
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 16.9
Table G.3: UCS test data forT:FA variation study, sample $F-0.3
Date: 1/17/2013
Age of Specimen: 28 days
Sample Number: SF-0.3
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.04 4.06 4.04 4.04
Cross Sectional Area, iR 12.8 12.9 12.8 12.8
Height of Cylinder, in: 8.03 8.00 8.00 8.01
Volume, in*: 103.0 103.3 102.3 102.9
Weight, g: 3896.8 3878.8 3839.8 3871.8
Density, Ib/ft>: 144.2 143.0 143.0 143.4
Less than 800 kg/ri?: Yes Yes Yes
Time: 4:10PM 4:14PM 4:25PM
Pace Rate, lb's 450 450 450
Sample Stress, 2844 2336 3479
Maximum Load, Ibs-force: 35730 29350 43720 36267
Compressive Strength, psi: 2790 2270 3420 2830 | 574
Fracture Type: I 1l i
Large Air Voids?: No No No
Evidence of Segregations? No Yes No
Fractures Pass ThroughAggregate?: Yes Yes Yes
Coefficient of Variation, %: 20.3

Table G4: UCS test data forT:FA variation study, sample $F-0.5

Date:

Age of Specimen:
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Sample Number: SF-05 |
Parameter Specimen1 Specimen 2 Specimen 3  Average
Averaged Diameter of Cylinder, in: 4.04 4.00 4.09 4.04
Cross Sectional Area, if 12.8 12.6 13.1 12.8
Height of Cylinder, in: 8.00 8.03 8.09 8.04
Volume, in*: 102.6 100.9 106.1 103.2
Weight, g: 3895.3 3903.9 3949.9 3916.4
Density, Ib/ft>: 144.7 147.4 141.9 144.6
Less than 800 kg/r?: Yes Yes Yes
Time: 5:30 PM 5:45 PM 6:00 PM
Pace Rate, lb's 450 450 450
Sample Stress, 3133 928.9 3192
Maximum Load, |bs-force: 39370 11670 40110 30383
Compressive Strength, psi: 307 930 3060 2330 | 123
Fracture Type: I 1l i
Large Air Voids?: No Yes No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 52.4
Coarse Mine Tailing Specimens
Table G.5: UCS test data forT:FA variation study, sample SC-0.1
Date: 1/17/2013
Age of Specimen: 28 days
Sample Number: SC-0.1
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.04 4.04 4.03
Cross Sectional Area, if 12.8 12.8 12.8 12.8
Height of Cylinder, in: 7.91 7.91 7.91 7.91
Volume, in®: 100.8 101.1 101.1 101.0
Weight, g: 3837.5 3851.8 3841.7 3843.7
Density, Ib/ft>: 145.0 145.1 144.8 145.0
Less than 800 kg/ri?: Yes Yes Yes
Time: 4:45PM 4:52PM 4:54PM
Pace Rate, Ii's 450 450 450 450
Sample Stress, 1519 1689 2064 1757
Maximum Load, Ibs-force: 19080 21490 25940 22170
Compressive Strength, psi: 1500 1680 2030 1740 | 27
Fracture Type: v Il 1l
Large Air Voids?: No No No
Evidence of Segregations? Slight Yes Slight
Fractures Pass Through Aggregate? Yes Yes No
Coefficient of Variation, %: 15.6

Table G.6: UCS test data forT:FA variation study, sample SC-0.3

Date: 1/17/2013
Age of Specimen: 28 days
Sample Number: SC-0.3

129



Parameter

Specimen1 Specimen 2 Specimen 3  Average
Averaged Diameter of Cylinder, in: 4.05 4.04 4.03 4.04
Cross Sectional Area, if 12.9 12.8 12.7 12.8
Height of Cylinder, in: 8.03 7.97 8.00 8.00
Volume, in®: 103.5 102.2 101.8 102.5
Weight, g: 3892.7 3867.9 3836.8 3865.8
Density, Ib/ft>: 143.3 144.2 143.6 143.7
Less than 800 kg/r?: Yes Yes Yes
Time: 4:58PM 5:03PM 5:09PM
Pace Rate, Ip's 450 450 450
Sample Stress, 2266 2580 2426 2424
Maximum Load, |bs-force: 28480 32450 30490 30473
Compressive Strength, psi: 2210 2530 2400 2380
Fracture Type: I 1l i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes

Coefficient of Variation, %:

6.8
Table G.7: UCS test data forT:FA variation study, sampleS-C-0.5
1/17/2013
Age of Specimen: 28 days
Sample Number: SC-0.5
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.05 4.05 4.04 4.04
Cross Sectional Area, iR 12.9 12.9 12.8 12.8
Height of Cylinder, in: 8.06 8.06 8.00 8.04
Volume, in*: 103.6 103.9 102.3 103.3
Weight, g: 3934.8 3959.7 3880.8 3925.1
Density, Ib/ft>: 144.7 145.2 144.5 144.8
Less than 800 kg/ri?: Yes Yes Yes
Time: 2:45PM 3:00PM 3:15PM
Pace Rate, Ii's 450 450 450
Sample Stress, 2939 3865 2587
Maximum Load, Ibs-force: 36930 48570 32510 39337
Compressive Strength, psi: 2870 3770 2540 3080
Fracture Type: 1 i i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 20.7
Iteration 1

Table G.8: UCS test data foriteration 1, sample LT-n
Date: 2/4/2013
Age of Specimen: 7 days
Sample Number: LT-n
Parameter Specimen1l Specimen 2 Specimen3  Average




Averaged Diameter of Cylinder, in:

4.04

4.03 4.05 4.04
Cross Sectional Area, if 12.8 12.7 12.9 12.8
Height of Cylinder, in: 8.00 7.94 8.00 7.98
Volume, in®: 102.3 101.0 102.8 102.0
Weight, g: 3975.6 3895.4 3979.8 3950.3
Density, Ib/ft*: 148.1 146.9 1475 147.5
Less than 800 kg/r?: Yes Yes Yes
Time: 5:15 PM 5:30 PM 5:45 PM
Pace Rate, Ip's 450 450 450
Sample Stress, 4115 4488 4570
Maximum Load, |bs-force: 51710 56400 57430 55180
Compressive Strength, psi: 4040 4430 4470 | 4310 | 236
Fracture Type: I 1l Il
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 55
Table G.9: UCS test data for iteration 1, sample LT-0
Date: 2/4/2013
Age of Specimen: 7 days
Sample Number: LT-o
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter ofCylinder, in: 4.04 4.06 4.04 4.05
Cross Sectional Area, if 12.8 12.9 12.8 12.9
Height of Cylinder, in: 8.00 8.00 8.00 8.00
Volume, in®: 102.6 103.6 102.3 102.8
Weight, g: 3880.1 3957.0 3943.3 3926.8
Density, Ib/ft>: 144.1 1455 146.8 1455
Less than 800 kg/ri?: Yes Yes Yes
Time: 5:50 PM 6:00 PM 6:15 PM
Pace Rate, lb's 450 450 450
Sample Stress, 4105 2920 3170
Maximum Load, Ibs-force: 51580 36700 39840 42707
Compressive Strength, psi: 4020 2840 3120 | 330 | 621
Fracture Type: 1 i I
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 18.7
Iteration 2
Table G.10: UCStest data for iteration 2, sample LT-2
Date: 2/192013
Age of Specimen: 14 days
Sample Number: LT-2
Parameter Specimen1 Specimen2 Specimen3 Average
Averaged Diameter of Cylinder, in: 4.06 4.04 4.05 4.05
Cross Sectional Area, if 12.9 12.8 12.9 12.9
Height of Cylinder, in: 7.97 7.97 7.94 7.96
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Volume, in® 102.9 101.9 102.0 102.3
Weight, g: 3887.4 3873.6 3922.2 3894.4
Density, Ib/ft>: 143.9 144.8 146.5 145.1
Less than 800 kg/r?: Yes Yes Yes
Time: 10:30 AM 10:40 AM 10:45 AM
Pace Rate, Ip's 450 450 450
Sample Stress, 4107 4108 3900
Maximum Load, Ibs-force: 51610 51620 49010 50747
Compressive Strength, psi: 4000 4040 3810 | 3950 | 119
Fracture Type: I 1l Il
Large Air Voids?: No No No
Evidence ofSegregations?: No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 3.0
Table G.11: UCS test data for iteration 2 sample LT-2-F-0.1
Date: 2/192013
Age of Specimen: 14 days
Sample Number: LT-2-F-0.1
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.05 4.06 4.04 4.05
Cross Sectional Area, iR 12.9 12.9 12.8 12.9
Height of Cylinder, in: 8.03 7.97 7.94 7.98
Volume, in®: 103.2 102.9 101.8 102.6
Weight, g: 3936.9 3923.6 3879.2 3913.2
Density, Ib/ft>: 145.3 145.2 145.2 145.3
Less than 800 kg/ri?: Yes Yes Yes
Time: 10:50 AM 11:00 AM 11:05 AM
Pace Rate, Ii's 450 450 450
Sample Stress, 4148 4076 3841
Maximum Load, Ibs-force: 52120 51210 48260 50530
Compressive Strength, psi: 4060 3970 3770 | 3930 | 149
Fracture Type: 1l 1] I
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 20.7

Strength @BvelopmenStudy

3 Day
Table G.12 UCS test data forstrength developmentstudy, sample L-3d
Date: 2/24/2013
Age of Specimen: 3 days
Sample Number: L-3d
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.03 4.06 4.04
Cross Sectional Area, iA 12.7 12.8 12.9 12.8
Height of Cylinder, in: 7.97 8.00 7.97 7.98
Volume, in® 101.4 102.0 102.9 102.1
Weight, g: 3945.8 3926 3968.4 3946.7
Density, Ib/ft*: 148.3 146.6 146.9 147.2
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Less than 800 kg/ri?: Yes Yes Yes
Time: 10:29 AM 10:37 AM 10:42 AM
Pace Rate, lb's 450 450 450
Sample Stress, 3849 3794 3290
Maximum Load, Ibs-force: 48370 47680 41340 45797
Compressive Strength, psi: 3800 3740 3200 3580 | 330
Fracture Type: v 1l i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 9.2
Table G.13: UCS test data forstrength developmentstudy, sample -3d-F-0.3
Date: 2/242013
Age of Specimen: 3 days
Sample Number: L-3d-F-0.3
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.05 4.05 4.04
Cross Sectional Area, iR 12.8 12.9 12.9 12.8
Height of Cylinder, in: 8.00 8.00 8.00 8.00
Volume, in®: 102.0 103.1 102.8 102.6
Weight, g: 3945.5 3952.6 3941.8 3946.6
Density, Ib/ft>: 147.3 146.1 146.1 146.5
Less than 800 kg/ri?: Yes Yes Yes
Time: 10:51 AM 10:57 AM 11:05 AM
Pace Rate, lp's 450 450 450
Sample Stress, 3348 2392 3379
Maximum Load, Ibs-force: 42070 30050 42470 38197
Compressive Strength, psi: 3300 2330 3310 2980 | 559
Fracture Type: 1 i i
Large Air Voids?: No Yes No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 18.8
Table G.14: UCS testdata for strength developmentstudy, sample -3d-C-0.3
Date: 2/242013
Age of Specimen: 3 days
Sample Number: L-3d-C-0.3
Parameter Specimen1l Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.04 4.03 4.06 4.04
CrossSectional Area, irf 12.8 12.8 12.9 12.8
Height of Cylinder, in: 7.94 7.97 7.97 7.96
Volume, in* 101.8 101.6 103.2 102.2
Weight, g: 3924.7 3925.5 3941.0 3930.4
Density, Ib/ft>: 146.9 147.1 1455 146.5
Less than 800 kg/r?: Yes Yes Yes
Time: 11:11 AM 11:16 AM 11:21 AM
Pace Rate, lb's 450 450 450
Sample Stress, 3368 3205 3118
Maximum Load, Ibs-force: 42320 40280 39180 40593
Compressive Strength, psi: 3300 3160 3030 3160 | 138
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Fracture Type: I

I I
Large Air Voids?:

No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 4.3
7 Day
Table G.15: UCS test data fo strength developmentstudy, sample L-7d
Date: 2/282013
Age of Specimen: 7 days
Sample Number: L-7d
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.03 4.03 4.03
Cross Sectional Area, if 12.8 12.7 12.7 12.7
Height of Cylinder, in: 8.00 8.00 8.00 8.00
Volume, in*: 102.0 101.8 101.8 101.9
Weight, g: 3958.5 3944.3 3961.2 3954.7
Density, Ib/ft*: 147.8 147.6 148.2 147.9
Less than 800 kg/r?: Yes Yes Yes
Time: 9:25 AM 9:31 AM 9:37 AM
Pace Rate, Ii's 450 450 450
SampleStress, 4255 4255 3884
Maximum Load, Ibs-force: 53480 53480 48800 51920
Compressive Strength, psi: 4190 4200 3840 [ 40 | 209
Fracture Type: I 1l Il
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures PassThrough Aggregate?: Yes Yes Yes
Coefficient of Variation, %: 51
Table G.16: UCS test data forstrength developmentstudy, sample L-7d-F-0.3
Date: 2/282013
Age of Specimen: 7 days
Sample Number: L-7d-F-0.3
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.03 4.03 4.03
Cross Sectional Area, iA 12.7 12.7 12.8 12.7
Height of Cylinder, in: 8.00 7.94 7.97 7.97
Volume, in*: 101.8 101.0 101.6 101.5
Weight, g: 3969.6 3933.7 3926.1 3943.1
Density, Ib/ft>: 148.6 148.4 147.1 148.0
Less than 800 kg/r?: Yes Yes Yes
Time: 9:41 AM 9:47 AM 10:01 AM
Pace Rate, Ii's 450 450 450
Sample Stress, 3018 3825 3175
Maximum Load, Ibs-force: 37920 48040 39900 41953
Compressive Strength, psi: 2980 3780 3130 | 3300 | 423 ]
Fracture Type: 1] 1] I
Large Air Voids?: Yes No Yes
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
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Coefficient of Variation, %: |

12.8

UCS test data fo strength developmentstudy, sample L-7d-C-0.3

Table G.17:
Date: 2/282013
Age of Specimen: 7 days
Sample Number: L-7d-C-0.3
Parameter Specimen1l Specimen?2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.04 4.03 4.02 4.03
Cross Sectional Area, iR 12.8 12.8 12.7 12.7
Height of Cylinder, in: 8.00 7.97 7.97 7.98
Volume, in®: 102.3 101.6 101.1 101.7
Weight, g: 3955.5 3954.3 3945.7 3951.8
Density, Ib/ft>: 147.3 148.2 148.6 148.0
Less than 800 kg/ri?: Yes Yes Yes
Time: 10:08 AM 10:12 AM 10:18 AM
Pace Rate, lb's 450 450 450
Sample Stress, 3876 4112 4453
Maximum Load, Ibs-force: 48700 51670 55960 52110
Compressive Strength, psi: 3810 4090 4410 4090 302
Fracture Type: I 1l i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 7.4
14 Day
Table G.18: UCS test data forstrength developmentstudy, sample L-14d
Date: 3/7/2013
Age of Specimen: 14 days
Sample Number: L-14d
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.04 4.04 4.04
Cross Sectional Area, iR 12.8 12.8 12.8 12.8
Height of Cylinder, in: 8.00 8.03 7.97 8.00
Volume, in*: 102.0 103.0 101.9 102.3
Weight, g: 3912.7 3935.1 3919.5 3922.4
Density, Ib/ft*: 146.1 145.6 146.5 146.1
Less than 800 kg/r?: Yes Yes Yes
Time: 9:07 AM 9:12 AM 9:19 AM
Pace Rate, Ii's 450 450 450
Sample Stress, 4765 3400 4250
Maximum Load, Ibs-force: 59880 42730 53400 52003
Compressive Strength, psi: 4690 333 4180 | 4070 | 687
Fracture Type: I 1l i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
16.9

Coefficient of Variation, %:
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Table G.19: UCS test data forstrength developmentstudy, sample L-14d-F-0.3
Date: 3/7/12013
Age of Specimen: 14 days
Sample Number: L-14d-F-0.3d
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.02 4.03 4.01 4.02
Cross Sectional Area, if 12.7 12.7 12.6 12.7
Height of Cylinder, in: 7.94 7.97 7.97 7.96
Volume, in* 100.5 101.4 100.6 100.8
Weight, g: 3933.2 3957.4 3940.9 3943.8
Density, Ib/ft>: 149.1 148.7 149.2 149.0
Less than 800 kg/r?: Yes Yes Yes
Time: 9:44 AM 9:49 AM 9:53 AM
Pace Rate, li's 450 450 450
Sample Stress, 3579 4238 3777
Maximum Load, Ibs-force: 44980 53260 47460 48567
Compressive Strength, psi: 35590 4190 3760 | 383 323
Fracture Type: I 1l Il
Large Air Voids?: No No No
Evidence ofSegregations?: No No No
Fractures Pass Through Aggregate? Yes Yes Yes

Coefficient of Variation, %:

8.4

Table G.20: UCS test data forstrength developmentstudy, sample -14d-C-0.3
Date: 3/7/2013
Age of Specimen: 14 days
Sample Number: L-14d-C-0.3d
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.03 4.03 4.03
Cross Sectional Area, iA 12.8 12.7 12.7 12.7
Height of Cylinder, in: 8.00 8.00 7.97 7.99
Volume, in*: 102.0 101.8 101.4 101.7
Weight, g: 3961.6 3940.5 3970.0 3957.4
Density, Ib/ft*: 147.9 147.5 149.2 148.2
Less than 800 kg/r?: Yes Yes Yes
Time: 10:00 AM 10:06 AM 10:12 AM
Pace Rate, lb's 450 450 450
Sample Stress, 4174 5170 3870
Maximum Load, |bs-force: 52450 64960 48630 55347
Compressive Strength, psi: 4110 5110 3820 | 4350 673
Fracture Type: I 1l i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass ThroughAggregate?: Yes Yes Yes
Coefficient of Variation, %: 155
28 Day
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Table G.21:

UCS test data forstrength developmentstudy, sample -28d

Date: 3/21/2013
Age of Specimen: 28 days
Sample Number: L-28d
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.04 4.03 4.01 4.02
Cross Sectional Area, if 12.8 12.7 12.6 12.7
Height of Cylinder, in: 8.00 7.97 7.97 7.98
Volume, in®: 102.3 101.4 100.6 101.4
Weight, g: 3942.9 39135 3909.4 3921.9
Density, Ib/ft*: 146.8 147.0 148.0 147.3
Less than 800 kg/r?: Yes Yes Yes
Time: 9:22 AM 9:32 AM 9:40 AM
Pace Rate, lb's 450 450 450
Sample Stress, 4215 3830 4185
Maximum Load, Ibs-force: 51310 46620 50940 49623
Compressive Strength, psi: 4010 3660 4030 | 3900 | 208
Fracture Type: I 1l Il
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 5.3
Table G22 UCS test data forstrength developmentstudy, sample L-28d-F-0.3
Date: 3/21/2013
Age of Specimen: 28 days
Sample Number: L-28dF-0.3
Parameter Specimen1 Specimen2 Specimen3  Average
Averaged Diameter of Cylinder, in: 4.03 4.05 4.07 4.05
Cross Sectional Area, iA 12.72 12.85 13.01 12.86
Height of Cylinder, in: 7.97 8.00 8.00 7.99
Volume, in*: 101.4 102.8 104.1 102.8
Weight, g: 3901.1 3931.2 3923.8 3918.7
Density, Ib/ft*: 146.6 145.7 143.6 145.3
Less than 800 kg/r?: Yes Yes Yes
Time: 9:57 AM 9:55 AM 10:03 AM
Pace Rate, lb's 450 450 450
Sample Stress, 5262 4655 4315
Maximum Load, Ibs-force: 64060 56670 52530 57753
Compressive Strength, psi: 5030 4410 4040 | 440 | 504
Fracture Type: I 1l i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 11.2

Table G.23:

UCS test data forstrength developmentstudy, sample -28d-C-0.3

Date:
Age of Specimen:
Sample Number:

3/21/2013
28 days
L-28d-C-0.3
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Parameter

Specimen1 Specimen 2 Specimen 3  Average
Averaged Diameter of Cylinder, in: 4.06 4.03 4.03 4.04
Cross Sectional Area, if 12.9 12.8 12.7 12.8
Height of Cylinder, in: 7.97 8.00 7.94 7.97
Volume, in®: 103.2 102.0 101.0 102.1
Weight, g: 3951.5 3944.2 3925.5 3940.4
Density, Ib/ft>: 145.9 147.2 148.1 147.1
Less than 800 kg/r?: Yes Yes Yes
Time: 10:11 AM 10:18 AM 10:22 AM
Pace Rate, Ip's 450 450 450
Sample Stress, 4799 2928 3959
Maximum Load, |bs-force: 58420 35640 48200 47420
Compressive Strength, psi: 4510 2790 3790 3700 | 863
Fracture Type: I 1l i
Large Air Voids?: No No No
Evidence of Segregations? No No No
Fractures Pass Through Aggregate? Yes Yes Yes
Coefficient of Variation, %: 23.3

138



H. Batch Leach Extraction Results

T:FA VariationExperiment

Table H.1: SPLP analysis forT:FA variation study, spreadsheet 1

L8 2 F ¢ o2 g8 2 e g % o
5| I A S Y L U 0 Q o QO 8
sl & ¢ 9 9 @ © 2 2 8 @ g§ 5
sl &2 F F o2 B OE B OE F & %
> \» = — - C = = > > — \w
Ag BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0050 BDL BDL
Al 1.02 1.10 1.03 1.19 1.24 1.64 1.37 1.11 1.40 1.21 1.12 1.23
As | 0.0109 0.0138 0.0110 0.0082 0.0105 0.0071 0.0103 0.0088 0.0134 0.0120 0.0137 0.0120
B 0.523 0.119 0.0763 0.126 0.0889 0.654 0.412 0.466 0486 0.815 0.714 0.818
Ba | 0.653 0.333 0.350 0.376 0.405 0.603 0.432 0510 0533 0.658 0582 0.570
Be BDL BDL 0.0001 BDL BDL BDL BDL BDL BDL 0.0001 BDL BDL
Ca 253 209 231 218 249 270 199 240 242 292 251 220
Cd | 0.0004 0.0004 0.0006 0.0004 0.0005 0.0005 0.0004 0.0004 0.0005 0.0016 0.0009 0.0006
Co | 0.0014 0.0007 0.0010 0.0007 0.0008 0.0006 0.0008 0.0011 0.0007 0.0014 0.0008 0.0006
Cr | 0.0105 0.0062 0.0055 0.0048 0.0061 0.0201 0.0153 0.0158 0.0175 0.0124 0.0111 0.0106
Cu | 0.0050 0.0046 0.0070 0.0074 0.0092 0.0081 0.0042 0.0037 0.0060 0.0096 0.0055 0.0041
Fe 0.134 0.0561 0.0376 0.0622 0.0526 0.124 0.0965 0.101 0.113 0.132 0.118 0.129
K 26.3 23.0 26.7 30.8 32.9 325 224 25.0 30.9 42.1 30.5 26.0
Li 0.0200 0.0169 0.0227 0.0188 0.0235 0.0262 0.0192 0.0236 0.0238 0.0347 0.0280 0.0227
Mg | 0.0205 0.0257 0.0132 0.0246 0.0241 0.0232 0.0211 0.0184 0.0209 0.0275 0.0248 0.0267
Mn | 0.0005 0.0005 0.0819 0.0012 0.0008 0.0005 0.0004 0.0003 0.0003 0.0015 0.0007 0.0005
Mo | 0.0068 0.0079 0.0082 0.0077 0.0072 0.0035 0.0027 0.0023 0.0030 0.0089 0.0072 0.0069
Na 7.72 3.99 4.57 4.83 9.95 5.70 3.81 4.59 7.55 6.48 5.15 4.57
Ni | 0.0025 0.0017 0.0025 0.0020 0.0011 0.0008 0.0021 0.0023 0.0012 0.0030 0.0021 0.0019
P 0.0176 0.0212 0.0240 0.0093 0.0101 0.0081 0.0132 0.0150 0.0137 0.0236 0.0189 0.0114
Pb BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0018 BDL BDL
S 8.24 7.74 8.53 8.43 8.84 9.34 7.27 7.49 8.04 8.99 7.90 7.42
Sh BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Se | BDL BDL BDL BDL BDL BDL BDL BDL 0.0074 BDL BDL BDL
Si 1.76 2.24 2.12 2.32 2.43 2.81 3.10 1.77 2.41 2.36 2.10 2.46
Sn BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Sr 0.949 0.794 0.888 0.852 0992 0.888 0.647 0.830 0801 1.14 0935 0.771
Ti 0.0985 0.0380 0.0118 0.0396 0.0215 0.0867 0.0830 0.0853 0.0835 0.104 0.105 0.121
TI BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
V | 0.0023 0.0014 0.0014 0.0014 0.0022 0.0032 0.0026 0.0021 0.0025 0.0029 0.0026 0.0024
Zn | 0.0257 0.0317 0.0301 0.0319 0.0369 0.0360 0.0260 0.0254 0.0368 0.0353 0.0250 0.0231
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Table H.2: SPLP analysis forT:FA variation study, spreadsheet 2

aweN aeuy
(1/Bw) §5°0-0-7S
(1/6w) 0T5'0-0-vS
(1/bw) z'v-9-S
(1/Bw) g-a-65
(1/6w) 5-9-95

(1/6w) 0T€'0-0-9S
(1/6w) 2'¥50-0-vS

Ag BDL BDL BDL BDL 0.0062 BDL BDL
Al 1.09 0.926 0.860 0.001 0.050 0.197 0.196
As 0.0105 0.0087 0.0121 0.0040 BDL BDL BDL
B 0.304 0.0919 0.0350 0.0081 0.0804 0.563 0.555
Ba 0.379 0.364 0.365 0.0386 0.0750 0.273 0.272
Be BDL BDL BDL BDL BDL BDL BDL
Ca 207 222 239 0.0300 0.870 1.60 2.74
Cd 0.0005 0.0006 0.0005 0.0109 0.0006 0.0004 0.0002

Co 0.0003 0.0010 0.0013 0.0109 0.0003 0.0008 0.0003
Cr 0.0109 0.0044 0.0044 0.0291 0.0004 0.0010 0.0009

Cu 0.0044 0.0077 0.0088 8.77 0.0060 0.0028 0.0019
Fe 0.0625 0.0590 0.0374 0.0024 0.0397 0.101 0.0984
K 84.6 254 30.6 0.0069 4.87 1.73 5.42
Li 0.0212 0.0257 0.0300 0.0022 BDL 0.0011 0.0015
Mg 0.0166 0.0287 0.0087 -0.0090 0.0410 0.0218 0.0342
Mn 0.0006 0.0010 0.0284 1.90 0.0029 0.0020 0.0069
Mo 0.0074 0.0080 0.0083 0.0497 0.0010 0.0019 0.0009
Na 8.75 4.26 5.10 1.01 0.352 0.813 0.934
Ni 0.0016 0.0025 0.0021 -0.0108 0.0026 0.0016 0.0010
P 0.0109 0.0083 0.0214 0.0000 0.0143 BDL BDL
Pb BDL 0.0067 0.0071 0.0012 0.0027 BDL BDL
S 7.53 8.18 8.76 0.0329 0.697 0.169 0.219
Sb BDL BDL BDL BDL BDL BDL BDL
Se BDL BDL BDL BDL BDL BDL BDL
Si 2.27 2.67 1.81 0.0077  0.168 0.399 0.558
Sn BDL BDL BDL BDL BDL BDL BDL
Sr 0.728 0.959 1.08 -0.0196 0.0026 0.0069 0.0086
Ti 0.0488 0.0331 0.0050 0.0804 0.0311 0.0958 0.0931
Tl BDL BDL BDL BDL BDL BDL BDL
\% 0.0020 0.0014 0.0010 98.5 BDL 0.0015 0.0009
Zn 0.0402 0.0383 0.0282 108 0.114 0.0533 0.0635

@)
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Strength Developmeriixperiment

3Day

Table H.3: SPLP analysis forstrength developmentstudy, 3 day setting time

- " - - -
> L - " ‘52 & é 8 8 é 8 &
5| & & & I ¢ % 1 9 & O 2
< & & N - S S o o o & -
- S .- . - SN &
s 3 & 3 - o S 2 S 5

c & & £ & & £ F
Ag 0.007 BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.001
Al 1.53 1.37 1.17 1.18 1.13 1.27 1.26 1.42 1.08 1.04 0.152
As | 0.0103 0.0102 0.0136 0.0162 0.0189 0.0116 0.0175 0.0126 0.0131 0.0150 BDL
B 0.501 0.454 0.507 BDL BDL 0.313 0.478 0.547 BDL BDL 0.307
Ba | 0.396 0.438 0.545 0.265 0.302 0.512 0.442 0.486 0.232 0.214 0.174
Be BDL BDL BDL 0.0022 0.0008 BDL BDL BDL BDL BDL BDL
Ca 201 236 289 227 251 245 199 204 222 196 1.83
Cd | 0.0005 0.0007 0.0007 0.0015 0.0011 0.0011 0.0008 0.0009 0.0007 0.0007 0.0001
Co | 0.0002 0.0004 0.0008 0.0008 0.0007 BDL 0.0006 0.0006 0.0009 0.0006 0.0003
Cr | 0.0147 0.0155 0.0178 0.0138 0.0142 0.0144 0.0127 0.0107 0.0091 0.0088 0.0005
Cu | 0.0060 0.0051 0.0071 0.0096 0.0083 0.0084 0.0063 0.0282 0.0094 0.0077 0.0111
Fe | 0.0975 0.0941 0.105 0.0262 0.0077 0.0667 0.0957 0.111 0.0257 0.0316 0.0604
K 30.8 25.7 35.3 27.8 34.2 30.4 27.5 32.3 33.8 34.1 1.67
Li 0.025 0.028 0.037 0.031 0.032 0.029 0.022 0.082 0.038 0.032 BDL
Mg | 0.081 0.044 0.037 0.020 0.016 0.025 0.027 0.028 0.023 0.015 0.034
Mn | 0.001 0.000 0.000 0.003 0.001 0.000 0.000 0.000 0.004 0.010 0.008
Mo | BDL BDL BDL 0.0080 0.0074 0.0066 0.0061 0.0064 0.0063 0.0060 BDL
Na 4.30 441 10.5 4.07 4.89 5.06 9.05 5.02 4.97 9.31 0.625
Ni | 0.0016 0.0013 0.0016 0.0019 0.0020 0.0015 0.0018 0.0013 0.0018 0.001 BDL
P 0.0226 BDL BDL BDL BDL BDL BDL BDL 0.137 0.0313 BDL
Pb BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0021
S 7.10 7.05 8.11 7.86 8.08 8.06 7.25 8.26 8.00 7.78 0.769
Sb BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Se BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Si 3.67 2.60 1.95 2.71 2.18 2.42 3.06 3.51 2.79 3.18 0.505
Sn BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Sr| 0692 0839 106 0918 1.04 0971 0.765 0825 0.914 0.814 0.0067
Ti 0.079 0.077 0.083 BDL BDL 0.050 0.081 0.087 BDL 0.021 0.0548
Tl BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0029
VvV | 0.0038 0.0030 0.0025 0.0025 0.0019 0.0026 0.0030 0.0031 0.0017 0.0025 0.0012
Zn | 0.0310 0.0262 0.0322 0.0311 0.0292 0.0342 0.0287 0.0384 0.0331 0.0314 0.0660
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Table H.4: SPLP analysis forstrength developmentstudy, 7day setting time
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Ag | 0.0440 00135 BDL BDL BDL BDL BDL BDL BDL BDL 0.0017
Al | 118 126 119 119 148 160 149 143 164 145 0.135
As | 0.0198 0.0177 0.0163 0.0131 0.0150 0.0133 0.0157 0.0136 0.0090 0.0140 0.0047
B | 0.0611 0.0444 0.0416 0.0454 0.0815 0.441 0.575 0.644 0.409 0520 0.703
Ba | 0249 0207 0222 0.312 0.199 0429 0459 0.440 0.299 0.410 0.204
Be | BDL 0.0001 0.0003 0.0006 0.0012 BDL BDL BDL BDL BDL 0.0019
Ca| 266 230 250 259 189 200 203 200 161 175  0.322
Cd | 0.0006 0.0008 0.0008 0.0008 0.0013 0.0004 0.0004 0.0004 0.0005 0.0005 0.0003
Co | 0.0007 0.0007 0.0005 0.0005 0.0010 0.0005 0.0005 0.0005 BDL  0.0003 0.0007
Cr | 0.0166 0.0143 0.0147 0.0124 0.0119 0.0118 0.0120 0.0091 0.0081 0.0089 0.0009
Cu | 0.0044 0.0034 0.0041 0.0060 0.0070 0.0050 0.0043 0.0054 0.0050 0.0049 0.0036
Fe | 0.0161 0.0191 0.0108 0.0271 0.0671 0.0876 0.0941 0.106 0.0695 0.100 0.0765
K | 306.7 336 377 344 263 264 340 334 235 345 213
Li | 0.0319 0.0243 0.0311 0.0277 0.0226 0.0202 0.0210 0.0282 0.0209 0.0265 0.0071
Mg | 0.0123 0.0129 0.0113 0.0119 0.0457 0.0235 0.0237 0.0260 0.0236 0.0260 0.0275
Mn | 0.0033 0.0092 0.0052 0.0080 0.0019 0.0003 0.0003 0.0003 0.0001 0.0003 0.0022
Mo | BDL BDL BDL 0.0059 0.0058 0.0042 0.0049 0.0050 0.0039 0.0048 0.0017
Na| 477 461 915 485 402 463 930 540 400 9.09 1.28
Ni | 0.0016 0.0013 0.0022 0.0020 0.0019 0.0014 0.0013 0.0017 0.0015 0.0017 0.0018
P | 0.0104 0.0095 BDL 0.0112 0.0107 0.0125 BDL  BDL 0.0088 BDL  BDL
Pb| BODL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0022
S| 83 684 721 872 750 765 710 802 779 774 117
Sb| BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Se| BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Si| 230 254 234 246 371 345 351 350 463 401 0455
Sn| BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Sr| 1.00 0.871 0985 1.08 0.742 0.800 0.829 0.881 0.651 0.749 0.0072
Ti | 0.0111 0.0063 0.0046 0.0075 0.0621 0.0687 0.0828 0.0993 0.0597 0.0865 0.0743
Tl | BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0044
V | 0.0014 0.0022 0.0020 0.0018 0.0025 0.0032 0.0030 0.0032 0.0039 0.0038 0.0012
Zn | 0.0322 0.0227 0.0241 0.0240 0.0507 0.0271 0.0307 0.0287 0.0258 0.0303 0.0467

142
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Table H.5: SPLP analysis forstrength developmentstudy, 14day setting time
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Ag BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0011
Al 1.32 1.35 1.33 1.35 1.44 1.25 1.04 1.34 1.37 1.14 0.0412
As | 0.0146 0.0128 0.0136 0.0109 0.0089 0.0151 0.0185 0.0112 0.0073 0.0139 BDL
B 0.561 0.511 0.273 0.446 0.357 BDL BDL 0.0159 BDL BDL 0.0102
Ba 0.549 0503 0.391 0.525 0.396 0.274 0.309 0.189 0.150 0.194 0.027
Be BDL BDL BDL BDL BDL 0.0001 0.0001 BDL BDL BDL BDL
Ca 258 242 215 197 179 199 222 168 159 175 0.271
Cd | 0.0004 0.0004 0.0006 0.0003 0.0004 0.0004 0.0010 0.0004 0.0003 0.0003 BDL
Co BDL 0.0003 0.0002 BDL BDL BDL 0.0003 BDL BDL BDL 0.0003
Cr 0.0162 0.0156 0.0151 0.0123 0.0128 0.0109 0.0123 0.0078 0.0074 0.0082 BDL
Cu | 0.0043 0.0031 0.0044 0.0039 0.0054 0.0037 0.0041 0.0069 0.0040 0.0045 0.0020
Fe 0.106 0.102 0.0625 0.0866 0.0804 0.0073 0.0067 0.0246 0.0087 0.0036 0.0109
K 35.8 30.7 30.8 29.8 24.5 28.0 35.3 27.5 23.2 33.1 1.24
Li 0.0283 0.0267 0.0228 0.0183 0.0160 0.0192 0.0234 0.0216 0.0202 0.0258 BDL
Mg | 0.0221 0.0215 0.0172 0.0208 0.0186 0.0087 0.0095 0.0144 0.0116 0.0105 0.0063
Mn | 0.0005 0.0002 0.0002 0.0006 0.0002 0.0028 0.0627 0.0012 0.0149 0.0002 0.0068
Mo BDL BDL BDL 0.0053 0.0057 0.0038 0.0044 0.0044 0.0041 0.0042 BDL
Na 5.87 5.53 8.09 5.23 4.14 4.36 8.38 4.05 3.46 7.90 0.0077
Ni 0.0012 0.0009 0.0013 0.0015 0.0016 0.0011 0.0011 0.0014 0.0010 0.0016 0.0007
P 0.0068 0.0089 BDL BDL BDL 0.0109 0.0099 0.0159 BDL 0.0112 BDL
Pb BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0017
S 7.57 6.91 6.74 7.03 7.20 6.94 7.03 7.13 6.67 7.41 1.10
Sb BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Se BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Si 2.34 2.39 3.04 2.87 3.24 2.59 2.35 3.37 3.68 3.34 0.336
Sn BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Sr 1.37 1.31 1.12 1.10 0.951 1.13 1.31 0.934 0.855 1.03 0.0011
Ti 0.101 0.0952 0.0515 0.0805 0.0743 BDL BDL 0.0153 BDL BDL 0.0043
Tl BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0044
Vv 0.0019 0.0021 0.0022 0.0020 0.0027 0.0011 0.0009 0.0018 0.0019 0.0016 BDL
Zn 0.0373 0.0248 0.0299 0.0279 0.0250 0.0221 0.0276 0.0480 0.0238 0.0285 0.0428
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Table H.6: SPLP analysis forstrength developmentstudy, 28day setting time
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Ag | BDL 00004 BDL BDL BDL BDL BDL BDL BDL BDL 0.0012
Al | 131 112 114 104 100 116 111 129 122 108 0112
As | 0.0208 0.0153 0.0166 0.0163 0.0153 0.0154 0.0113 0.0183 0.0152 0.0191 BDL
B | 0276 BDL BDL BDL BDL 0.0475 0.0335 0.0813 0.0265 0.0252 0.0574
Ba | 0.408 0200 0210 0.296 0.384 0.357 0.325 0.153 0.166 0.207 0.0289
Be | BDL 0.0001 0.0001 0.0001 0.0001 0.0000 0.0001 0.0001 BDL 0.0000 BDL
Ca| 293 261 274 284 327 304 302 198 206 236 0.622
Cd | 0.0003 0.0004 0.0004 0.0003 0.0003 0.0008 0.0006 0.0005 0.0000 0.0004 0.0002
Co | 0.0001 0.0001 0.0003 0.0000 0.0003 0.0004 0.0002 BDL 0.0000 0.0003 BDL
Cr | 0.0160 0.0143 0.0158 0.0134 0.0145 0.0159 0.0154 0.0084 0.0075 0.0094 0.0000
Cu | 0.0031 0.0028 0.0029 0.0046 0.0051 0.0084 0.0087 0.0053 0.0051 0.0054 0.0061
Fe | 0.0966 0.0074 0.0098 0.0121 0.0151 0.0191 0.0125 0.0138 0.0109 0.0141 0.0118
K | 354 290 461 341 428 522 361 287 289 516 153
Li | 0.0314 0.0308 0.0315 0.0286 0.0342 0.0295 0.0286 0.0283 0.0292 0.0358 0.0033
Mg | 0.0257 0.0132 0.0126 0.0104 0.0116 0.0115 0.0124 0.0157 0.0133 0.0152 0.0160
Mn | 0.0003 0.0003 0.0022 0.0006 0.0004 0.0016 0.0096 0.0045 0.0004 0.0019 0.0036
Mo | BDL BDL BDL 0.0040 0.0049 0.0070 0.0059 0.0056 0.0043 0.0049 0.0002
Na| 561 491 824 518 642 915 550 397 446 888 0.359
Ni | 0.0011 0.0010 0.0012 0.0013 0.0013 0.0007 0.0011 0.0014 0.0012 0.0011 BDL
P | 0.0194 0.0583 0.0234 0.0148 0.0063 0.0160 0.0138 0.0169 0.0234 0.0150 BDL
Pb| BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0016
s | 702 656 675 739 827 836 868 726 733 726 0.706
Sb| BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Se| BDL BDL BDL BDL BDL 0.0045 0.0021 BDL BDL BDL 0.0037
Si| 216 228 241 198 230 223 317 373 876 283 0236
sn| BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Sr| 137 120 127 147 174 155 152 095 1.02 123 0.0018
Ti | 0103 0.0004 BDL 0.0012 0.0083 0.0090 BDL BDL BDL 0.0017 0.0117
T | BOL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
V | 0.0020 0.0015 0.0014 0.0010 0.0006 0.0016 0.0011 0.0016 0.0013 0.0015 0.0002
Zn | 0.0348 0.0294 0.0321 0.0262 0.0302 0.0400 0.0291 0.0279 0.0214 0.0350 0.0364
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