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ABSTRACT 

 

The mining and 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. The re-use of 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 

requirements are much lower compared to the ASTM standards for structural concrete. 

The objectives of this study were: (a) to examine the feasibility of maintaining the 

structural integrity of concrete, with compressive strength of 4,000 psi or greater with a 

slump of 3-4 inches, when using mine tailings as a fine aggregate, (b) investigate the 

ability of this material to encapsulate heavy metals, sulfates, and acid. 

The waste material, collected from the Pride of the West mill in Silverton, CO, was 

first physically and chemically characterized. After performing batch leach extraction 

tests, the raw mine tailing leachate contained heavy metal concentrations above 

conservative regulatory limits. Then, the optimal tailing to fine aggregate ratio was 

investigated. It was found that the compressive strength was comparable to control 

samples made with aggregate and the concentration of heavy metals found in the leachate 

were consistently low when the ratio varied below 50%. Therefore, the ASTM standard 

for the minimum allowable fineness modulus was used to obtain in maximum amount of 

mine tailings allotted in the concrete mixture.  

To examine whether metals could be leached from the concrete-tails mix, three 

extraction fluids varying in pH were used to accelerate the weathering process. The 

metals of concern were shown to have been thoroughly encapsulated in the concrete 

matrix, with a 2-4 log encapsulation capacity when compared to the metals leached from 

the raw tailings. Finally, a strength development experiment was conducted to observed 

changes over time. It 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 CO2 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 cycle assessment report, (Nisbet, Marceau and VanGeem 2000), 8% of energy 

consumption, 39% of particulate emissions, and 7 lbs. of CO2 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. Slag, fly-ash, and cement kiln dust are 

alternative cementitious material that not only minimize the environmental impacts but 

also serve as additives that enhance the quality of concrete. For example, the re-use of 

slag has structural benefits, increasing the long-term compressive strength, (Bouzoubaa 

and Foo 2004).  

One source of a waste material, derived 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 potential source of environmental contamination.  

1.1 Problem Statement 

Mine tailings represent a potential impact to the environment. Tailings storage 

facilities also have a very large footprint, utilizing huge areas of the earthôs surface. 

When mine tailings that contain sulfide minerals, particularly pyrite, come in contact with 

water, air, and microbes, mining impacted water (MIW) is formed. There are 20,000 ï 

50,000 abandoned mines which have an estimated volume of 3 million cubic meters of 

mine tailings per mine that affect approximately 23,000 kilometers of water ways in the 

United States (Matlock, Howerton and Atwood 2002). The sources of MIW are often 

found in the Northeast USA due to coal mining, where 10% of the Northern Appalachian 
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regional streams are affected by MIW (Herlihy, et al. 1990). If these mine tailings could 

be used as a component of concrete for building materials, safely and effectively, this 

could reduce the potential 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 does the 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, finally, if 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 to examine the feasibility of maintaining the 

structural integrity of concrete when using mine tailings as a fine aggregate. Another 

focus is minimizing the leachability of the heavy metals, sulfates and acid from pyritic 

materials once the tailings are encapsulated in structural concrete. If one of these 

objectives are not met then the feasibility of this technology is compromised. The 

disposal of mine tailings is thought to be the largest source of environmental impact from 

mining processes (Vick 1990). Therefore, the successful use of tailings as fine aggregate 

in structural concrete could have multiple environmental benefits: reducing the quantity 

of mine tailings, disposal in the environment and decreasing the amount of CO2 

emissions attributed to the extraction of new aggregate. The social implications of mining 

activity could be improved while creating a revenue steam for mining companies, thus 

increasing economic prosperity.  
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

Before developing 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 investigated. Second, background information in relation to the 

environmental impacts such as the formation of MIW is reviewed. Next, a brief 

description of the alternative strategies, including encapsulation, is described. Finally, the 

hydration process, leaching, and regulatory issues are discussed. 

2.1 Mill Processing 

The processes of taking ore bodies and producing concentrated metals will dictate 

the characteristic of the mine tailing waste. For example the reduced particle size depends 

on the operations of ball mills, while the chemical composition depends on the 

mineralogy, percent removal, and chemical additions. The chemical and physical make-

up of mine tailings is fundamental to the production of MIW. The steps from when the 

ore body enters the milling facility to when the mine tailings are disposed of are 

important to understand because of the changes in the chemical and physical make-up. 

The Pride of the West is outside of Silverton, CO and the primary metals of interest 

are gold, silver, lead, copper, and zinc. The processing facility currently has the capacity 

to refine 700 tons of ore per day. There are hundreds of mines within a 10 mile radius 

that contain an estimated 20 million tons of ore.  

The mill processing starts with filling the coarse ore bin, which is connected to a 

jaw crusher with a conveyer belt. Before 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 the jaw crusher to reduce the size of the ore. The finer 

particles and the effluent from the jaw crusher are sent to another vibratory separator, 

where material that is fine enough is sent to the grinding processes. The cone crusher is 

used to further change the physical characteristics between Ȩò to ½ò in size. If the ore 

passes through certain mesh size, the ore is transferred to the fine ore bin. If the ore does 

not pass the mesh, then the ore is sent back to the second vibratory separator. 
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The fine ore is ground in a rod mill and 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 minerals. This is 

completed by sending fluid, typically water, through a bed of ground ore at alternating 

velocities. This operation acts like a sophisticated gold pan where minerals containing 

gold and silver are concentrated while the rest of the minerals are sent to the flotation 

cells. The gold and silver concentrate is then sent to a clarifier that uses gravity to 

separate the fine and coarse minerals. The fine gold and silver particles are sent to the 

melting furnace, where particles that are too large to undergo the formation of doré, are 

sent to a ball mill. The steel balls in the ball mill are 2ò to 3Ĳò in size. A mineral jig also 

is used after the ball mill. The gold and silver doré is created by heating the concentrate 

with the addition of flux. Flux is a lime, aluminosilicate mixture. When heated with the 

gold and silver concentrate, a relatively less dense slag is created with the doré settling to 

the bottom of the melting furnace. The slag is separated from the doré, where the doré is 

poured in a conical mold. The doré is sent to a refinery, where further processing occurs. 

The rest of the ground minerals from the mineral jig are sent to four flotation cells. 

The minerals are suspended by pumping air into the cell and xanthate salts are used as a 

flotation agent and surfactants are used to create a flocculation of minerals of interest. It 

is hypothesized that 1 mg/L of xanthates could be toxic to aquatic biota, however, the 

rapid degradation rates of these salts reduce the risk for aquatic biota (Xu, 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, where the bottom of the filter is operated under a vacuum and 

the top half is at atmospheric pressure conditions. When the minerals of interest 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 material is the mine tailings that 

are found in the tailing storage facility (TSF). 

2.2 Tailing Storage Facilities 

Disposing of mine tailings has social implications and possibly create economic 

prosperity. For example, mining communities often enjoy the visual aesthetics of small 
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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 often be re-milled after 

new processing technology is available. The potential value of disposed mine tailings 

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 beneficial so that local 

communities, mining companies, government, and other interested stakeholders 

agreeably reduce the environmental impacts while creating economic prosperity. 

The storage of mining tailings has changed over the course of the mining industryôs 

history. Small abandoned mines sites, consisting of waste rock and finer mine tailings, 

are easily discernible in mountainous regions. These slopes and valleys are essentially 

receptacles, with no to very little preventive methods used to limit the transport of MIW 

in surface or groundwater. Modern 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 is generated at milling 

processing facilities.  

2.2.1 Design of Impoundments 

The EPA identifies the following four types of impoundment designs that can 

contain tailings: valley, ring-dike, in-pit, and specially dug pit impoundments, (USEPA, 

Design and evaluation of tailings dams 1994). Often 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 structure is shown in Figure 2.1. An impervious core 

constructed out of clay or even asphalt, is used to reduce seepage. The filter and under 

drains help keep the overlying material as dry as possible. Internal erosion occurs if the 

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 content. A common way 

of increasing the percent solids is to use a thickener. With these structural and technical 

components the risk of the failure mechanisms can be minimized. 
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Figure 2.1: The important components of a tailings dam, (Vick 1990) 

 

The embankments are commonly constructed in three different factions, upstream, 

downstream, and centerline, which is shown in Figure 2.2. 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 material and more land area; however, 

it can generally withstand more seismic stresses that occur during an earthquake. The 

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 important. The 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. Some deposited tailings, such as heavy-laden 

lead-zinc 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 variation in permeability is important so one can determine 

the flow path of potentially toxic water. The use of cyclones helps with separating and 

depositing tailings by size, gaining insight to where these permeability regimes exist.  

The size of tailings range from 0.01 to 0.1 mm in diameter, (Mainali 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 is a mixture of the finer tailings 

and the effluent water from the beneficiation process, the sedimentation rate is roughly 
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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/hr, (Vick 1990). 

 

 

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

 

Designing a sound tailings dam is difficult due to failure mechanisms such as 

liquefaction, slope stability, erosion, and seeping. Most often the failure of a TSF is due 

to natural events, such as a heavy rain storm, erosion, and earthquakes, (Rico, et al. 

2008). For example, a heavy rain event can cause seepage and piping through the 

impoundmentôs embankments. Earthquakes are sources of destruction due to liquefaction 

and wind and water causes erosion over time. Creating water balances and understanding 

the hydraulic parameters of these earthen structures will help shed light onto where water 

is traveling and is seepage issues may arise.  

2.2.2 Pride of the West TSF 

The TSF from which the material used for this project originates from a relatively 

small impoundment. The 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 be seen in Figure 2.3, acts a barrier. The 
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use of a liner is a conventional way of disposing of mine tailings. The liner minimizes the 

exchange of MIW to the subsurface. 

 

 

Figure 2.3: Silverton's Pride of the West TSF 

 

When observing the local lands for acid-generating and acid-buffering minerals, 

this area is abundant in acid generating material. The USGS has found an innovative way 

of scanning the terrain with an Airborne Visible and InfraRed Imaging Spectrometer 

(AVIRIS) to map where acid-generating vs. neutralizing material consist along the 

Animas River, (Dalton, et al. 2000). The results show that the Pride of the West TSF is 

comprised of jarosite and nanocrystalline hematite, however, no neutralizing material is 

found close to the TSF. 

2.3 Formation of Mining Impacted Water  

The removal of gold, silver, lead, copper, and zinc leaves the rest of the sulfur 

bearing minerals available for bacteria to oxidize the sulfides, release metal ions, and 

produce high concentrations of hydrogen ions. The principle sulfur bearing mineral that 

is responsible for the formation of MIW is pyrite. To generate MIW, air (oxygen) and 

water are required for the chemical and microbiological reactions for this exothermic 

Active 

Inactive 

Inactive 
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reaction to occur. Therefore, there are both chemical and biological processes that 

contribute to the overall reaction.  

2.3.1 Pyrite to MIW and Ferrous Iron Production  

The formation of free metals in water is a multi-step process. When considering 

pyrite, an overall reaction representing the formation of free metals can be written as the 

following chemical equation, (Herlihy, et al. 1990): 

 

τὊὩὛ ί ρυὕ ρτὌὕ
   
ᴼτὊὩὕὌ ί ψὌὛὕ (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 formation of iron(III) 

hydroxides. The two pathways for the production of ferrous iron from pyrite will be 

analyzed. First, the oxidation of pyrite by oxygen, 

 

τὊὩὛ ρτὕ τὌὕ
   
ᴼτὊὩ ψὛὕ ψὌ  (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 reaction value of æH = -5645 KJ/mol, which represents an exothermic reaction, was 

calculated from the standard enthalpies of formation values, (Brezonik and Arnold 2011). 

The second pathway for the production of ferrous iron, the dissociation of ferrous 

iron, consumes ferric iron. MIW is difficult 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 complete form of the dissociation of ferrous iron, (Singer and Stumm 

1970): 

 

ὊὩὛ ρτὊὩ ψὌὕ
   
ᴼρυὊὩ ςὛὕ ρφὌ  (2.3) 
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Since, the oxidation of ferrous iron compliments this reaction because of the 

production of ferric, it is important to analyze the driving forces. 

2.3.2 Rate of Reaction and the Biological Cyclical Reaction 

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

lives must be 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 iron, (Lefebvre, et al. 2001) . This is true because 

the oxidation of pyrite by oxygen is a relatively slow reaction with a half-life of         

1000 days under acidic conditions and a reaction rate k = 10
-7

 atm
-1

 min
-1

 below a pH 

value of 3.5, (Singer and Stumm 1970). While, the dissociation of ferrous iron is much 

quicker due to the half-life of ferric iron, for this reaction, was calculated to be               

50 minutes at a pH of 1.0, (Singer and Stumm 1970). Therefore, 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 accelerated by a factor of a million, (Singer 

and Stumm 1970), when microbes are present. A common microbe studied under low pH 

conditions is thiobacillus ferrooxidan, (Fortin, Davis and Beveridge 1996). The chemical 

equation for ferrous iron oxidation is as follows:  

 

τὊὩ ὕ τὌ
   
ᴼτὊὩ ςὌὕ (2.4) 

 

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 dissociation of iron to form iron(III) hydroxides is what creates MIW and the 

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

 

τὊὩ ρςὌὕ
   
ᴼτὊὩὕὌ ρςὌ  (2.5) 

 

The acidity 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 controlled manner 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 Alternatives for Treating MIW  

When considering ways to treat mine waste and the impact of MIW, the 

alternatives are often comparatively examined in 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 remediation method. However, there are other alternatives such as: 

monitoring, containment technologies, excavation, collection, diversion, solid treatment 

technologies, water management technologies, water treatment technologies, and 

demolition/treatment activities. 

2.4.1 Collection, 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 would be 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 material, such as 

pea gravel, silty sand, or synthetic material. This can limit the flux of water due to the 

capillary barrier effect (Stormont and Anderson 1999), creating a closed system. While 

this method of a barrier system is a 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 option (Doye and Duchesne 2003). 

Reusing is advantageous, 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 CaCO3 equivalent 

material but also dissolve heavy metals. 
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The discussion concerning containment strategies is more in-depth than just using 

clay liners and impermeable caps. The application of shotcrete or construction of 

concrete barriers are often used to immobilize contaminates in portals, drifts, shafts, and 

other mine working exposed to sulfide bearing minerals. But, sometimes the mobilization 

of MIW is controlled by the use of flow-through bulkhead and outlet piping. This 

diversion strategy can help with collecting or moving MIW to a more desirable area. If 

the mobilization of contaminants is traveling towards an undesirable area, the direct 

removal of the source is an option. To help enhance the use of the waste, soil can be 

mixed with the waste to dilute the containments. Also, neutralizing material can be added 

to help immobilize the waste. 

Preventive and on-site monitoring strategies can be implemented in conjunction 

with other treatment technologies. Having knowledge of the environment in which a 

contaminant be transported is 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 addressed. Therefore, 

treatment technologies are either planned from the start of the mines inception or used 

when MIW is found after the improper disposal of mine waste. 

2.4.2 Solid Waste Treatment Technologies 

This category of treatment technologies incorporates encapsulation by the use of 

cementitious material. One stabilization method in use is paste backfill, where it has been 

estimated that a TSF can be reduced by 60% in size, (Benzaazoua, et al. 2004). This 

technology has been used for refilling the open space for such mining excavation 

strategies such as room and pillar. This non-Newtonian fluid hardens and prevents the 

potential for subsidence, reduces labor, dewatering, and impoundment requirements. The 

hardened direct re-use material usually has compressive strength in the ranges of 1.5 to 

3.5 MPa (217 to 507 psi), (Brackebusch 1995). The fluid must be economically feasible 

to pump long distances, often up to 0.6 miles from the TSF.  

These technical and economic issues with delivering the cementitous mixture to 

locations under nether the ground can be subdued with technology such as concentrated 

foam. The petroleum industry has used this controllable viscous non-Newtonian 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 transporting remediation ñmedicinesò for targeting MIW, 

(Gusek, Masloff and Fodor 2012). This could be a viable option when mixing tailings and 

ordinary Portland cement (OPC) with foam because of the reduced cost for pumping the 

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 pozzolanic based materials. Chelating additives are also in 

use, such as EDTA, (Jackman and Powell 1991). With the intent of enhancing the 

physical mechanism of encapsulation, the chelates ligands could limit the reactions of 

heavy metals during hydration 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 heavy metals, 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 concrete is the potential for 

reduced quality of the concrete, particularly the strength and durability. It is known that 

the addition of sulfide bearing minerals can reduce the compressive strength of concrete 

due to the formation of sulfuric acid and degrading the cement paste, (Neville 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 of local communities, 

mining companies, consulting 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, mine tailings should mimic physical and chemical properties of sand. One 

project that has used mine tailings directly in concrete mixes was conducted by Freeport 

McMoRan in Indonesia, where have built bridges and buildings. However, 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 substrates (Komnitsas and 
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Zaharaki 2007). However, the substitution 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 geopolymers. Geopolymers are derived from 

polymerization technology that is utilized for organic polymers, (J. Davidovits 1976). 

These inorganic polymers are created from mixing caustic, such as sodium hydroxide and 

potassium hydroxide, water, and natural source of alumino-silicates while being fired at 

low temperatures. The rate of polymerization is increased when thermally triggered. 

Temperatures upward of 100 °C can be applied to create the geopolymer. 

The synthetic structure is a mixture of amorphous, semi-crystalline, and crystalline 

alumino-silicates. 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 solutions of alkali activators, then the final 

product will be more of a crystalline zeolite mineral and less amorphous. Volcanic 

zeolites created under low temperature and pressures from sedimentary rocks are created 

in closed systems, while laboratory conditions maintain 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, Na2CO3, Na2SO4, KOH, 

K2CO3, K2SO4, and Na2SiO3. The different types of structures that can be formed from 

these two cations are shown in Figure 2.4, (Khale and Chaudhary 2007).  

 

 

Figure 2.4: Conceptual models of geopolymer structures  
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This technology 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, fly-ash, and metakaolin can be used as precursors for 

geopolymers. From an environmental stand point, Figure 2.5 shows the amount of SCMôs 

that are needed to off-set the current CO2 emissions associated with OPC (Mehta 2007). 

This has a direct effect for the mining, construction and the waste disposal industries. If 

business as usual occurs, then the CO2 emissions will not decrease in the fashion shown 

below, but will create a burden on the cement industry. 

 

 

Figure 2.5: Shows the amount of concrete made in 1990 and 2005. Predictions are 

made for future years and the amount of CO2 emissions are estimated by red dots 

 

This is the first major benefit for using geopolymers instead of OPC. To produce     

1 ton of cement, the cement industry contributes roughly 1 ton of CO2 to the 

environment, (J. Davidovits 1994). Since geopolymers are fired at low temperatures and 

come from used waste, there is a reduction in CO2 emissions, up to 80%.  

The second advantage when using geopolymers instead of OPC is the cost 

reduction. For example geopolymer concrete from fly-ash is 10-30% cheaper than 

concrete made from OPC. However, there are disadvantages such as the non-uniformity 

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 research team used tungsten tailings from a mine in 

Portugal as a precursor for the binder, while OPC was used as a control, (Torgal, Gomes 

and Jalali 2007). The agitated specimens in sulfuric, nitric, and chloric acid showed 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 state. Figure 2.6 shows the current encapsulation 

capabilities of geopolymers (Khale and Chaudhary 2007). 

 

 

Figure 2.6: The amount of heavy metals that can be encapsulated 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 would be in an 

emergency/military landing scenario for an airplane. Concrete can be set in just 6-hours 

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, resin, paint, and 

high-tech fiber reinforcement. 

2.4.3 Water Management Technologies 

One approach when considering treatment options is directly remediating the MIW. 

Conventional water treatment can be used to physically remove contaminants, such as 

sedimentation/clarification, solvent extraction, and sand bed filtration. Where 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 

appealing passive technologies. Evaporation is a potential strategy, but it requires large 

surface area and adequate climate conditions. These physical type technologies are all 

considered unit operations. Where chemical technologies are considered unit processes.  

Chemical water treatment technologies involve precipitation, oxidation, and ion 

exchange. They 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 materials. The reaction chemistry is applicable to the hydration 

process during the curing of concrete due to the components found in cement. Lime 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 chemical response can be explained by the chart in 

Figure 2.7, where the speciation of iron hydroxides can be mapped on pe vs. pH diagram 

(Doye and Duchesne 2003). The 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 axis. It is important to note as the pH increases the more Fe(OH)3 (s) 

that precipitates out of solution. Also, the pH at which optimal precipitation of free 

metals occurs is higher than the acidic conditions of MIW. This 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 alkali material, 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. 

 

Figure 2.7: pe vs pH diagram for iron(III) 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, like in the containment or 

subsurface flow examples, is a treatment solution with a combination of remediation 

benefits. The neutralization of mine tailings is considered temporary when a system is 

open, however, in the case of using a liner and cap, this creates a closed system, which 

can be thought of as a more permanent solution. This is because additional applications 

are sometimes not necessary.  

Oxidation may also me necessary if the iron is found in the dissolved form, Fe
2+.

 

The soluble iron must be oxidized so that it loses an electron and forms Fe
3+

. As seen in 

Figure 2.7 this requires raising the electro potential, which is commonly done by aerating 
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O2 through the contaminated water. This treatment technology commonly is used in 

conjunction to remove manganese. However, this conventional treatment 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 of the soluble iron or manganese. 

The final chemical treatment technology is the use of ion exchange. This 

technology commonly used resin beads that are covered in sodium ions. The iron, in this 

example, exchange places with sodium. The beads are either recharged or discarded. 

2.4.4 Biological 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 use of wetlands, with the purpose to increase the hydraulic detention time, is one 

technology has holds value for the ability to treatment MIW passively. Wetlands have 

often shown considerable promise at pilot scale experiments, however, when 

implemented at full scale sizes, they often fail. The second treatment technology is to 

employ biochemical reactors to provide sulfate reducing bacteria. These reactors are 

fi lled with substrates such as woodchips, hay, and straw, the more simple the substrate 

the more bioavailable the nutrients. This is also a passive system that has high promise 

when it comes to cheap and efficient strategies. Again, there are problems that occur, 

debris and precipitates from the formation of iron hydroxides clog the pipes and conduits 

in these systems. Therefore, to solve these issues, more unforeseen labor is often needed 

to keep the reactor operating. These passive technologies still have great promise in the 

future; however, a greater understanding of the microbial communities and interactions 

with substrates is 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 factors that are 

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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2.5 Hydration Process 

The reaction between cement, such as OPC, and water creates a hardened material 

that can be used to bind pieces of aggregate together to make concrete. There is a 

transition zone between the cemented paste and the aggregate. This layer that is between 

10-15 µm in thickness is a 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, the silicates 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 with cementitious material and creates theoretical 

componds: tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), 

and tetracalcium aluminoferrite (C4AF), (Neville 1996). These reactions are exothermic. 

The second is a process called hydrolysis. 

The hydrated calcium silicate structure can encapsulate heavy metals, Figure 2.8. 

During the setting process the cemented paste becomes less porous and less permeable. 

This is one reason why this material can be used as a form of encapsulation of unwanted 

wastes. Another reason why the solidification and stabilization process is intriguing is 

because of the alkaline environment, usually found to be around pH 12 of higher, is an 

environment that microbes 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 studied previously by other researchers. Different 

cementitous material can be used, such as OPC, cement kiln dust, and fly ash, (Nehdi and 

Tariq 2008). It has been found that cement kiln dust and fly ash are more effective at 

reducing the leaching of heavy metals from hardened material, (Park 2000), while also 

increasing the setting time. However, 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 corrosion and eventual failure. The amount of pyrite found in the samples will help 

determine the potential to produce sulfuric acid. Depending on the mill processing 

methods, often times lime or calcium carbonate can be introduced for the purposes of 

limiting the production of MIW. 
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The corrosion of concrete may not occur in the long run if the mine tailings 

potential to generate acid is overcome by the neutralizing capacity from the alkali 

material found in the cementitious material. When considering the addition of 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. 

 

Figure 2.8: The encapsulation of metals in portland cement, (Conner 1990) 

 

2.6 Leachability 

The process at which water travels through a solid matrix and dissolves analytes is 

considered leaching. A common method of visualizing the flow of contaminants in a 

solid matrix is with the use of a conceptual model. The molecular diffusion due to 

random Brownian motion can be used to create an analytical model. A bulk diffusion 

model and shrinking unreacted core leaching procedure are sources of future study. These 

models can be found in more detail in the recommended Future Research chapter.  

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 

oxidation/reduction 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 surface, (Conner 1990). The most often used sorption material is activated 

carbon, sodium silicates, and gypsum, (Wiles 1987). The process of ion exchange is 

another factor which dictates chemical fixation. Ion exchange can sometimes be 

incorporated in the sorption process, (Conner 1990). The second most agreed upon 

explanation for the stabilizing and solidifying of hazardous wastes is encapsulation. This 

physical mechanism can be separated into three different processes: micro-encapsulation, 

macro-encapsulation, and embeddment, (Conner 1990). For wastes to leach into solution 

there must be a solubilization (dissolution is probablily a better term to use) process to 

occur. The 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. 

 

 

Figure 2.9: The release of iron(III) hydroxides into solution from an OPC and blast 

furnace slag cement 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 conditions. A common way of 

preparing a leaching experiment is through a kinetic test using a soxhlet ñreactorò, 

(Hornberger and Brady 1998). This device is what Benzaazoua and his collogues used in 

their experiments for estimating the leaching of metals from paste backfills with varying 

cementitious material (Benzaazoua, et al. 2004).  
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Shake flask extractions are also common with conducting leaching tests, Figure 2.9 

shows concentrations of iron found in solution during the leaching process for both OPC 

and slag in paste backfill. It 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 cementitious 

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 exactly the same. 

There are three main different types of kinetic leaching tests which mimic the real world. 

First, the extraction test, such as the extraction procedure (EP) and the toxicity 

characteristic leachate procedure (TCLP), overestimate the leachability of heavy metals 

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, pesticides, semi-volatile 

compounds, and volatile organic compounds (VOCs), (Shively and Crawford 1989). 

However, both tests predict similar leaching rates when implemented properly, (Chang, et 

al. 2001). The physical properties in the real world are not identical to the EP or 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 different, (Conner 1990). Close to the 

total amount of heavy metals 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 testing method, semi-dynamic batch leaching, is often used because the 

system replaces the leachate with fresh extraction fluid periodically. The method also 

mimics the real world better than batch extraction testing because the sample is not 

ground into smaller pieces. The laboratory tests such as the NEN 7345, (Malviya and 

Chaudhary 2006), and ARNI 16.1, (Baker and Bishop 1997), are both semi-dynamic 

batch tests. The overall time for the semi-dynamic batch leach procedures is much longer 

than a TCLP test because the surface area/volume ratio is much lower. The main factor 

responsible for the rate of leaching is the permeability of the solid matrix, which has a 

range from 10
-5

 ï 10
-8

 cm/s, (Conner 1990).  
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The third type of test 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 pile during a rain storm. The benefit when using the column leach test is the 

compatibility for organic wastes such as trichloroethylene (TCE) and phenol, (Kolvites 

and Bishop 1989). In this study a bulk diffusion model was 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 1995). Ground and surface water runs over the 

stabilized/solidified solid, breaking down the silica/calcium-oxide shell structure, 

encapsulating and chemically fixates the wastes. Calcium leaches out into solution as the 

concentration of heavy metals increase, Figure 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 chemically fixate wastes.  

Decalcification, Figure 2.10, takes place due to the formation of bicarbonate in the 

pore water. Bicarbonate comes from carbon dioxide and calcium carbonate dissolving in 

the water. The three phase system will create the following reaction, (Bonen and Sarkar 

1995), where C-S-H, the solid matrix of the cement paste, is represented as 

CaO·SiO2·H2O: 

 

ὅ Ὓ Ὄ Ὄὅὕ
   
ᴼὅὥὅὕ ὛὭὕ Ὄὕ (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 

polymer is between 13 and 14, (Jackman and Powell 1991). This makes a strong case for 

the lack of microbial activity if mine tailings are used in the cement. But, more 

importantly the high pH is lowered through the process of decalcification making the 

waste susceptible to microbial activity and thus why the creation of MIW becomes a 

concern. 
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Figure 2.10: The process of decalcification, simulating 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: arsenic, cadmium, copper, 

lead, mercury, nickel, selenium, silver, thallium, and zinc.  

2.7 Regulatory Issues 

The USEPA regulates the maximum contaminant limits (MCL) for inorganics, in 

this case the interest lies in heavy metals, (USEPA 2012). The national regulations for 

drinking water are often more stringent than the nationally recommended water quality 

criteria for human and aquatic life, 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, the criterion maximum concentration (CMC) and 

criterion continuous concentration (CCC), (USEPA 2009). Please note that the MCLs for 

silver and zinc are secondary drinking water regulations, these are not enforceable.  

The concentrations for the water quality criteria are posted as dissolved metals 

concentrations; they were adjusted with a conversion factor. The conversion factor for 

cadmium and lead are dependent on the hardness of the water. Therefore, the 

concentration of calcium and magnesium will dictate these concentrations. However, 

natural organic matter (NOM) will also react with dissolved metals, (Schwarzenbach, 

Gschwend and Imboden 2005). 
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The junction between government, industry, and the world of academia are 

important for the re-use of mine waste for a construction product because of the potential 

to be used worldwide. Making sure the waste stream is regulated and implemented 

properly is an issue just as important as insuring concrete is designed properly. In regards 

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 have been 

studies that have focused on various fly-ash geopolymers and looking at properties such 

as: static elastic modulus, Poissonôs ratio, compressive strength, and flexural strength 

(Diaz-Loya, Allouche and Vaidya 2011). These 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 chemical 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 hazardous, 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  

Metal 

Drinking Water 

Standards 
Water Quality Criteria  (Fresh Water) 

MCL, mg/L CMC, mg/L CCC, mg/L 

Arsenic 0.010 0.340 0.150 

Cadmium 0.005 0.002 0.00025 

Chromium III - 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 re-use of mine tailings with the purpose of creating structural concrete is a 

strategy for reducing the amount of mine waste that ends up being disposed, thus 

reducing the environmental impact of one of the largest sources of waste in the world. 

There could be a potential source of revenue generation, reduction of the carbon foot 

print associated with the mining of aggregates for mining, build and design firms, and 

concrete companies. To examine the feasibility of the re-use of mine tailings, hypotheses 

are tested by accomplishing the following objectives:  

 

1. Examining the compressive strength of concrete cylinders with and without mine 

tailings substituted for the fine aggregate. The 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 that concrete specimens with mine tailings meet the design parameters as 

specified in Table 3.1. 

 

Table 3.1: Design criteria for structural concrete 

Design Parameter Goal 

Uniaxial compressive strength 4000 psi 

Slump 3-4ò 

 

2. The application of leaching tests to simulate the weathering due to acid rain and 

alkaline conditions. When using batch leach extraction methods, the leachate 

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

 

Table 3.2: Design criteria for leaching tests 

Design Parameter Goal 

Reduced particle size of concrete specimens 2-5 mm 

Extraction fluid 

pH = 4.2, 60/40 sulfuric/nitric acid 

pH = 5.0, 60/40 sulfuric/nitric acid 

pH = 10, NaOH 
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The uniaxial compressive strength tests are completed on small batches. The curing 

time depends on what parameters are of interest. For example, a study can be conducted 

to look at different tailing to fine aggregates (T:FA) ratios to see if 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 strength and leachability changes over time.  

The goal of manufacturing concrete with compressive strength consistently over 

4,000 psi is done by designing a control concrete mix that meets the specifications by 

conducting and undergoing iterative pours and adjustment of the concrete mix design. 

The batch leach shake extraction tests are modified TCLPs, which accelerate 

weathering process 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 extraction fluid. The pH 

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 from industrial 

process, mainly the off gas from coal fired power plants. A more 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 mix design for this project are: 

cement, coarse aggregate (gravel), fine aggregate (sand and mine tailings), and water. 

The cement was donated by Quikrete, a manufacturing company located in Denver, CO, 

where 418 lb of type I/II OPC was transported to the Colorado School of Mines (CSM). 

Roughly 1250 lb of gravel and 250 lb of sand was donated by Metro Mix, LLC in 

Denver, CO. The gravel and sand were shoveled into 55 gallon drums and transferred to 

CSM campus. The aggregate was placed in a metal trough, where polyethylene lined the 

bottom of the container. A wood separator was placed between the gravel and sand so 

that cross contamination was minimized. The mine tailings were collected from a TSF in 

Silverton, CO.  

Mine tailings were collected from the Pride of the West TSF in Silverton, CO. There 

is one active storage area that splits the two inactive areas, Figure 4.1. The samples were 

collected from the Southern inactive storage facility, which is highlighted in O. During 

the field sampling, the Operations Director, John Ferguson, mentions that the holding 

pond East of the TSF has a pH around 4.5. The streamôs yellow/orange color was 

observed during the time of sampling, indicating a high concentration of iron(III) 

hydroxide precipitates.  

Seven 10ô x 10ô sampling plots were constructed. Random sampling was conducted 

so that the composite sample collected was representative of the 10ô x 10ô plot. The 

method of random sampling was the use of a blind throw of a stone over the shoulder. If 

the stone landed within the 10ô x 10ô plot, the stone was removed and a shovel full of 

tailings was collected. Three large stainless steel, acid washed, shovels were was used to 

excavate the mine tailings. If the stone landed outside the plot, the stone was thrown 

again. If a stone landed in a previously dug hole, the stone was thrown again. This 

process was repeated until a 5 gallon, acid washed, bucket was filled, between 8 to 10 

stone throws were required to fill one bucket. The plots were spaced to test if the particle 

sizes of mine tailings changed over the distances sampled. After the seven plots were 

sampled, seven breathable sampling bags were filled with a small stainless steel, acid 

washed shovel. 
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Figure 4.1: Sampling plots at Pride of the West TSF - Silverton, CO 

 

Before placing mine tailings in their respective 5 gallon buckets, each 5 gallon 

bucket and lid was cleaned with a rag to remove any loose debris, rinsed once with tap 

water, acid washed with one rinse of 10% hydrochloric acid, and rinsed three times with 

RO water from a reverse osmosis (RO) filter. The hydrochloric acid was purchased from 

JT Baker Chemical Company and is 37.7% by weight. The Pure-Flow
II
 reverse osmosis 

filter was purchased from Coralife
 
and has a 1 µm filter cartridge and a carbon block 

water filter. The RO water meets the Specification for Reagent Water (ASTM Standard 

D1193-06 2011). 

After the buckets and lids were cleaned they were air dried. This method was also 

used to clean the four shovels that were used for excavation. When acid washing 

laboratory equipment; however, substitutions were made for the hydrochloric acid and 

RO water with nitric acid, sulfuric acid, and deionized water respectively. 

The sieving process was conducted at the CSM campus. A 3ô x 3ô sieve was 

constructed out of wood slats, screen door mesh and screws. The screen mesh had 

dimensions of 1.5 mm x 2 mm. Each 5 gallon bucket was sieved and mixed by hand with 

a small stainless steel shovel to homogenize the sample. The mixing occurred in a 

Spigot 
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cleaned concrete mixer drum. The tailings were then placed back into their respective 

buckets.  

4.1 Physical Characterization 

To meet the objectives of this project the preparation, testing and analysis were 

organized so that experiments were performed and data was collected in systematically. 

The first set of experiments was to collect the necessary physical parameters. Each of the 

seven mine tailing samples were subjected to seven physical characterization tests. 

4.1.1 Particle Size Distribution 

The first experiment that was conducted was estimating the particle size distribution 

of the fine aggregates. The purpose is to observe the distribution, calculate the fineness 

modulus, and estimate the specific surface area (SSA).  

A dry sieve approach was used for the larger particles, whereas a hydrometer test 

was conducted for the fines, smaller than 0.074 mm. The set of sieves that were used for 

the dry sieve are: #10, 20, 30, 40, 50, 80, 100, and 200. The mass of each sieve was 

recorded prior to the experiment. The balance that was used for all the physical 

characterization and concrete mixing was the RADWAD, model WLC 10/A2 balance, 

with a maximum capacity of 10 kg and a resolution of 0.01 g. After the sieves were 

weighed and recorded a homogenized fine aggregate sample was weighted on the 

RADWAD balance. The set of sieves were placed on a mechanical shaker, and the 

weighed sample was slowly poured into the staked sieves. A cap was placed on top of the 

staked sieves and the shaker was operated for 10 minutes. After 10 minutes, each sieve 

was re-weighted then emptied and cleaned with a brush. Everything that past the #200 

sieve underwent a hydrometer test. The hydrometer type used to perform each 

measurement was 152H.  

To perform a hydrometer test the following materials were used: 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 cleaned 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 of 40 g/L. The procedure for conducting the hydrometers experiments meet 

the Test Method for Particle-Size Analysis of Soils (ASTM Standard D422-63 2007) 
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where the geometry of the 152H hydrometer is shown in Figure 4.2. The hydrometer is 

slowly placed in the sedimentation column filled with well dispersed sediment sample,  

 

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 the following equation: 

 

ὒ ὒ πȢυὒ
ὠ

ὃ
 (4.1) 

 

Where, VB is the volume of the hydrometer bulb, which equals 67.0 cm
3
 and A is 

the cross sectional area of the sedimentation cylinder, which equals 27.8 cm
3
. L2 equals 

27.0 cm
3
 and L1 is the distance from the top of the bulb to the reading of the hydrometer. 

The tabulated data for calculating the effective depth can be found in is shown in ASTM 

D422 standard. It 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 sedimentation cylinder, 

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:  

Ὀ ὑ ὒȾὝ (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,: 

 

ὖ
Ὑ‌

ὡ
ρππ (4.3) 

 

where, Ŭ is a correction factor correlated with the specific gravity of the sediment and W 

is the weight of the sample placed in the hydrometer. The Ŭ values can be found in 

ASTM D422 standard. These experiments were done in duplicate. 

4.1.2 Fineness Modulus 

The purpose of measuring the fineness modulus is due to the design requirements for 

designing a concrete mix. The fineness modulus indicates the relative amounts of fine 

particles that are contained in the fine aggregate. The fineness modulus affects the 

volume ratio of large aggregate to concrete, therefore indirectly affecting the amount of 

water and fine aggregates proportions. To calculate the fineness modulus the sum of the 

cumulative percent retained is calculated and then divided by 100.  

 

Ὂὓ ὅόάόὰὥὸὭὺὩ Ϸ ὙὩὸὥὭὲὩὨρππ (4.4) 

 

When measuring the mine tailings, all particles passed through a #10 sieve, therefore 

the only relevant sieves are: # 16, 30, 50, and 100. When comparing the sieves numbers 

to the particle size distribution, sieve #20 was correlated to #16. The calculations that 

were performed for this correlation are found in Appendix B. These experiments were 

conducted in duplicate. 

4.1.3 Specific Gravity 

The purpose for measuring the specific gravity of the fine aggregates was to first 

tabulate the K and Ŭ values that 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 used to calculate the amount of mine tailings 

that could substituted for sand within the concrete mix.  

Every ingredient in the concrete mix design was proportioned by weight except the 

sand, which was estimated by volume. To perform the specific gravity experiment, two 

pycnometers, two rubber stoppers, vacuum pump, RADWAD balance, and water were 

used. The vacuum pump is manufactured by Robinair Vacumaster, Model 15400, with a 

capacity of 4 CFM with a 1/3 HP motor. An adapter was used to split the vacuum line in 

two. The two pycnometers were connected to the pump for 1 hour. As the vacuum pump 

ran, the pycnometer was shaken side to side gently to help with removing the trapped air. 

These experiments were conducted in duplicate.  

The specific gravity was calculated from the following equation,: 

 

ὛὋ  
ὓ ὓ

ὓ ὓ ὓ ὓ
 (4.5) 

 

Where, MP is the mass of empty, clean pycnometer, MP is the mass of empty 

pycnometer plus the dry tailings, MA is the mass of pycnometer plus the water, and MB is 

the mass of pycnometer plus the dry tailings MIW the water. 

4.1.4 Bulk Density 

The purpose of calculating the bulk density was to estimate the contribution of the 

coarse aggregate. Unlike the specific gravity of the gravel, the bulk density includes the 

void volumes of air between the pieces of coarse aggregate. The reason why the bulk 

density is used instead of the specific gravity is because the voids with in the aggregate 

are still present when the concrete is curing; these voids fill up with the cement paste and 

fine aggregates.  

To measure this parameter the Test Method for Bulk Density (ñUnit Weightò) and 

Voids in Aggregates (ASTM Standard C29/C29M-09 2009) was followed. To perform 

this experiment a container of a known volume, RADWAD balance, and water were 

used. The container was filled evenly three times; each portion was rodded 25 times 

before adding the next portion 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 void space. This procedure 

was done two more times so that the container was full, where the top voids in the 

container roughly equaled the parts of the gravel that stuck above the container. The 

weight of the gravel was calculated and then divided by the known volume. This 

procedure was conducted in triplicate.  

4.1.5 Moisture Content 

The purpose of measuring the moisture content of the aggregates is to gain an 

understanding of how much water is retained in the fine aggregates. This amount of water 

needs to be taken into consideration when measuring the weight of the fine aggregates. 

This experiment requires the use of an oven operating at 105 °C, moisture cans, 

polyethylene drying sheet, and water. The procedure of this experiment meets the Test 

Methods for Laboratory Determination of Water (Moisture) Content of Soil and Rock by 

Mass (ASTM Standard D2216-10 2010). The cans were pre-weighted before the 

experiment and the fine aggregate were prepared so that surface dry conditions were met. 

The samples were placed in the oven for 24 hours and then the moistures cans were re-

weighted. The moisture content experiments were calculated in duplicate by the 

following equation: 

 

ὖ
Ὓ ὃ

ὃ
ρππ (4.6) 

 

Where, S is the weight of the moist sample and A is the weight of the oven dry 

sample.  

4.1.6 Atterberg 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 based on the moisture content of the fine aggregates. The plastic limit, liquid 

limit, and plasticity index can be related to the amount of clay or silt that is present in the 

sample. The equipment needed to perform Atterberg Limit tests are: liquid limit device, 

evaporating dish, standard groove tool, balance, moisture cans, spatula, plate glass, wash 



36 

bottle, purified water, and drying oven. The liquid limit device that was used is 

manufactured by ELE International and is a part of the Soiltest Production Division. 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 second. The detailed 

procedure of conducting these experiments can be found in the Test Methods for Liquid 

Limit, Plastic Limit, and Plasticity Index of Soils (ASTM Standard D4318-10 2012). The 

experiment was not conducted in duplicate due to the success of the experiment. The 

outcomes of this experiment are further explained in the results and discussion. 

4.2 Concrete Encapsulation 

After the physical characterization, the seven mine tailings samples were mixed 

homogeneously so that a batch of finer mine tailings and one batch of coarser mine 

tailings were created. The coarsest mine tailing samples, 1, 2, 3, and 4 were combined in 

equal proportions, by weight. The finest mine tailing samples, 4, 5, 6, and 7 were 

combined in equal proportions, by weight. 

The objective of this second section of systematic experiments is to create 

structural concrete that meets strength standards. The mine tailings are substituted for 

standard fine aggregate. Two sets of experiments were conducted. The first, was intended 

to understand how the tailings to fine aggregate (T:FA) ratio affects the unconfined 

compressive strength and the leachability. The variation was 10%, 30%, and 50% of mine 

tailings to total fine aggregate. The second was an experiment examining the unconfined 

compressive strength and the leachability after the concrete specimens cured for 3 days, 7 

days, 14 days, and 28 days. The mine T:FA ratio was 30% for the second experiment. 

Before making and pouring the concrete can occur, the concrete mix was designed. 

The reason why the experiments lasted 28 days is because that is the time it takes 

for the capillaries to mature and become segmented, (Neville 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 pore water left, but the reaction is considered 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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4.2.1 Mix Design 

To meet the first objective, non-air entrained, structural concrete must be constructed 

to withstand 3,500 psi or pressure. Therefore a 4000 psi concrete with a 3-4ò slump was 

chosen as design parameters. Important constraints such as the largest size of the coarse 

aggregate, fineness modulus of fine aggregate, specific gravity, and the bulk density of 

the coarse aggregate, will dictate the proportions of the four ingredients. The concrete 

mix design parameters were selected from the ñDesign and Control of Concrete 

Mixturesò (Kosmatka S.H. and W.C. 2003). For example, to design a 4000 psi concrete 

with a 3-4ò slump, the water to cement ratio must be equal to 0.57. The amount of water 

per yard was also estimated, which for a 1.5ò coarse aggregate equals 300 lb/yd
3
 for a    

3-4ò slump. However, it was later found that the coarse aggregate was better represented 

by a value equal to 325 lb/ yd
3
. The bulk volume of dry rodded coarse aggregate per unit 

volume of concrete was estimated from the fineness modulus. This value changes 

depending on the fineness modulus and nominal maximum size of the gravel, (Kosmatka 

S.H. and W.C. 2003). 

These steps enable the proportioning of water, cement, and coarse aggregate by 

weight. The proportions of the four ingredients for the T:FA variation and strength 

development studies can be found in the results and discussion section. To solve for the 

amount of fine aggregate needed, the T:FA ratio was used in conjunction with the 

specific gravity of each component. This volumetric approach is more accurate then 

directly calculating the mass of sand needed because the volume of the concrete 

specimen is known. The mixing of concrete specimens was conducted after an initial 

design was completed and the mix design was refined in an iterative process. 

4.2.2 Making and Curing 

Preparing the ingredients before mixing concrete batches is necessary to insure 

proper conditions. For example, the cement was kept in dry conditions to make sure that 

no large clumps consolidated in the concrete batches. The mine tailings were stored in     

5 gallon buckets, keeping in moisture and keeping out contaminants. The sand and gravel 

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. On the 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 clean containers filled 

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
3
. 

Therefore, each mix can be completed in one batch. The batches are made under the 

accordance of the Practice of Making and Curing Concrete Specimens in the Laboratory 

(ASTM Standard C192/C192M-12 2012). Each ingredient is weighed with the 

RADWAD balance. First, the fine aggregate is added to the mixer and then mixer is 

turned on. Then, the water is added. After the fine aggregates and water are 

homogenized, the cement is slowly added, preventing fine particles emissions. After 

well-mixed conditions the coarse aggregate is slowly added. Once this mixture is 

homogenized the concrete mixer is turned off.  

Each batch undergoes a slump test, where the slump cone meets the Test Method for 

Slump of Hydraulic-Cement Concrete (ASTM Standard C143/C143M-12 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 filled, the top of the cone is striked. The cone is 

then slowly removed in a vertical fashion. The slump is recorded.  

After the slump is complete, three cylindrical molds are filled. The cylinders 

dimensions are 4ò in diameter and 8ò tall. The cylinders undergo similar tamping and 

rodding as the slump cone, however, the cylinders are poured in two even portions 

instead of three. The cylinders are then striked and capped. The caps are 4ò diameter 

plastic and tightly cover the cylinders so that no moisture escapes.  

In between each batch, the concrete mixer is cleaned and all other tools that are used 

during the mixing and pouring. The cylinders are transported as little possible and left to 

cure for their designated time periods.  

4.2.3 Unconfined Compressive Strength (UCS) 

Once the curing time has been achieved the concrete cylinders undergo UCS tests. 

The reason for conducting UCS tests is to understand how the T:FA ratio affects the 

strength of concrete. The uniaxial compressive strength indicates if the concrete batches 

meet the structural concrete requirements. The 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 molds. If the 

cylinders do not lie flat, they are carefully sanded up to 3 mm. The height is measured 

twice, 180° separating each measurement. The diameter of the cylinder is measured with 

combination square in two places, at the midpoint between the top and the bottom at 90° 

sections. The cylinder is then weighed and the density is calculated from the previously 

measured dimensions. If the dimensions and the density of the concrete cylinder meet the 

requirements from the Test Method for Compressive Strength of Cylindrical Concrete 

Specimens (ASTM Standard C39/39M-12a 2012); then cylinder undergoes a UCS test. 

After the maximum load is reached and has decreased by 5% or more, the test is over. 

The cylinder is observed for facture type, segregation, large air voids, fractures that pass 

through aggregate. The UCS test equipment, Figure 4.3, that was used is an ELE 

International AccuTek 250 with a 100 kN maximum load capacity. 

 

 

Figure 4.3: UCS test equipment 
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4.2.4 Reduced Particle Size Fractionation 

After the maximum load was measured during the UCS tests, each concrete 

specimen is reduced in size so that the shake extraction test could be conducted. The size 

fractionation was completed so that the target range of 2-5 mm diameter particles was 

captured. At first a hammer and chisel were used to break the concrete specimens into 

smaller chunks, small enough to fit into the jaw crusher, Figure 4.4, which is stored in the 

Mineral Processing Lab at CSM. The initial fine particles were separated from the rest of 

the 2 inch chunks with a 3mm 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 of the jaw crusher was slightly larger than 5 mm. After the specimen was crushed, 

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 a Ro-Tap, Figure 4.5, for 6 minutes. 

 

 

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 2-5 mm fractionations were combined for future chemical 

characterization. 

 

Figure 4.5: Ro-tap 

 

4.3 Chemical Characterization 

The third stage of systematic experiments is the chemical characterization of the 

mine tailings with the use of shake extraction tests. The significance of conducting 

leaching tests on the mine tailings and concrete specimens is to observe the acid 

generating potential and the ability for concrete to encapsulate heavy metals.  

4.3.1 Synthetic Precipitation Leaching Procedure (SPLP) 

The extraction fluid used during this experiment is simulated acid rain and alkaline 

water. The pH values of the extraction fluid used during these experiments were 4.2, 5.0, 

and 10. The acidic extraction fluids were synthesized by diluting a mixture of 60% 

sulfuric acid to 40% nitric acid, 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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95.0-98.0% by weight. The basic extraction fluid is synthesized from diluting NaOH 

pellets. The NaOH pellets were purchased from Macron Fine Chemicals.  

The materials used for this experiment are: a balance, 1000 mL beaker, 500 mL 

beaker, crucible, soil scoop, magnetic Teflon
 
stir bar, pipets, pH meter, wash bottle, 

deionized water, rotary agitator, 125 mL plastic extraction vessels, 2 L filter flask, 0.7 µm 

glass microfiber filter, clamp, vacuum pump, test tube holder, and 20 and 40 mL glass 

vials.  

The rotary agitator, Figure 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 meter is manufactured by Denver 

Instruments, Model 215. The Acculab balance was used for all SPLP tests is 

manufactured by Sercom, Model V1-1mg, with a maximum capacity of 120 g and a 

resolution of 0.001 g. All materials that come in contact with the samples are acid washed 

with a dilute concentration of the 60/40 mixture of sulfuric and nitric acid. The procedure 

of conducting this extraction test is in accordance to the Test Method for Shake 

Extraction of Mining Waste by the Synthetic Precipitation Leaching Procedure (ASTM 

Standard D6234-98 2007) and Synthetic Precipitation Leaching Procedure (USEPA 

Method 1312 1994).  

First, a 5 g sample is prepared and placed in a 125 mL extraction vessel. Next,    

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 sample by weight. The 

contents are then sealed and placed tightly in the place assembly of the rotary agitator. 

Once all the extraction vessels are safely attached to the place assembly, the shake 

extraction begins. The rotary agitator operates for 18 ± 2 hours and rotates at 2 rpm.  

After the shake extraction is complete, the leachate must be separated 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 leachate is then sucked through 

the filter apparatus at -20 psi, leaving behind the mine waste. Each analytical batch has 

one duplicate and one blank. 
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Figure 4.6: SPLP rotary agitator 

 

4.3.2Total Metals Analysis 

To understand the constituents of the raw mine tailings and the finer and coarser 

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 the leachate were 

measured with inductively couple plasma (ICP).  

4.3.3 Specific Conductivity  

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 ICP-AES results and the concentration of hydroxide ions, however, 

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 

metals, alkaline earth metals, and non-metals.  

To perform this experiment the following equipment is needed: 40 mL graduated 

cylinder, specific conductivity meter, wash bottle, deionized water, and Kim wipes, and 

50 mL plastic beaker. The procedure from the Test Methods for Electrical Conductivity 

and Resistivity of Water was followed, (ASTM Standard D1125-95 2009). The 
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conductivity meter was calibrated with respect to specific conductance and temperature. 

The temperature was calibrated with deionized water at temperature of 20 °C. The 

specific conductance of the standard KCl solution is 2764 µS at 25 °C, where the 

conductance was adjusted to 2550 µS due to the solutions temperature of 21 °C. The 

standard conductivity fluid was manufactured by Oakton with a cell constant of 1. 

4.3.4 Inductively Coupled Plasma ï Atomic Emission Spectroscopy (ICP-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, and non-metals that 

leach off of the mine waste and end up in the aqueous phase.  

The ICP-AES is a Perking Elmer Optima 5300 DV instrument. The Cyclonic spray 

chamber is non-baffled and the nebulizer is a Type A Meinhard. The argon gas flow is   

16 L/min for the plasma, 65 L/min for the nebulizer, and 0.5 L/min for the auxiliary gas 

flow. The leachate from the SPLP test is transferred to 40 mL vials. The leachate is 

prepared with Opitma grade HNO3, which is 67-70% by weight and is manufactured by 

Fisher Scientific. The pH is measured during preparation so that the concentration of 

hydrogen ions falls below 10
-2

 M, making sure that most metals are found in the aqueous 

phase. The duplicates and the blank undergo the same procedure as all other samples. 

4.3.5 Hardness and Alkalinity Analysis 

Water quality parameters can be calculated from the results of the ICP-AES 

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 

magnesium are assumed to be the source of hard water. The alkalinity is the buffering 

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. Therefore, the 

partial pressure of CO2 is in equilibrium with the carbonate system in the leachate from 

the SPLP test. 

To find the hardness the milliequivalent, meq, concentration of calcium and 

magnesium are calculated from the mass of analyte per volume of filtered leachate with 

the application of stoichiometry. The milliequivalent concentrations of the two 

multivalent ions are summed, and then this value is converted into the common units that 
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are used to report water hardness, mg/L of CaCO3. The conversion can be completed with 

the following relationship of 50 mg/meq of CaCO3. 

Since an open system is assumed to occur when the samples rest on the auto 

sampler during ICP-AES analysis, the following equation is used to calculate the 

alkalinity, (Brezonik and Arnold 2011): 
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Where, Ka1 and Ka2 are the equilibrium constants for the carbonate system. These 

are the points where the concentration of carbonic acid equals the concentration of 

bicarbonate, Ka1, and where the concentration of bicarbonate equals the concentration 

carbonate, Ka2. PCO2 is the partial pressure of carbon dioxide in the atmosphere, KH is the 

Henrys Law constant for carbon dioxide, KW is the equilibrium constant for the dissociate 

of water, and [H
+
] is the concentration of hydrogen ions in the sample. The values are 

stated below in Table 4.1. 

 

Table 4.1: Values of parameters to calculate alkalinity 

Ka1 Ka2 KH, mol/LĀatm PCO2, atm KW 

4.5E-07 4.7E-11 3.2E-02 3.2E-04 1.0E-14 
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CHAPTER 5 

RESULTS AND DISCUSSION 

There were four different stages of experimentation during this study. The first 

stage was characterization of the mine tailings, sand, and gravel. These tests created our 

ñcontrolò data for the concrete design and supplied information on baseline chemical 

compositions of the waste. After the initial characterization there was an opportunity to 

examine how the inclusion of varied amounts of mine tailings changes the structural and 

chemical properties of the building material. The third stage was to run iterations of 

concrete mixes to optimize the control, aggregate-based concrete mix before using 

tailings. Finally, the opportunity to get a glimpse of the durability of this material over 

time was examined. Each of the stages includes results from at least one of the three 

systematic characterizations: physical characterization, concrete encapsulation, or 

chemical characterization. 

5.1 Initial Characterization  

The samples underwent two physical and chemical characterizations. The physical 

characterization was prominently used to gain a starting point for the concrete mix 

design. The chemical characterization was used to analyze the base line composition of 

the mine tailings. Two types of metals analysis were conducted, the first being a modified 

TCLP and later a total metals analysis. 

5.1.1 Physical Characterization 

To create a concrete mix design the particle size distribution, fineness modulus, 

specific surface area (SSA), moisture content, specific gravity, bulk density, and 

Atterberg Limits were either measured or calculated for the respective aggregates. Most 

of these parameters were measured directly in the lab; however, the fineness modulus and 

SSA were calculated from the particle size distribution. The particle size distribution raw 

data can be found in Appendix A for the sand and tailings.  

The seven raw mine tailing samples needed to be characterized before mixing them 

together so that batches of coarser and finer mine tailings could be achieved. It was 

observed that as the samples deviated in size as distance increased from the spigot, Figure 

4.1. Size fractionation of tailing particles is useful to define an optimal size distribution 

that could be utilized in the concrete mix. Two different size distributions of tailings were 
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created by mixing the 7 samples together. The coarser mine tailing mixture was 

determined to be equally portioned from samples 1-4, while the finer mine tailing mixture 

was determined to be equally portioned from samples 4-7.  

Each sample was individually characterized physically before deciding on the 

percentage of tailings that could be substituted for the sand. The fineness modulus of the 

fine aggregate mixture was calculated from Equation (4.4). The overall fineness modulus 

for the concrete mixes must be between 2.3-3.1 according to the Standard Specification 

of Concrete Aggregates (ASTM Standard C33/C33M-11a 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 

Tailings Sample 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 

Coarser 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 35% with a fineness modulus of 2.3. The 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 waste, Table 5.1. An example of 

calculating the fineness modulus of the combined sand/tailing mixture can be found 

Appendix B. The T:FA ratio was 30% for the study where curing times were varied. This 

insured that the fineness modulus did not fall below 2.3.  

The specific surface area (SSA) was estimated from the assumption that each 

particle is a sphere with the diameter equal to the opening of respective sieve or 

hydrometer reading, Table 5.2. An example calculation of SSA is shown in Appendix C. 

The SSA is a parameter that is used in the bulk diffusion models, such as the Fickian 
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diffusion model. This is a gross under estimation because a spherical shape has the 

optimum volume to surface area. Any blemishes, cracks, fissures, or holes will increase 

the surface area per unit volume.  

 

Table 5.2: Specific surface area for various fine aggregates 

Fine Aggregate Specific Surface Area, m
2
/kg 

Sand 5.4 

Tailings Sample 1 21.6 

Tailings Sample 2 13.8 

Tailings Sample 3 20.5 

Tailings Sample 4 29.0 

Tailings Sample 5 30.7 

Tailings Sample 6 42.5 

Tailings Sample 7 55.6 

Coarser Tailing Mixture 21.2 

Finer Tailing Mixture 39.5 

 

One important parameter that pertains to the design of concrete specimens is the 

water to cement ratio. This ratio can be manipulated by the amount water that one adds to 

the mix, however, the moisture that sorbs to 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 water can reduce 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 process. In practice the internal 

moisture is neglected in the total amount of water added to the mixture, where the surface 

moisture is subtracted from the total amount of water when the aggregates are prepared at 

saturated surface dry conditions.  

This is how the mix design was first calculated when mixing and pouring the T:FA 

variation experiment. However, the UCS test results showed that the uni-axial 

compressive strength did not meet the design criteria. Creating iteration of the concrete 

mix was necessary to achieve the design criteria of compressive strength of at least 4000 

psi.  
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Other parameters such as specific gravity and bulk density, Table 5.3, are used to 

calculate the proportions of aggregates to the proportion of water and cement. The 

specific gravity for the fine aggregates fell in between 2.50-2.85, where the bulk density 

of the gravel was measured to be 91.98 lb/ft
3
. The raw data can be found in Appendix D.  

The ACI method for creating a starting point for the concrete mix design is done by 

weight, except for the sand, which is calculated by volume. This is done to close the mass 

balance with 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 density of the aggregates 

Aggregate Specific Gravity Bulk Density, lb/ft
3
 

Gravel - 92.0 

Sand 2.56 - 

Tailings Sample 1 2.50 - 

Tailings Sample 2 2.56 - 

Tailings Sample 3 2.68 - 

Tailings Sample 4 2.85 - 

Tailings Sample 5 2.61 - 

Tailings Sample 6 2.55 - 

Tailings Sample 7 2.72 - 

Coarser Tailing Mixture 2.65 - 

Finer Tailing Mixture 2.68 - 

 

Finally, the last parameter that was measured was the liquid and plastic limit. These 

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 conditions 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 showed a fluid 

state that either flowed one or two taps of the device or did not flow at all. The moisture 

content of the fluid state was not conducive for operating the device so that a relationship 

between water content and number of taps could be obtained. Therefore, the amount of 
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clay present in the mine tailings is negligible with respect to understanding this material 

with this experiment. This means that the remaining particles not included in the size 

distribution curves are mostly silt. To better close these curves, the hydrometer 

experiment could have been operated for a longer period of time.  

A similar issue arose when conducting the plastic limit test, where the wetted mine 

tailing were unable to be rolled into a 3/8ò rod. This means that when these mine tailings 

were in the wetted state before being pumped to the tailing storage facility, there was not 

a transitional state where the moisture content starts to become an issue for pumping. 

This is beneficial in the aspect of minimizing the water that ends up in the TSF due 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. 

5.1.2 Chemical Characterization 

The results from the SPLP tests conducted on the raw mine tailings show that 

cadmium, lead, manganese, and zinc are metals that are above the MCLs or 

recommended concentrations under the National Primary and Secondary Drinking Water 

Regulations (NPDW and NSDW). The complete results are found in Appendix F.  

The total metals analysis is more conservative with respect to the concentration of the 

analytes found in the leachate, however 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 because of the use of dilution. The SPLP represents a 

potential leaching of this 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 amount of metals that are found in the samples. It is assumed that the 

concentrations of analytes for the encapsulated mine tailings will be lower than the raw 

mine tailings are due to the pH environment from the cement and the inclusion of less 

pyritic aggregates.  
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Table 5.4: Total metals vs. SPLP analysis for raw tailings 

Cadmium 

Mine Tailing Mix  Total Metals Analysis, mg/L SPLP Test, mg/L Regulatory Limit, mg/L  

Coarser  

4.2 

pH       5.0 

10 

.364 

 

 

0.262 

0.277 

0.265 
0.005 

Finer  

4.2 

pH       5.0 

10 

0.314  

0.036 

0.030 

0.022 

Lead 

Mine Tailing Mix  Total Metals Analysis, mg/L SPLP Test, mg/L Regulatory Limit, mg/L  

Coarser  

4.2 

pH       5.0 

10 

60.9 

 

 

1.08 

1.96 

1.37 
0.015 

Finer  

4.2 

pH       5.0 

10 

48.0  

BDL 

0.002 

0.006 

Manganese 

Mine Tailing Mix  Total Metals Analysis, mg/L SPLP Test, mg/L Regulatory Limit, mg/L  

Coarser  

4.2 

pH       5.0 

10 

50.4  

45.0 

59.6 

39.6 
0.05 

Finer  

4.2 

pH       5.0 

10 

70.4  

8.29 

6.73 

4.57 

Zinc 

Mine Tailing Mix  Total Metals Analysis, mg/L SPLP Test, mg/L Regulatory Limit, mg/L  

Coarser  

4.2 

pH       5.0 

10 

54.1 

 

 

36.7 

41.2 

37.7 
5 

Finer  

4.2 

pH       5.0 

10 

48.0  

1.43 

1.26 

0.941 
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Table 5.5: Total metals analysis for raw mine tailings samples, concentration of 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 

Coarser  38.48 5331.6 5884.8 46238.9 5715.5 

Tailing 1 24.48 1100.0 5877.3 37528.8 4249.0 

Tailing 2 7.45 933.1 5916.3 31742.9 1299.0 

Tailing 3 18.82 1035.2 5836.6 35292.7 3272.8 

Tailing 4 65.19 8350.0 6847.6 67065.9 7363.4 

Tailing 5 17.88 5296.3 4418.3 25557.3 2998.6 

Tailing 6 22.39 5988.3 3071.3 22604.1 3774.5 

Tailing 7 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 solids, Table 5.5, are used to understand how the 

introduction of mine waste can change the hardening process of concrete. For example, 

the amount of sulfur can be used to assume the amount 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 specimens. Also, 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 leachate from the 

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 material found 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 blank has high specific conductance, 

relatively speaking >0.1 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 during the SPLP experiment. The specific 
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conductance results are shown in Table 5.6. There was not a blank there indicated 

contamination during experimentation. The detection limits when using the ICP-AES 

equipment can be found in Appendix F. 

 

Table 5.6: Water quality parameters of raw tailing SPLP leachate 

Raw Mine Tailing Sample 
Specific Conductivity, 

µS/cm 

Hardness as CaCO3, 

mg/L 

Alkalinity as CaCO3, 

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 

Coarser  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 

 

5.2 T:FA Variation Study  

The tailings to fine aggregation (T:FA) ratio variation study investigated 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 basis.  

 

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

is  

Tailings/Fine 

Aggregate 

Volume, 

yd
3
 

Water, 

lb. 

OPC, 

lb. 

Tailings, 

lb. 

Gravel, 

lb. 

Sand, 

lb. 
w/c 

Fineness 

Modulus 

Slump, 

in. 

Control Mix  

0 1 307 534 0 1763 1547 0.57 2.91 3.5 

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 

Coarser  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 ratio is an important 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 were prepared so that saturated surface 

dry conditions were met. This enabled a workable concrete mix with slumps between 

0.5ò-3.5ò, depending on the ratio of tailings to fine aggregate, Table 5.7. 

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; the relative surface area available is 

increased per total volume of fine aggregate. Therefore, the slump is reduced when more 

mine tailings are added. 

5.2.1 Structural Integrity  

After 28 days of curing, the aged specimens did not meet the compressive strength 

design criteria for the uni-axial compressive strength, Table 5.9. Therefore, the approach 

that was used to achieve this mixture needed to be refined before moving onto the 

strength development study. However, inferences 

about the leachability could still be made for these 

specimens. It is important to note that the 

cylindrical specimens were made from molds that 

were past the life-time usefulness. These cylinders 

showed significant chipping at the bottom of the 

cylinders. This was corrected by using new molds 

that had thicker plastic at the bottom section of the 

cylinder. These molds were used for future 

experiments. 

The result of the low compressive strength 

could have been due to human error, air voids, and 

segregation. Figure 5.1 and Figure 5.2 show the 

findings of air voids and segregation, respectively. 

To minimize large air voids and segregation, the 

Figure 5.1:  Air void found 

in sample with T:FA = 50% with 

finer  mine tailings mix, S-F-0.5-2 
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tamping and rodding of the cylindrical molds while pouring 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 was corrected where the internal moisture content of the fine aggregates was 

removed from the total water added to the mix. Also, the water content ratio was changed 

from 300 to 325 lb/yd
3
. This due to the nominal size of the large aggregate being 1ò not 

1.5ò. The results from these mixes are shown in the following sections. 

 

Figure 5.2: Segregation found in sample with T:FA = 10% with fine mine tailing 

mix, S-F-0.1-3 
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One interesting finding was the control specimens performed as well as the 

specimens containing mine tailings with respect to the unconfined compressive strength. 

Therefore, even though the structural integrity did not meet design criteria the 

performance of concrete containing mine tailings is possibly feasible.  

One other interesting point is that the compressive strength of specimens that had 

50% of coarser mine tailings substituted for sand. The fineness modulus for the fine 

aggregate was 1.90 and 2.04 for the finer and coarser mine tailing mixtures, respectively. 

These values are lower than the ASTM standards, which states the fineness modulus 

should be between 2.3-3.1, (ASTM Standard C192/C192M-12 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 because this parameter is a single number that is related the distribution of 

particle sizes and does represent the general behavior of aggregates, (Neville 1996).  

The reason why the unconfined compressive strength is higher in this case is 

depicted in the gradation curves, Appendix A. Mine tailing samples 1-3 show a narrow 

distribution of particles, where samples 4-7 show a more 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 

Density 

Gravel, 

lb/ft
3
 

SG 

Sand 

SG 

Finer  

Tailings 

SG 

Coarser  

Tailings 

SG 

Cement 

Density 

Water, 

lb/ft
3
 

Water 

Content, 

lb/yd
3
 

Volume 

4"x8" 

Cylinder, 

ft
3
 

Volume 

2"x4" 

Cylinder, 

ft
3
 

92.0 2.56 2.68 2.65 3.15 62.4 300-325 0.064 0.008 

 

To understand the effect that small 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:FA ratios, the percentages of particles smaller than      

0.074 mm 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,               

< 0.02 µm, is around 55%, (Fall, Benzaazoua and Ouellet 2005). 
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Table 5.9: UCS test results for T:FA variation study 

Tailings/Fine 

Aggregate 

Age, 

days 

Avg. Compressive 

Strength, psi 

Std Deviation, 

psi 

Coefficient of 

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 

Coarser  Mine Tailing Mix  

0.1 28 1730 271 15.6 

0.3 28 2380 161 6.8 

0.5 28 3060 635 20.7 

5.2.2 Leachability 

After the completion of the UCS tests, the concrete specimens were reduced to a 

size between 2-5 mm, where on average 43% of the crushed specimen fell within this size 

range, and underwent SPLP batch leach extractions.  

Most of a single cylinder was crushed to particle sizes smaller than 2 mm, 47% on 

average. This was due to the act of the jaw crusher pulverizing the hardened cement, 

large aggregate pieces, sand, and mine tailings. The particle size distribution was similar 

for the control specimens and the specimens containing mine tailings. This is can be 

observed by the size fractionation in Table 5.10. 

The initial characterization of the raw mine 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 finer and coarser encapsulated mine 

tailings and the control specimens, see Figure 5.3 and Figure 5.4, respectively. Most 

constituents saw a 2-log removal for the leachate. There were exceptions, zinc for the 

concrete specimens containing finer mine tailings and cadmium for the concrete 

specimens containing coarser mine tailings, where a 1-log removal 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 that the dissolved metals were 

from the tailings. However, the metals could be coming from the cement 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 constituents could be 

leaching from the cementitious material. For example, the measured concentration of 

arsenic in the raw mine tailings samples was below the detection limit, where in T:FA 

variation study arsenic was measured around 0.01 mg/L in most leachates. The source of 

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 

specimens containing coarser mine tailings, 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 orders of magnitude 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 T:FA, %  > 4.76 mm, % 2-4.76 mm, % < 2.0 mm, % 

Control Specimens 

S-1 0 10 43 47 

S-2 0 9 42 49 

S-3 0 9 41 50 

Finer  Mine Tailing Specimens 

S-F-0.1-1 10 10 43 47 

S-F-0.1-2 10 10 43 47 

S-F-0.1-3 10 9 41 50 

S-F-0.3-1 30 10 44 46 

S-F-0.3-2 30 11 43 46 

S-F-0.3-3 30 11 43 46 

S-F-0.5-1 50 11 44 45 

S-F-0.5-3 50 10 43 47 

Coarser  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-0.3-1 30 11 42 47 

S-C-0.3-2 30 10 42 48 

S-C-0.3-3 30 10 42 48 

S-C-0.5-1 50 11 44 45 

S-C-0.5-2 50 11 44 45 

S-C-0.5-3 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 concentrations 

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 case of not including 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 parameters, Table 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 non-filtered 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. 

 

                    

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

SPLP experiments for 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 CO2 from the atmosphere is an assumption that is 

used during this calculation.  

If the pH of the unfiltered leachate was below 7 then Equation (4.7 returns a 

negative number because the concentration of hydrogen ions out compete the carbonate 

system. Every blank during this study observed a pH less then 7, therefore instead of 

reporting a negative alkalinity value, 0 mg/L of CaCO3 is reported. 

 

                          

 

Figure 5.4: Concentrations of metals from concrete specimens containing coarser 

mine tailings after SPLP experiments for the T:FA variation study 
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The pH of the leachate from the samples contained cemented paste was found to be 

consistently above 12. Thusly, the opposite problem occurs when comparing the 

environmental impacts to the risks of MIW to leachate from this construction material, 

where the leachate is more basic instead of being acidic. For example, the leachate from a 

mine tailing concrete structure may end up in the storm water system and loaded into 

surface downstream. This may affect conventional drinking water treatment plants that 

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 

quality parameter.  

 

Table 5.11: Water quality parameters for leachate during T:FA variation study 

Mine Tailing Sample 
Specific 

Conductivity, mS/cm 

Hardness as 

CaCO3, mg/L 

Alkalinity as CaCO3, 

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 

Coarser  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 2.91 555 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 (µS/cm) 2.34 0 

2 23.9 (µS/cm) 4.09 0 

3 35.3 (µS/cm) 6.97 0 
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Finally, the hardness represents to amount of potential 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 the concentration falls below 150 mg/L of CaCO3 

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 problem persists, 

precipitate of minerals like gypsum may occur and create clogging of pipes. Again, the 

dissolved metals could be diluted due to mixing with other sources of water.  

5.3 Iterations of Concrete Mixes 

Conducting consecutive mixtures of concrete batches is necessary when using the 

ACI method for optimizing the strength. The main goal during these iterations was to 

reduce the water to cement ratio while not inhibiting the workability of the material. This 

strategy is the most common method for creating a mix design for normal strength 

concrete in the US, therefore, it used for this project for the purpose of consistency.  

Each iteration process includes three steps to obtain a new estimated amount of water 

to add to the mixture. The first step is to measure the slump of the each batch. The slump 

is an indication of the workability, the goal for this mix design was to have a moderately 

workable, with a slump between 3ò-4ò concrete with reasonable compressive strength, 

4000 psi. If the workability is too high, such as slump of 0ò for example, this means there 

is not enough water in the mixture. Likewise, if the slump is greater than 4ò, this 

indicates a mixture with too much water.  

The slump is not a dependable parameter to run iterations of concrete mixtures. This 

fact is shown in the results from the T:FA variation experiment, Table 5.7. The slump 

ranged from 0-3.5ò, showing a reasonably workable concrete, but the strength did not 

meet the design conditions of 4000 psi. Therefore, water was removed from the mix 

while compromising the workability of the concrete. To help with the workability issue a 

water reducer was added to the mix. The super plasticizer targets a lower water-cement 

ratio by 5-12% and increases the slump. Therefore, the concrete can be pumped more 

easily with the same amount of water. The main ingredients for water reducers, which are 

Type A admixtures, are organic. Such admixtures use lignosulfonates, hydroxycarboxylic 
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acids, and hydroxylated polymers, (Rixom and Mailvaganam 1999). A superplasticizer is 

a material derived from these compounds in a polymerized form. The benefits for using 

this additive are shown in the first iteration that was conducted, where water was 

removed from the T:FA variation mix and the slump ended up to be 1.25ò. The 

compressive strength met the design conditions, Table 5.12 & Table 5.13. 

 

Table 5.12: Concrete mix design and parameters for iterative batches 

Tailings/Fine 

Aggregate 

Volume, 

yd
3
 

Water, 

lb. 

OPC, 

lb. 

Tailings, 

lb. 

Gravel, 

lb. 

Sand, 

lb. 

Super 

Plasticizer, lb. 
w/c 

Slump, 

in. 

Iteration 1 

0 1 300 526 0 1736 1461 19 0.57 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 second step in during the iteration process was to measure the compressive 

strength of the cured concrete specimens. This was completed either on the 7
th
 or 14

th
 day 

of curing. During the second iteration, the super plasticizer was removed 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. It is important to note that the cure time was 

shorter for the batch containing the super plasticizer. When organic matter is added to a 

concrete mix, the setting time is often times increased; however, in this case we saw 

acceleration in the setting time. Therefore, it is possible that CaCl2, Ca formate, 

triethanolamine, and/or sodium thiocyanate were present in the super plasticizer, (Rixom 

and Mailvaganam 1999). 

 

Table 5.13: UCS test results for iterative batches  

Tailings/Fine 

Aggregate 

Age, 

days 

Avg. Compressive 

Strength, psi 

Std Deviation, 

psi 

Coefficient of 

Variation, %  

Iteration 1 

0 7 4320 236 5.5 

0 7 3330 621 18.7 

Iteration 2 

0 14 3950 119 3.0 

Fine 0.1 14 3930 149 3.8 
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During this study, it was found that the internal moisture should be taken into 

account when calculating the water-to-cement ratio so that the design criteria of a      

4000 psi concrete. Therefore, 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 Appendix E. 

 

Table 5.14: Moisture content of aggregates in prepared conditions for strength 

development study 

Aggregate Moisture Content, % (Storage Conditions) 

Gravel 0.0 

Sand 9 

Coarser Tailing Mixture 6.2 

Finer Tailing Mixture 6.8 

 

5.4 Strength Development Study 

Once the concrete proportioning was iterated so that specimens met the design 

criteria of a compressive strength of 4000 psi, then the strength development study was 

conducted. The amount of tailings to fine aggregate ratio was constant, while UCS tests 

and SPLP tests were conducted after a specified curing time: 3, 7, 14, and 28 days. Since, 

the range of T:FA ratios did not have an effect on the leachability from 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 requirements. Which, in this case of a T:FA 

ratio of 30% for both the finer and coarser mine tailings mixtures, the fineness modulus 

ends up slightly above 2.3. Therefore, to mix up 1 yd
3
 of this mix, 413 lb and 419 lb of 

finer and coarser mine tailings, respectively, would substitute for sand. 

 

Table 5.15: Concrete mix design and parameters for strength development study 

Tailings/Fine 

Aggregate 

Volume, 

yd
3
 

Water, 

lb. 

OPC, 

lb. 

Tailings, 

lb.  

Gravel, 

lb. 

Sand, 

lb. 
w/c 

Slump, 

in. 

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 

Coarser  Mine Tailing Mix  

0.3 1 197 569 419 1763 694 0.57 0.25 
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5.4.1 Structural 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 metals. The time between measuring compressive failure 

loads, reducing the particle size, and conducting leaching tests was minimized. Therefore, 

when the curing time was complete these 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 specimens containing finer and coarser mining tailings, but also similar to 

the control specimens, Error! 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 10.6%, (ASTM Standard 

C39/39M-12a 2012), where the sample sets are often larger 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 criteria. For example, sample L-28 d-C-0.3-2, which is the 

second specimen out of three that was tested after 28 days of curing that contained 

coarser mine tailings that substituted for 30% of the fine aggregate, did not show signs of 

air voids or segregation and failed at relatively low loads compared to the other 

specimens in the batch. These anomalies were observed to have typically type III 

fractures, which vertical fractures are propagating from the top of the cylinder towards 

the bottom. 

Even though that the COV values were often over the ASTM standards, the general 

trend, Figure 5.5, shows that the concrete specimens containing finer and coarser mine 

tailings maintained comparable 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 specimens containing coarse mine tailings do show 

degradation in strength between 14 and 28 days of curing. However, since the COV is 

large for this sample set, then it is difficult to extrapolate conclusions. Therefore, longer 

term studies are needed to further investigate the potential of using this as a construction 

material. 
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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 chemical make-up of 

the tailings. Large amounts of pyritic material, which is the source of MIW, could be 

reactive and produce sulfuric acid. However, on a 28 day time frame, this problem did 

not occur. This would have been visible with the observation of pop-outs and stained 

from iron hydroxides. Thusly, the pyritic material present in the tailings must not have 

been reactive during the time of the experiment.  

Using the information 

in found Table 5.5 the total 

amount of sulfide per unit 

weight of the tails was found 

to be 3.5% for the finer mine 

tailings batch and 4.6% for 

the coarser mine tailing 

batch. Therefore, there could 

be the possibility to form 

MIW products such as 

sulfuric acid and dissolved 

heavy metals. However, there 

was the presence of calcium, which indicates if neutralizing material may have been 

added to the tails, which were found to be 6.3% and 8.6% by weight of the finer and 

coarser tails respectively. Due to compressive strength results, inferred from Figure 5.5, 

the formation of MIW products did not cause the specimens containing tails to 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. 

5.4.2 Leachability 

Again, once the UCS tests were finished, the concrete specimens immediately were 

prepared for undergoing a batch leach extraction tests. The cylinders were fed through a 

jaw crusher and particles between 2-5 mm were collected and used for the acid digestion 

experiment. The results show that cadmium, lead, and zinc were encapsulated 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 - Coarser  0.364 

Cd MCL Level  0.005 

Detection Limit  0.00013 

 

Figure 5.6: SPLP results for cadmium during the strength development study 
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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 

 

Figure 5.7: SPLP results for lead during the strength development study 
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Manganese 

 

 Concentration, mg/L 

Total Mn - Fine 70.4 

Total Mn - Coarse 50.4 

Mn MCL Level  0.05 

Detection Limits 0.00002 

 

Figure 5.8: SPLP results for manganese during the strength development study 
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Zinc 

 

 Concentration, mg/L 

Total Zn - Fine 48.0 

Total Zn - Coarse 54.1 

Zn MCL Level  5.0 

Detection Limts 0.00016 

 

Figure 5.9: SPLP results for zinc during the strength development study 
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Table 5.16: Water quality parameters for leachate during strength development 

study 

Mine Tailing 

Sample 

pH of Extraction 

Fluid  

Age, 

days 

Specific Conductivity, 

mS/cm 

Total Har dness, 

mg/L CaCO
3
 

Alkalinity as 

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* 513.5 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 (µS/cm) 4.7 0.00E+00 

2 4.2 - 23.8 (µS/cm) 0.9 0.00E+00 

3 4.2 - 23.3 (µS/cm) 0.7 0.00E+00 

4 4.2 - 19.4 (µS/cm) 1.6 0.00E+00 
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concrete specimen 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 

manganese 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 in Figure 5.6, Figure 5.7, Figure 5.8, and Figure 5.9. 

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-log 

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, Table 5.11 and Table 5.16, were either measured in the laboratory or estimated 

from the ICP result. The specific conductance show samples in the range of 2.03-3.26 

mS/cm, where the blanks were orders of magnitude less, around 20 µS/cm. This is 

indication that contamination of the samples was minimized during the SPLP 

experiments. The alkalinity was estimated from the pH of the unfiltered sample for an 

open system. Thusly, the equilibration of CO2 from 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 

RECOMMENDED FUTURE RESEARCH 

This study demonstrates the fundamental feasibility of using mine tailings as a 

substitute for fine aggregates in making structural concrete when considering remediation 

strategies for managing the environmental impacts of mine tailings. The first experiment 

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 sand, but was necessary to meet the 

fineness modulus requirements for ASTM standards. 

To have a deeper understanding of the economics and the technical viability of 

encapsulating mine tailings in structural concrete, long-term durability studies should be 

conducted. The study presented above is, in essence, a snapshot in time combined with a 

limited period of curing, with a maximum of 28 days. One option would be to take 

specimens and apply thermocycling to simulated seasonal temporal changes. This 

increased rate of erosion will age the concrete 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 solidification of wastes 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 chemical properties 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 of cement, water/cement ratio, type of leachant, 

leaching time, leaching temperature, and liquid/solid ratio, (Heimann, et al. 1992). 

However, the type of matrix cannot be controlled, optimizing structural integrity, because 

the waste composition often varies. Modeling the solid matrix is difficult, (Hills and 

Pollard 1997), some instruments such as an electron microscope can show the 

microstructure of the solid matrix, but knowing 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 structure. To further understand the corrosion of concrete, the permeability of the 

specimens could be measured. This would be useful when developing leaching models. 

For metals, the tortuosity is also an important factor, dictated by the structure of the solid 

matrix. A retardation factor can be estimated from the leached porosity, Ů, and the 

tortuosity, Ű, where the retardation factor equals Ů/Ű, (Baker and Bishop 1997). The 

retardation factor is often used in mechanistic models for predicting the leachability of 

heavy metals from concrete. Another parameter of interest is the acid neutralizing 

capacity. This parameter is measured so that the buffer capacity can be estimated for the 

waste solid. The buffer capacity will dictate the solid formôs susceptibility to reacting 

with acids and minimizing alkali conditions, (Barth, et al. 1990). The higher the buffer 

capacity the more alkali material is needed to lower the pH and thus increasing the 

leachability. 

A common mechanistic model used for predicting the leachability is the bulk 

diffusion model. This type of model is used for the leachability of radioactive wastes 

from solid materials, however, has been applied to hazardous wastes such as heavy 

metals, (Cheng and Bishop 1990). The physical and 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 Fickian diffusion model is dependent on the 

concentration gradients of the waste material between the solid matrix and the leachate. 

The observed diffusion coefficient is an important parameter estimated in this model. The 

following equation represents the leaching of a contaminant in a mass to mass basis, 

(Cheng and Bishop 1990)is: 

 

Вὥὲ
ὃπ

ὠ

Ὓὃ
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Ὀέὦί

πȢυ

“
ὸὲ
πȢυ (6.1) 

 

Where, ὥ is the contaminant loss in mg, ὃ is the initial contaminant in mg, ὠ is 

the volume in cm
3
, Ὓὃ is the surface area in cm

2
, ὸ is the leaching period in s, and Ὀ the 

observed diffusion coefficient in cm
2
/s. The overall bulk diffusion equation in three 

dimensions is as follows, (Barna, et al. 1997): 
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The effective diffusion, De, is a parameter which describes the physical properties 

of the system, but, does not describe the chemical properties of the leaching process. The 

chemical and physical properties both need to be represented 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 immobilization mechanisms 

must be separated for this type of model to fully work, (Batchelor 1992). The solution to 

the overall bulk diffusion equation in one dimension under unsteady-sate conditions can 

be described as: 

 

ὅὼȟὸ ὅ ρ ÅÒÆ 
ὼЍρ ὨὯ

τὈὸ
 (6.3) 

 

Where, x is the penetration distance of the leachant into the 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 metals to find its way into the bulk leachate. There 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 time is 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. Therefore, the four elements 

modeled for the leachability of wastes in concrete are Ca
2+

, H
+
, Ac

-
, and the contaminant, 

such as Pb
2+

, (Batchelor 1992). When using this model, it is important to consider the 

activity versus the 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 mathematics. The overall view, Figure 6.1, 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 leachant, (Malviya 

and Chaudhary 2006). There are limitations to this model such the inability of measuring 

the diffusion through the boundary layer, measuring the diffusion through the leached 

layer and the ability to understand the chemical reactions at the leaching boundary, 

(Baker and Bishop 1997). However, the use of an acidic leachant does not over 

complicate the testing procedures. The exposure of the acid must be calculated, very 

similar to the concentration time (CT) calculation for chlorination in a waste water 

treatment plant. Therefore the leachability is a function of CT not time, when 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. Also, an understanding of the 

kinetics must be known so that the acid neutralizing capacity is known with respect to 

time. 

 

 

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 postdoctoral fellow at Los Alamos National Laboratory, mentions 

that mine tailings can be used as a precursor to geopolymers, not only used as a substitute 

for the small aggregate in concrete. Therefore, a two-fold benefit can be utilized when 

incorporating mine tailings as a filler and a binder. However, there is little research 

contributed to this idea, (Pacheco-Torgal, Castro-Gomes and Jalali 2008).  

The amount of research that has developed has shown great promise for slag, fly-

ash, and metakaolin precursors to geopolymers. However, 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 needs to be aimed 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, concrete is a material that has the possibility 

of retaining a large percentage of mine wastes. Therefore, the interactions between large, 

coarse aggregate, compressive strength and leachability need more attention.  

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 x-ray diffraction (XRD) in combination of using a scanning electron 

microscope. With this method one could visually see what the hardened material and 

have an understanding of the amounts of hydrates present in the specimen. 

Since the assumption the fine aggregates could be geometrically considered 

spheres, the SSA was grossly overestimated. 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 investigate the feasibility of re-using 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. It was hypothesized that the compressive strength of 

concrete containing mine tailings would meet the design criteria for the control 

specimens, which was a compressive strength of 4000 psi and a slump between 3-4ò. Due 

to the encapsulation capabilities, it was 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, manganese, and zinc 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 TSF. As the distance increased from the 

spigot, from which the tailings were deposited, the particle sizes distribution got wider 

and the relative amount of fine material increased. 

It was observed that the fineness modulus is not the best indicator for the compressive 

strength; it was observed that for the coarse specimens that had 50% of mine tailings 

substituted for sand had average compressive strength significantly higher than the 

control specimens. Where the fineness modulus limit is 2.3, the value for these specimens 

was 1.9. 

When varying the 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 used to 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 saw a 2-log removal for the 
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leachate. There were exceptions, it was observed that zinc for the fine concrete specimens 

and cadmium for the coarse concrete specimens achieved 1-log removal. 

Since, the uni-axial compressive strength did not 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 of 3-4ò could not be achieved unless 

additives were used, such as a superplasticizer. To minimize ingredients, especially 

relatively expensive ones, the superplasticizer was not used during the strength 

development tests so that minimum bias was present.  

It was found during the strength development tests that the compressive strength for 

the specimens containing 30% substitution of mine tailings for the fine aggregate 

maintained similar failure loads to the controls. 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 long-term durability is of grave 

interest before ever commercially utilizing this 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 both showed a 3-log 

encapsulation capacity. The effectiveness of this treatment could be feasible for this site 

specific material. 

Concrete specimens that contained mine tailings can leach heavy metals above the 

MCL level for drinking water standards. The one of most concern is the level of cadmium 

from a specimen that contained the coarse mine tailing mixture at a T:FA of 50%. Even 

though there was no correlation between the T:FA ratio and the concentration of heavy 

metals, this shows that it is possible to not encapsulate 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 

purposed use of this remediation strategy. 
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A. Particle Size Distribution  

Sand 

 

Figure A.1: Particle size distribution for sand 
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Table A.1: Sieve data for sand, sample S1.1 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 
   

 

 

 

 

 

 

Sample Number: S1.1 

Test Date: 10/27/2012 

Visual Classification of Soil: silica mix, quartz sand 

Weight of Dry Sample (g): 472.1 
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Table A.2: Sieve data for sand, sample S1.2 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 11.4 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 12.3 371.1 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 11.5 497.4 94.9 5.9 

100 0.149 478.3 488.7 10.4 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 
   

 

 

 

 

 

 

Sample Number: S1.2 

Test Date: 10/27/2012 

Visual Classification of Soil: silica mix, quartz sand 

Weight of Dry Sample (g): 524.4 
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Tailings 

Sample 1 

 

Figure A.2: Particle size distribution for tailings, sample 1 
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Table A.3: Sieve data for tailings, sample T1.1.1 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

5:13:00 PM 0 21.5 10 12 14.3 0.01422 0.00E+00 0.3 1.04 - - 2.1 

5:14:00 PM 1 21.5 9 11 14.5 0.01422 5.41E-02 0.3 1.04 8.3 101.6 2.1 

5:16:00 PM 3 21.5 7 9 15.2 0.01422 3.20E-02 0.3 1.04 6.3 77.1 1.6 

5:18:00 PM 5 21.5 7 9 15.2 0.01422 2.48E-02 0.3 1.04 6.3 77.1 1.6 

5:22:00 PM 9 21.5 7 9 15.2 0.01422 1.85E-02 0.3 1.04 6.3 77.1 1.6 

5:28:00 PM 15 21.5 6 8 15.0 0.01422 1.42E-02 0.3 1.04 5.3 64.8 1.3 

5:43:00 PM 30 21 6 8 15.0 0.01414 1.00E-02 0.2 1.04 5.2 63.6 1.3 

6:13:00 PM 60 21 5 7 15.2 0.01414 7.12E-03 0.2 1.04 4.2 51.4 1.0 

6:43:00 PM 90 21 5 7 15.2 0.01414 5.81E-03 0.2 1.04 4.2 51.4 1.0 

 

Sample Number: T1.1.1 

Test Date: 10/22/2012 

Visual Classification of Soil: Light yellow sand 

Weight of Dry Sample (g): 421.5 
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Table A.4: Sieve data for tailings, sample T1.1.2 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 19.4 158.2 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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 5.38E-02 0.4 1.04 9.4 94.9 2.3 

3:28:00 PM 3 22 10 12 14.3 0.01422 3.10E-02 0.4 1.04 9.4 94.9 2.3 

3:30:00 PM 5 22 9 11 14.5 0.01422 2.42E-02 0.4 1.04 8.4 84.8 2.0 

3:35:00 PM 10 22 8 10 14.7 0.01422 1.72E-02 0.4 1.04 7.4 74.7 1.8 

3:41:00 PM 16 22 8 10 14.7 0.01422 1.36E-02 0.4 1.04 7.4 74.7 1.8 

3:55:00 PM 30 22 7 9 14.8 0.01422 9.99E-03 0.4 1.04 6.4 64.6 1.5 

4:25:00 PM 60 22 7 9 14.8 0.01422 7.06E-03 0.4 1.04 6.4 64.6 1.5 

4:55:00 PM 90 22 6 8 15 0.01422 5.81E-03 0.4 1.04 5.4 54.5 1.3 

 

Sample Number: T1.1.2 

Test Date: 10/22/2012 

Visual Classification of Soil: Light yellow 

Weight of Dry Sample (g): 435.2 
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Table A.5:  Sieve data for tailings, sample T1.1.3 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 4.97E-02 0.4 1.04 21.4 65.7 4.9 

6:23:00 PM 2 22 21 22 12.7 0.01422 3.58E-02 0.4 1.04 18.4 56.4 4.2 

6:25:00 PM 4 22 19 20 13.0 0.01422 2.56E-02 0.4 1.04 16.4 50.3 3.7 

6:29:00 PM 8 22 18 19 13.2 0.01422 1.83E-02 0.4 1.04 15.4 47.2 3.5 

6:37:00 PM 16 22 16 17 13.5 0.01422 1.31E-02 0.4 1.04 13.4 41.1 3.0 

6:51:00 PM 30 22 15 16 13.7 0.01422 9.61E-03 0.4 1.04 12.4 38.0 2.8 

7:25:00 PM 64 22 14 15 13.8 0.01422 6.60E-03 0.4 1.04 11.4 35.0 2.6 

7:51:00 PM 90 22 14 15 13.8 0.01422 5.57E-03 0.4 1.04 11.4 35.0 2.6 

Tailings 

Sample Number: T1.1.3 

Test Date: 10/27/2012 

Visual Classification of Soil: Light yellow sand 

Weight of Dry Sample (g): 460.9 



95 

Sample 2 

 

 

Figure A.3: Particle size distribution for tailings, sample 2 
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Table A.6: Sieve data for tailings, sample T1.2.1 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 13.4 3.1 13.4 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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 5.18E-02 0.4 1.018 9.4 455.7 2.2 

3:28:00 PM 3 22 10 12 14.3 0.01370 2.99E-02 0.4 1.018 9.4 455.7 2.2 

3:30:00 PM 5 22 9 11 14.5 0.01370 2.33E-02 0.4 1.018 8.4 407.2 2.0 

3:35:00 PM 10 22 8 10 14.7 0.01370 1.66E-02 0.4 1.018 7.4 358.7 1.8 

3:41:00 PM 16 22 8 10 14.7 0.01370 1.31E-02 0.4 1.018 7.4 358.7 1.8 

3:55:00 PM 30 22 7 9 14.8 0.01370 9.62E-03 0.4 1.018 6.4 310.2 1.5 

 

Sample Number: T1.2.1 

Test Date: 10/22/2012 

Visual Classification of Soil: Dark yellow 

Weight of Dry Sample (g): 425.5 
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Table A.7: Sieve data for tailings, sample T1.2.2 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

6:32:00 PM 0 22 10 11 14.5 0.01370 0.00E+00 0.4 1.018 - - 1.6 

6:33:00 PM 1 22 8 9 14.8 0.01370 5.27E-02 0.4 1.018 5.4 71.4 1.2 

6:34:00 PM 2 22 8 9 14.8 0.01370 3.73E-02 0.4 1.018 5.4 71.4 1.2 

6:36:00 PM 4 22 7 8 15.0 0.01370 2.65E-02 0.4 1.018 4.4 58.2 0.9 

6:40:00 PM 8 22 7 8 15.0 0.01370 1.88E-02 0.4 1.018 4.4 58.2 0.9 

6:47:00 PM 15 22 7 8 15.0 0.01370 1.37E-02 0.4 1.018 4.4 58.2 0.9 

7:02:00 PM 30 22 6 7 15.2 0.01370 9.75E-03 0.4 1.018 3.4 45.0 0.7 

7:32:00 PM 60 22 6 7 15.2 0.01370 6.90E-03 0.4 1.018 3.4 45.0 0.7 

8:02:00 PM 90 22 6 7 15.2 0.01370 5.63E-03 0.4 1.018 3.4 45.0 0.7 

Sample Number: T1.2.2 

Test Date: 10/27/2012 

Visual Classification of Soil: Dark yellow sand 

Weight of Dry Sample (g): 473.0 
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Table A.8: Sieve data for tailings, sample T1.2.3 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 15.4 100.7 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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 5.27E-02 0.4 1.018 5.4 41.6 1.2 

6:46:00 PM 2 22 8 9 14.8 0.01370 3.73E-02 0.4 1.018 5.4 41.6 1.2 

6:48:00 PM 4 22 7 8 15.0 0.01370 2.65E-02 0.4 1.018 4.4 33.9 1.0 

6:52:00 PM 8 22 6 7 15.2 0.01370 1.89E-02 0.4 1.018 3.4 26.2 0.7 

6:59:00 PM 15 22 5 6 15.3 0.01370 1.38E-02 0.4 1.018 2.4 18.5 0.5 

7:14:00 PM 30 22 5 6 15.3 0.01370 9.78E-03 0.4 1.018 2.4 18.5 0.5 

7:44:00 PM 60 22 4 5 15.5 0.01370 6.96E-03 0.4 1.018 1.4 10.8 0.3 

8:14:00 PM 90 22 4 5 15.5 0.01370 5.69E-03 0.4 1.018 1.4 10.8 0.3 

Sample Number: T1.2.3 

Test Date: 10/27/2012 

Visual Classification of Soil: Dark yellow sand 

Weight of Dry Sample (g): 466.2 
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Tailings 

Sample 3 

 

Figure A.4: Particle size distribution for tailings, sample 3 
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Table A.9: Sieve data for tailings, sample T1.3.2 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 4.74E-02 0.4 0.99 17.4 57.5 4.0 

2:53:00 PM 2 22 17 18 13.3 0.01320 3.40E-02 0.4 0.99 14.4 47.6 3.3 

2:55:00 PM 4 22 15 16 13.7 0.01320 2.44E-02 0.4 0.99 12.4 40.9 2.8 

2:59:00 PM 8 22 12 13 14.2 0.01320 1.76E-02 0.4 0.99 9.4 31.0 2.2 

3:06:00 PM 15 22 10 11 14.5 0.01320 1.30E-02 0.4 0.99 7.4 24.4 1.7 

3:21:00 PM 30 22 9 10 14.7 0.01320 9.24E-03 0.4 0.99 6.4 21.1 1.5 

3:51:00 PM 60 22 8 9 14.8 0.01320 6.56E-03 0.4 0.99 5.4 17.8 1.2 

4:21:00 PM 90 22 7 8 15 0.01320 5.39E-03 0.4 0.99 4.4 14.5 1.0 

Sample Number: T1.3.2 

Test Date: 10/26/2012 

Visual Classification of Soil: Brown sand 

Weight of Dry Sample (g): 434.1 
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Table A.10: Sieve data for tailings, sample T1.3.3 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 4.74E-02 0.4 0.99 17.4 66.0 3.6 

6:58:00 PM 2 22 16 17 13.5 0.01320 3.43E-02 0.4 0.99 13.4 50.8 2.8 

7:00:00 PM 4 22 14 15 13.8 0.01320 2.45E-02 0.4 0.99 11.4 43.3 2.3 

7:04:00 PM 8 22 11 12 14.3 0.01320 1.76E-02 0.4 0.99 8.4 31.9 1.7 

7:11:00 PM 15 22 10 11 14.5 0.01320 1.30E-02 0.4 0.99 7.4 28.1 1.5 

7:26:00 PM 30 22 9 10 14.7 0.01320 9.24E-03 0.4 0.99 6.4 24.3 1.3 

7:56:00 PM 60 22 9 10 14.7 0.01320 6.53E-03 0.4 0.99 6.4 24.3 1.3 

8:26:00 PM 90 22 8 9 14.8 0.01320 5.35E-03 0.4 0.99 5.4 20.5 1.1 

Sample Number: T1.3.3 

Test Date: 10/27/2012 

Visual Classification of Soil: Brown sand 

Weight of Dry Sample (g): 486.9 
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Tailings 

Sample 4 

 

Figure A.5: Particle size distribution for tailings, sample 4 
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Table A.11: Sieve data for tailings, sample T1.4.1 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

7:08:00 PM 0 22 50 51 7.9 0.01258 0.00E+00 0.4 0.96 - - 12.1 

7:09:00 PM 1 22 32 33 10.9 0.01258 4.15E-02 0.4 0.96 29.4 48.0 5.8 

7:10:00 PM 2 22 27 28 11.7 0.01258 3.04E-02 0.4 0.96 24.4 39.8 4.8 

7:12:00 PM 4 22 21 22 12.7 0.01258 2.24E-02 0.4 0.96 18.4 30.0 3.6 

7:16:00 PM 8 22 18 19 13.2 0.01258 1.62E-02 0.4 0.96 15.4 25.1 3.0 

7:23:00 PM 15 22 15 16 13.7 0.01258 1.20E-02 0.4 0.96 12.4 20.2 2.5 

7:38:00 PM 30 22 13 14 14.0 0.01258 8.59E-03 0.4 0.96 10.4 17.0 2.1 

8:08:00 PM 60 22 10 11 14.5 0.01258 6.18E-03 0.4 0.96 7.4 12.1 1.5 

8:38:00 PM 90 22 10 11 14.5 0.01258 5.05E-03 0.4 0.96 7.4 12.1 1.5 

 

Sample Number: T1.4.1 

Test Date: 10/27/2012 

Visual Classification of Soil: Brown sand 

Weight of Dry Sample (g): 485.5 
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Table A.12: Sieve data for tailings, sample T1.4.2 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 1.5 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 11.4 - - 0.0 

Total Weight = 534.2 100.0 
   

 

Hydrometer Test 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 3.96E-02 0.4 0.96 35.4 55.9 6.4 

7:22:00 PM 2 22 31 32 11.1 0.01258 2.96E-02 0.4 0.96 28.4 44.8 5.1 

7:24:00 PM 4 22 26 27 12.0 0.01258 2.18E-02 0.4 0.96 23.4 36.9 4.2 

7:28:00 PM 8 22 21 22 12.7 0.01258 1.59E-02 0.4 0.96 18.4 29.1 3.3 

7:35:00 PM 15 22 18 19 13.2 0.01258 1.18E-02 0.4 0.96 15.4 24.3 2.8 

7:50:00 PM 30 22 14 15 13.8 0.01258 8.53E-03 0.4 0.96 11.4 18.0 2.0 

8:20:00 PM 60 22 12 13 14.2 0.01258 6.12E-03 0.4 0.96 9.4 14.8 1.7 

8:50:00 PM 90 22 11 12 14.3 0.01258 5.01E-03 0.4 0.96 8.4 13.3 1.5 

Tailings 

Sample Number: T1.4.2 

Test Date: 10/27/2012 

Visual Classification of Soil: Brown sand 

Weight of Dry Sample (g): 535.4 
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Sample 5 

 

Figure A.6: Particle size distribution for tailings, sample 5 
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Table A.13: Sieve data for tailings, sample T1.5.1 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 4.29E-02 0.4 1.01 35.4 59.8 7.7 

1:28:00 PM 2 22 30 31 11.2 0.01349 3.19E-02 0.4 1.01 28.4 48.0 6.2 

1:30:00 PM 4 22 26 27 11.9 0.01349 2.33E-02 0.4 1.01 24.4 41.2 5.3 

1:34:00 PM 8 22 22 23 12.5 0.01349 1.69E-02 0.4 1.01 20.4 34.4 4.4 

1:42:00 PM 16 22 19 20 13.0 0.01349 1.22E-02 0.4 1.01 17.4 29.4 3.8 

2:01:00 PM 35 22 13 14 14.0 0.01349 8.53E-03 0.4 1.01 11.4 19.2 2.5 

2:27:00 PM 61 22 13 14 14.0 0.01349 6.46E-03 0.4 1.01 11.4 19.2 2.5 

2:56:00 PM 90 22 13 14 14.0 0.01349 5.32E-03 0.4 1.01 11.4 19.2 2.5 

 

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 
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Table A.14: Sieve data for tailings, sample T1.5.2 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 4.29E-02 0.4 1.01 35.4 67.2 8.4 

1:41:00 PM 2 22 30 31 11.2 0.01349 3.19E-02 0.4 1.01 28.4 53.9 6.8 

1:43:00 PM 4 22 25 26 12.0 0.01349 2.34E-02 0.4 1.01 23.4 44.4 5.6 

1:48:00 PM 9 22 20 21 12.9 0.01349 1.61E-02 0.4 1.01 18.4 34.9 4.4 

1:55:00 PM 16 22 18 19 13.2 0.01349 1.23E-02 0.4 1.01 16.4 31.1 3.9 

2:11:00 PM 32 22 15 16 13.7 0.01349 8.83E-03 0.4 1.01 13.4 25.4 3.2 

2:40:00 PM 61 22 14 15 13.8 0.01349 6.42E-03 0.4 1.01 12.4 23.5 2.9 

3:11:00 AM 90 22 13 14 14.0 0.01349 5.32E-03 0.4 1.01 11.4 21.6 2.7 

Tailings 

Sample Number: T1.5.2 

Test Date: 10/27/2012 

Visual Classification of Soil: Light brown/yellow sand 

Weight of Dry Sample (g): 426.3 
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Sample 6 

 

Figure A.7: Particle size distribution for tailings, sample 6 
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Table A.15: Sieve data for tailings, sample T1.6.1 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

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 3.84E-02 0.4 1.02 49.4 55.1 11.6 

1:54:00 PM 2 22 41 42 9.4 0.01374 2.98E-02 0.4 1.02 39.4 44.0 9.3 

1:56:00 PM 4 22 33 34 10.7 0.01374 2.25E-02 0.4 1.02 31.4 35.0 7.4 

2:00:00 PM 8 22 26 27 11.9 0.01374 1.68E-02 0.4 1.02 24.4 27.2 5.7 

2:09:00 PM 17 22 22 23 12.5 0.01374 1.18E-02 0.4 1.02 20.4 22.8 4.8 

2:23:00 PM 31 22 19 20 13.0 0.01374 8.90E-03 0.4 1.02 17.4 19.4 4.1 

2:52:00 PM 60 22 16 17 13.5 0.01374 6.52E-03 0.4 1.02 14.4 16.1 3.4 

3:22:00 PM 90 22 15 16 13.7 0.01374 5.36E-03 0.4 1.02 13.4 15.0 3.2 

 

Sample Number: T1.6.1 

Test Date: 10/27/2012 

Visual Classification of Soil: Light brown/yellow sand 

Weight of Dry Sample (g): 423.1 
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Table A.16: Sieve data for tailings, sample T1.6.2 

 

 

 

 

Dry Sieve 

Sieve 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 - - 19.4 

Pan 
 

342.8 424.6 81.8 19.4 - - 0.0 

Total Weight = 422.7 100.0 
   

 

Hydrometer Test 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

2:06:00 PM 0 22 60 60+ - 0.01374 0.00E+00 0.4 1.02 - - 19.4 

2:07:00 PM 1 22 46 47 8.6 0.01374 4.03E-02 0.4 1.02 44.4 55.4 10.7 

2:08:00 PM 2 22 37 38 10.1 0.01374 3.09E-02 0.4 1.02 35.4 44.1 8.5 

2:10:00 PM 4 22 30 31 11.2 0.01374 2.30E-02 0.4 1.02 28.4 35.4 6.9 

2:14:00 PM 8 22 24 25 12.2 0.01374 1.70E-02 0.4 1.02 22.4 27.9 5.4 

2:21:00 PM 15 22 20 21 12.9 0.01374 1.27E-02 0.4 1.02 18.4 22.9 4.4 

2:38:00 PM 32 22 17 18 13.3 0.01374 8.86E-03 0.4 1.02 15.4 19.2 3.7 

3:06:00 PM 60 22 15 16 13.7 0.01374 6.57E-03 0.4 1.02 13.4 16.7 3.2 

3:36:00 PM 90 21.5 14 15 13.8 0.01374 5.38E-03 0.4 1.02 12.4 15.5 3.0 

Tailings 

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 
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Sample 7 

 

Figure A.8: Particle size distribution for tailings, sample 7 
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Table A.17: Sieve data for tailings, sample T1.7.1 

 

 

 

 

Sample Number: 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 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

2:18:00 PM 0 22 60+ 60+ - 0.01305 0.00E+00 0.4 0.99 - - 23.8 

2:19:00 PM 1 22 60 60+ - 0.01305 - 0.4 0.99 - - 23.8 

2:20:00 OM 2 22 52 53 7.6 0.01305 2.54E-02 0.4 0.99 50.4 45.8 10.9 

2:22:00 PM 4 22 46 47 8.6 0.01305 1.91E-02 0.4 0.99 44.4 40.3 9.6 

2:26:00 PM 8 22 35 36 10.4 0.01305 1.49E-02 0.4 0.99 33.4 30.3 7.2 

2:33:00 PM 15 22 29 30 11.4 0.01305 1.14E-02 0.4 0.99 27.4 24.9 5.9 

2:48:00 PM 30 22 24 25 12.2 0.01305 8.32E-03 0.4 0.99 22.4 20.3 4.8 

3:18:00 PM 60 22 20 21 12.9 0.01305 6.05E-03 0.4 0.99 18.4 16.7 4.0 

3:48:00 PM 90 22 19 20 13.0 0.01305 4.96E-03 0.4 0.99 17.4 15.8 3.8 
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Table A.18 Sieve data 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 

Number 
D (mm) 

Mass of Empty 

Sieve (g) 

Mass of Sieve + Soil 

Retained (g) 

Soil Retained 

(g) 

% 

Retained 

Cumulative Mass 

Retained (g) 

% Cumulative 

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 

Time 
Elapsed 

Time (min) 
Temp. °C Ra 

Corrected 

Ra 
L (cm) K D (mm) CT a Rc 

% 

Finer P 

% Adjusted 

Finer Pa 

2:35:00 PM 0 22 60+ 60+ - 0.01305 0.00E+00 0.4 0.99 - - 23.0 

2:36:00 PM 1 22 58 59 6.6 0.01305 3.35E-02 0.4 0.99 56.4 57.4 13.2 

2:37:00 PM 2 22 51 52 7.8 0.01305 2.58E-02 0.4 0.99 49.4 50.3 11.6 

2:39:00 PM 4 22 43 44 9.1 0.01305 1.97E-02 0.4 0.99 41.4 42.1 9.7 

2:43:00 PM 8 22 35 36 10.6 0.01305 1.50E-02 0.4 0.99 33.4 34.0 7.8 

2:50:00 PM 15 22 29 30 11.4 0.01305 1.14E-02 0.4 0.99 27.4 27.9 6.4 

3:05:00 PM 30 22 24 25 12.2 0.01305 8.32E-03 0.4 0.99 22.4 22.8 5.2 

3:35:00 PM 60 22 21 22 12.7 0.01305 6.00E-03 0.4 0.99 19.4 19.7 4.5 

4:05:00 PM 90 22 20 21 12.9 0.01305 4.94E-03 0.3 0.99 18.3 18.6 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 
   

   Tailings 1 Tailings 2 Tailings 3 Tailings 4 Total 
   

  
Weight 

(lb.) 
10.00 10.00 10.00 10.00 40.00 

   

           
Coarse Tailings Mixture 

 
Tailings 1 Tailings 2 Tailings 3 Tailings 4 Coarse Tailings 

Sieve Number 

% 

Cumulative 

Retained 

% 

Passin

g 

% 

Cumulative 

Retained 

% 

Passing 

% 

Cumulative 

Retained 

% 

Passing 

% 

Cumulative 

Retained 

% 

Passing 

% 

Cumulative 

Retained 

% 

Passing 

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 13.5 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 = 0.3 
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Table B.2: Mix ratio calculator for fineness modulus for coarse tailings, spreadsheet 2 

Tailings Substitution Ratio Based on Fineness Modulus 

 
Coarse Tailings Sand Substitute Mixture 

Sieve 

Number 

% 

Cumulative 

Retained 

% 

Passing 

% Cumulative 

Retained 

% 

Passing 

% 

Cumulative 

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 

 

Sand 

 

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

Specific Surface Area Calculator  

      

          Sample Number: S1.1 

      Test Date: 10/27/2012 

      Visual Classification of Soil: silica mix, quartz sand 

      Weight of Dry Sample (g): 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 7.12E-05 5.65E-08 4.63E-06 8.20E+01 5.84E-03 

10 2.00 59.3 1.26E-05 4.19E-09 2.18E-05 5.20E+03 6.54E-02 

20 0.841 156.5 2.22E-06 3.11E-10 5.75E-05 1.85E+05 4.10E-01 

30 0.595 56.7 1.11E-06 1.10E-10 2.08E-05 1.89E+05 2.10E-01 

40 0.420 57.4 5.54E-07 3.88E-11 2.11E-05 5.44E+05 3.01E-01 

48 0.297 55.1 2.77E-07 1.37E-11 2.03E-05 1.48E+06 4.09E-01 

80 0.177 45.8 9.84E-08 2.90E-12 1.68E-05 5.80E+06 5.71E-01 

100 0.149 9.6 6.97E-08 1.73E-12 3.53E-06 2.04E+06 1.42E-01 

200 0.074 12.2 1.72E-08 2.12E-13 4.49E-06 2.11E+07 3.64E-01 

Total 
      

2.48E+00 

      
SSA, m

2
/kg = 5.25 
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Tailings 

 

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

  Sample Number: T1.4.1  

 

  

   Visual Classification of Soil: Brown sand  

      Weight of Dry Sample (g): 485.5  

      Specific Gravity of Solids: 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 1.26E-05 4.19E-09 - - - 

20 0.841 0.6 2.22E-06 3.11E-10 2.11E-07 6.76E+02 1.50E-03 

30 0.595 5.7 1.11E-06 1.10E-10 2.00E-06 1.81E+04 2.02E-02 

40 0.420 25.9 5.54E-07 3.88E-11 9.09E-06 2.34E+05 1.30E-01 

48 0.297 84.0 2.77E-07 1.37E-11 2.95E-05 2.15E+06 5.95E-01 

80 0.177 175.9 9.84E-08 2.90E-12 6.17E-05 2.13E+07 2.09E+00 

100 0.149 39.1 6.97E-08 1.73E-12 1.37E-05 7.92E+06 5.52E-01 

200 0.074 95.2 1.72E-08 2.12E-13 3.34E-05 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 - - - - - - 

4.15E-02 22 30.59 5.42E-09 3.75E-14 1.07E-05 2.86E+08 1.55E+00 

3.04E-02 22 4.80 2.91E-09 1.47E-14 1.69E-06 1.14E+08 3.32E-01 

2.24E-02 22 5.76 1.58E-09 5.90E-15 2.02E-06 3.43E+08 5.41E-01 

1.62E-02 22 2.88 8.20E-10 2.21E-15 1.01E-06 4.58E+08 3.75E-01 

1.20E-02 22 2.88 4.54E-10 9.10E-16 1.01E-06 1.11E+09 5.05E-01 

8.59E-03 22 1.92 2.32E-10 3.32E-16 6.74E-07 2.03E+09 4.71E-01 

6.18E-03 22 2.88 1.20E-10 1.24E-16 1.01E-06 8.16E+09 9.81E-01 

5.05E-03 22 0.00 8.01E-11 6.74E-17 0.00E+00 0.00E+00 3.21E+00 

Total: 
 

48.85 
    

7.96E+00 

       

      SSA, m
2
/kg = 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), WP 178.5 181.1   

Mass of empty pycnometer + dry sand (g), WPS 190.0 191.5   

Mass of pycnometer + dry sand + water (g), WB 682.8 684.9   

Mass of pycnometer + water (g), WA 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 

Test Date: 10/27/2012 

 

Specimen Number 1 2 Average 

Pycnometer bottle number 1 4   

Mass of empty, clean pycnometer (g), WP 178.4 181.1   

Mass of empty pycnometer + dry tailings (g), WPT 188.4 191.1   

Mass of pycnometer + dry tailings + water (g), WB 681.9 684.5   

Mass of pycnometer + water (g), WA 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 pycnometer (g), WP 178.3 180.9   

Mass of empty pycnometer + dry tailings (g), WPT 189.1 191.1   

Mass of pycnometer + dry tailings + water (g), WB 682.6 684.7   

Mass of pycnometer + water (g), WA 676.0 678.5   

Specific Gravity, SG 2.571 2.550 2.56 
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Sample 3 

 

Table D.4: 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), WP 178.2 180.7   

Mass of empty pycnometer + dry tailings (g), WPT 188.4 190.6   

Mass of pycnometer + dry tailings + water (g), WB 682.5 685.1   

Mass of pycnometer + water (g), WA 676.2 678.8   

Specific Gravity, SG 2.615 2.750 2.68 

 

 

Sample 4 

 

Table D.5: Specific gravity data for sand, samples T1.4.1 & T1.4.2 

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), WP 178.2 180.8   

Mass of empty pycnometer + dry tailings (g), WPT 188.6 190.8   

Mass of pycnometer + dry tailings + water (g), WB 682.4 685.1   

Mass of pycnometer + water (g), WA 675.8 678.5   

Specific Gravity, SG 2.737 2.941 2.84 

 

 

Sample 5 

 

Table D.6: Specific gravity data for sand, samples T1.5.1 & T1.5.2 

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 pycnometer (g), WP 178.5 181.2   

Mass of empty pycnometer + dry tailings (g), WPT 188.5 191.3   

Mass of pycnometer + dry tailings + water (g), WB 682.2 685.1   

Mass of pycnometer + water (g), WA 676.1 678.8   

Specific Gravity, SG 2.564 2.658 2.61 
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Sample 6 

 

Table D.7: Specific gravity data for sand, samples T1.6.1 & T1.6.2 

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), WP 178.2 180.8   

Mass of empty pycnometer + dry tailings (g), WPT 189.0 190.7   

Mass of pycnometer + dry tailings + water (g), WB 682.9 684.6   

Mass of pycnometer + water (g), WA 676.2 678.7   

Specific Gravity, SG 2.634 2.475 2.55 

 

 

Sample 7 

Table D.8: Specific gravity data for sand, samples T1.7.1 & T1.7.2 

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 pycnometer (g), WP 178.5 181.1   

Mass of empty pycnometer + dry tailings (g), WPT 188.7 191.6   

Mass of pycnometer + dry tailings + water (g), WB 682.3 685.2   

Mass of pycnometer + water (g), WA 675.8 678.6   

Specific Gravity, SG 2.757 2.692 2.72 
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E. Moisture Content 

Sand at 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), WC: 71.98 73.75 147.96 
 

Mass of can, and moist sand (g), WCMS: 250.43 263.74 373.6 
 

Mass of can and dry sand (g), WCDS: 232.58 244.91 351.37 
 

Mass of sand (g), WS: 160.6 171.16 203.41 
 

Mass of pore water (g), MW: 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), WC: 72 71.48 68.51 
 

Mass of can, and moist sand (g), WCMS: 245.53 282.88 281.67 
 

Mass of can and dry sand (g), WCDS: 230.64 266.12 265.00 
 

Mass of sand (g), WS: 158.64 194.64 196.49 
 

Mass of pore water (g), MW: 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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Tailings at Storage Conditions 

Coarser Tailing Mixture 

 

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

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

Test Date: 12/30/2012 

 

Specimen Number 1 2 Average 

Moisture can and lid number: - -   

Time in Oven: 9:30 AM 9:30 AM   

Time out of Oven:       

Mass of empty clean can (g), WC: 46.9 47.06   

Mass of can, and moist tailings (g), WCMT: 89.09 95.43   

Mass of can and dry tailings (g), WCDT: 86.61 92.65   

Mass of tailings (g), WT: 39.71 45.59   

Mass of pore water (g), MW: 2.48 2.78   

Water content (w%), w: 6.25 6.10 6.2 

 

 

Finer Tailing Mixture 

 

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

Sample Number: T1.F.1 & T1.F.2 

Test Date: 12/30/2012 

 

Specimen Number 1 2 Average 

Moisture can and lid number - -   

Time in Oven 9:30 AM 9:30 AM   

Time out of Oven       

Mass of empty clean can (g), WC 45.75 48.08   

Mass of can, and moist tailings (g), WCMT 85.98 94.43   

Mass of can and dry tailings (g), WCDT 83.42 91.51   

Mass of tailings (g), WT 37.67 43.43   

Mass of pore water (g), MW 2.56 2.92   

Water content (w%), w 6.80 6.72 6.8 
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F. Raw Tailing Chemical Characterization 

 

Total Metals Analysis 

 

Table F.1: Total metals analysis for raw mine tailings samples, concentration in 

leachate in mg/L 

A
n

a
ly

te
 N

a
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in

e
r, m

g
/L

 

C
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T
a
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a

m
p
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 7, 

m
g

/L
 

Ag 0.158 0.159 0.203 0.161 0.172 0.0973 0.194 0.129 0.0995 

Al  35.4 20.2 11.8 10.6 25.6 30.9 33.0 37.2 40.4 

As 1.24 0.611 0.749 0.723 0.511 0.608 2.24 1.40 0.444 

B 0.577 0.668 0.533 0.554 0.912 0.672 0.548 0.469 0.528 

Ba 0.589 0.184 0.294 0.181 0.121 0.188 0.908 1.26 0.657 

Ca 84.5 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 18.2 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 13.5 9.49 8.12 17.1 14.7 11.1 

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 0.470 0.119 0.202 0.0890 0.0817 0.0790 0.912 0.493 0.0870 

Se -

0.0210 

-

0.0413 

-

0.0467 

-

0.0500 

-

0.0523 

-

0.0237 

-

0.0303 

-

0.0170 
-0.008 

Si 3.12 2.45 2.38 1.75 3.38 2.88 3.50 2.98 2.94 

Sr 0.188 0.142 0.115 0.116 0.143 0.163 0.141 0.180 0.257 

Ti  0.487 0.366 0.198 0.180 0.535 0.512 0.523 0.537 0.439 

V 0.107 0.0727 0.0633 0.0907 0.0747 0.0690 0.153 0.126 0.0767 

Zn 48.0 54.1 39.4 12.2 70.9 60.9 28.2 35.1 54.8 
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Table F.2: Total metals analysis for raw mine tailings samples, concentration of dry 

tailings in mg/kg 

 

Average concentrations (dry basis) 

Sample  Al  As Ba Ca Cd Co Cr  Cu Fe Mg Mn Ni Pb S Zn 

Name mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg 

                
Finer 3754.3 131.6 62.52 8573.6 33.33 7.820 25.94 1935.5 41718 2315.5 7476.7 3.043 4345.2 35023.2 5095.3 

Coarser 2131.9 64.6 19.44 6372.8 38.48 6.519 26.68 3178.5 49439 1239.3 5331.6 1.973 5884.8 46238.9 5715.5 

Site 1 1221.6 80.7 31.56 4470.8 24.48 3.343 20.00 3521.0 39362 253.8 1100.0 0.485 5877.3 37528.8 4249.0 

Site 2 1131.1 76.9 19.31 5636.6 7.45 2.626 21.40 1643.2 41205 604.9 933.1 0.355 5916.3 31742.9 1299.0 

Site 3 1174.1 78.8 27.50 4764.6 18.82 3.081 20.29 2885.1 39622 362.5 1035.2 0.430 5836.6 35292.7 3272.8 

Site 4 2662.1 53.1 12.56 5635.9 65.19 10.247 37.11 4791.2 64771 1619.8 8350.0 2.943 6847.6 67065.9 7363.4 

Site 5 3501.4 237.6 96.43 3831.4 17.88 6.337 24.07 1540.0 38625 1661.1 5296.3 2.337 4418.3 25557.3 2998.6 

Site 6 4000.5 150.3 135.80 5949.9 22.39 6.028 22.42 1288.0 33834 2055.9 5988.3 2.440 3071.3 22604.1 3774.5 

Site 7 4340.7 47.7 70.48 15047.3 41.19 7.980 26.12 1735.6 38504 2839.1 8649.1 3.185 3954.2 37298.0 5886.5 

 

Standard deviation metal concentrations 

Sample  Al  As Ba Ca Cd Co Cr  Cu Fe Mg Mn Ni Pb S Zn 

Name mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg mg/Kg 

                
Finer 712.46 11.97 19.81 363.41 0.322 0.062 0.164 26.89 424.66 97.66 335.13 0.062 90.46 404.87 38.14 

Coarser 149.39 4.28 0.77 221.54 4.150 0.425 1.334 67.64 886.11 67.42 213.11 0.266 194.97 2825.39 410.68 

Site 1 190.10 5.36 1.25 252.65 1.792 0.089 0.586 126.65 996.84 16.01 45.35 0.062 483.38 834.11 185.85 

Site 2 91.62 4.41 0.14 496.16 0.282 0.162 1.328 123.33 2301.97 43.08 48.59 0.061 381.96 1871.23 56.44 

Site 3 229.02 4.09 2.07 54.38 7.182 0.596 1.860 212.39 350.63 63.73 325.33 0.215 276.25 3631.34 298.53 

Site 4 454.25 3.65 4.34 394.65 0.550 0.215 0.686 127.91 469.98 100.04 111.64 0.210 149.88 445.59 94.55 

Site 5 52.11 18.14 3.74 367.90 1.141 0.163 0.876 165.85 379.63 29.39 121.26 0.108 405.52 532.99 168.68 

Site 6 663.38 11.69 26.47 383.80 1.694 0.325 0.618 58.87 1683.20 151.68 303.72 0.126 54.67 1064.13 228.52 

Site 7 297.52 0.51 4.07 456.73 1.656 0.222 0.900 83.62 623.21 36.86 238.69 0.063 218.55 987.12 126.95 
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SPLP Analysis 

 

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

Analyte 

Name 

Finer  

pH=4.2, 

mg/L 

Finer  

pH=5, 

mg/L 

Finer  

pH=10, 

mg/L 

Coarser  

pH=4.2, 

mg/L 

Coarser  

pH=5, 

mg/L 

Coarser  

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 

V 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 F.4: 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 

V 0.00048 

Zn 0.00016 
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G. UCS Test Results 

T:FA variation Study 

 Controls 

 

 

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

 Date: 1/16/2013   
 Age of Specimen: 28 days   
 Sample Number: S   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.06 4.08 4.04 4.06 
 

Cross Sectional Area, in
2
 12.9 13.0 12.8 12.9 

 
Height of Cylinder, in:  8.00 7.97 8.00 8.0 

 
Volume, in

3
: 103.3 103.9 102.6 103.3 

 
Weight, g: 3821.9 3807.8 3828.4 3819.4 

 
Density, lb/ft

3
: 140.9 139.6 142.2 140.9 

 
Less than 800 kg/m

3
?: Yes Yes Yes 

  
Time: 4:30 PM 4:45 PM 5:00 PM 

  
Pace Rate, lbf/s 450 450 450 

  
Sample Stress, 2423 2519 2320 

  
Maximum Load, lbs-force: 30450 31660 29150 30420 

 
Compressive Strength, psi: 2360 2430 2270 2350 76.9 

      Fracture Type: III  III  III  
  

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 for T:FA variation study, sample S-F-0.1 

 Date: 1/17/2013   
 Age of Specimen: 28 days   
 Sample Number: S-F-0.1   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.08 4.05 4.08 4.07 
 

Cross Sectional Area, in
2
 13.0 12.9 13.1 13.0 

 
Height of Cylinder, in:  8.00 8.00 7.94 7.98 

 
Volume, in

3
: 104.6 103.1 103.8 103.8 

 
Weight, g: 3897.9 3809.8 3875.1 3860.93 

 
Density, lb/ft

3
: 142.0 140.8 142.3 141.7 

 
Less than 800 kg/m

3
?: Yes Yes Yes   

 
Time: 3:30PM 3:45PM 3:55PM   

 
Pace Rate, lbf/s 450 450 450   

 
Sample Stress, 2855 2912 2136   

 
Maximum Load, lbs-force: 35880 36600 26840 33106.7 

 
Compressive Strength, psi: 2740 2840 2050 2540 430 

      Fracture Type: III  IV III    
 

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 for T:FA variation study, sample S-F-0.3 

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

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.04 4.06 4.04 4.04 

 Cross Sectional Area, in
2
 12.8 12.9 12.8 12.8 

 Height of Cylinder, in:  8.03 8.00 8.00 8.01 

 Volume, in
3
: 103.0 103.3 102.3 102.9 

 Weight, g: 3896.8 3878.8 3839.8 3871.8 

 Density, lb/ft
3
: 144.2 143.0 143.0 143.4 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 4:10PM 4:14PM 4:25PM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 2844 2336 3479   

 Maximum Load, lbs-force: 35730 29350 43720 36267 

 Compressive Strength, psi: 2790 2270 3420 2830 574 

      Fracture Type: III  III  III    

 Large Air Voids?:  No No No   

 Evidence of Segregations?: No Yes No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        20.3 

 Table G.4: UCS test data for T:FA variation study, sample S-F-0.5 

 Date: 1/16/2013   
 Age of Specimen: 28 days   
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 Sample Number: S-F-0.5   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.04 4.00 4.09 4.04 

 Cross Sectional Area, in
2
 12.8 12.6 13.1 12.8 

 Height of Cylinder, in:  8.00 8.03 8.09 8.04 

 Volume, in
3
: 102.6 100.9 106.1 103.2 

 Weight, g: 3895.3 3903.9 3949.9 3916.4 

 Density, lb/ft
3
: 144.7 147.4 141.9 144.6 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 5:30 PM 5:45 PM 6:00 PM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 3133 928.9 3192   

 Maximum Load, lbs-force: 39370 11670 40110 30383 

 Compressive Strength, psi: 3070 930 3060 2350 1230 

      Fracture Type: III  III  III    

 Large Air Voids?:  No Yes No   

 Evidence of Segregations?: No No No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        52.4 

  

Coarser Mine Tailing Specimens 

 

Table G.5: UCS test data for T:FA variation study, sample S-C-0.1 

 Date: 1/17/2013   
 Age of Specimen: 28 days   
 Sample Number: S-C-0.1   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.04 4.04 4.03 

 Cross Sectional Area, in
2
 12.8 12.8 12.8 12.8 

 Height of Cylinder, in:  7.91 7.91 7.91 7.91 

 Volume, in
3
: 100.8 101.1 101.1 101.0 

 Weight, g: 3837.5 3851.8 3841.7 3843.7 

 Density, lb/ft
3
: 145.0 145.1 144.8 145.0 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 4:45PM 4:52PM 4:54PM   

 Pace Rate, lbf/s 450 450 450 450 

 Sample Stress, 1519 1689 2064 1757 

 Maximum Load, lbs-force: 19080 21490 25940 22170 

 Compressive Strength, psi: 1500 1680 2030 1740 271 

      Fracture Type: IV III  III    

 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 for T:FA variation study, sample S-C-0.3 

 Date: 1/17/2013   
 Age of Specimen: 28 days   
 Sample Number: S-C-0.3   
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Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.05 4.04 4.03 4.04 

 Cross Sectional Area, in
2
 12.9 12.8 12.7 12.8 

 Height of Cylinder, in:  8.03 7.97 8.00 8.00 

 Volume, in
3
: 103.5 102.2 101.8 102.5 

 Weight, g: 3892.7 3867.9 3836.8 3865.8 

 Density, lb/ft
3
: 143.3 144.2 143.6 143.7 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 4:58PM 5:03PM 5:09PM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 2266 2580 2426 2424 

 Maximum Load, lbs-force: 28480 32450 30490 30473 

 Compressive Strength, psi: 2210 2530 2400 2380 161 

      Fracture Type: III  III  III    

 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 for T:FA variation study, sample S-C-0.5 

 Date: 1/17/2013   
 Age of Specimen: 28 days   
 Sample Number: S-C-0.5   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.05 4.05 4.04 4.04 

 Cross Sectional Area, in
2
 12.9 12.9 12.8 12.8 

 Height of Cylinder, in:  8.06 8.06 8.00 8.04 

 Volume, in
3
: 103.6 103.9 102.3 103.3 

 Weight, g: 3934.8 3959.7 3880.8 3925.1 

 Density, lb/ft
3
: 144.7 145.2 144.5 144.8 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 2:45PM 3:00PM 3:15PM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 2939 3865 2587   

 Maximum Load, lbs-force: 36930 48570 32510 39337 

 Compressive Strength, psi: 2870 3770 2540 3060 635 

      Fracture Type: III  III  III    

 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 for iteration 1, sample LT-n 

 Date: 2/4/2013   
 Age of Specimen: 7 days   
 Sample Number: LT-n   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀
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Averaged Diameter of Cylinder, in: 4.04 4.03 4.05 4.04 

 Cross Sectional Area, in
2
 12.8 12.7 12.9 12.8 

 Height of Cylinder, in:  8.00 7.94 8.00 7.98 

 Volume, in
3
: 102.3 101.0 102.8 102.0 

 Weight, g: 3975.6 3895.4 3979.8 3950.3 

 Density, lb/ft
3
: 148.1 146.9 147.5 147.5 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 5:15 PM 5:30 PM 5:45 PM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4115 4488 4570   

 Maximum Load, lbs-force: 51710 56400 57430 55180 

 Compressive Strength, psi: 4040 4430 4470 4310 236 

      Fracture Type: I II  III    

 Large Air Voids?:  No No No   

 Evidence of Segregations?: No No No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        5.5 

  

Table G.9: UCS test data for iteration 1, sample LT-o 

 Date: 2/4/2013   
 Age of Specimen: 7 days   
 Sample Number: LT-o   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in:  4.04 4.06 4.04 4.05 

 Cross Sectional Area, in
2
 12.8 12.9 12.8 12.9 

 Height of Cylinder, in:  8.00 8.00 8.00 8.00 

 Volume, in
3
: 102.6 103.6 102.3 102.8 

 Weight, g: 3880.1 3957.0 3943.3 3926.8 

 Density, lb/ft
3
: 144.1 145.5 146.8 145.5 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 5:50 PM 6:00 PM 6:15 PM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4105 2920 3170   

 Maximum Load, lbs-force: 51580 36700 39840 42707 

 Compressive Strength, psi: 4020 2840 3120 3330 621 

      Fracture Type: III  III  II    

 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: UCS test data for iteration 2, sample LT-2 

 Date: 2/19/2013   
 Age of Specimen: 14 days   
 Sample Number: LT-2   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.06 4.04 4.05 4.05 

 Cross Sectional Area, in
2
 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
3
: 102.9 101.9 102.0 102.3 

 Weight, g: 3887.4 3873.6 3922.2 3894.4 

 Density, lb/ft
3
: 143.9 144.8 146.5 145.1 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 10:30 AM 10:40 AM 10:45 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4107 4108 3900   

 Maximum Load, lbs-force: 51610 51620 49010 50747 

 Compressive Strength, psi: 4000 4040 3810 3950 119 

      Fracture Type: III  III  II I   

 Large Air Voids?:  No No No   

 Evidence of Segregations?: 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: 2/19/2013   
 Age of Specimen: 14 days   
 Sample Number: LT-2-F-0.1   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.05 4.06 4.04 4.05 

 Cross Sectional Area, in
2
 12.9 12.9 12.8 12.9 

 Height of Cylinder, in:  8.03 7.97 7.94 7.98 

 Volume, in
3
: 103.2 102.9 101.8 102.6 

 Weight, g: 3936.9 3923.6 3879.2 3913.2 

 Density, lb/ft
3
: 145.3 145.2 145.2 145.3 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 10:50 AM 11:00 AM 11:05 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4148 4076 3841   

 Maximum Load, lbs-force: 52120 51210 48260 50530 

 Compressive Strength, psi: 4060 3970 3770 3930 149 

      Fracture Type: III  III  III    

 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 Development Study 

3 Day 

Table G.12: UCS test data for strength development study, sample L-3d 

 Date: 2/24/2013   
 Age of Specimen: 3 days   
 Sample Number: L-3d   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.03 4.06 4.04 

 Cross Sectional Area, in
2
 12.7 12.8 12.9 12.8 

 Height of Cylinder, in:  7.97 8.00 7.97 7.98 

 Volume, in
3
: 101.4 102.0 102.9 102.1 

 Weight, g: 3945.8 3926 3968.4 3946.7 

 Density, lb/ft
3
: 148.3 146.6 146.9 147.2 
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Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 10:29 AM 10:37 AM 10:42 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 3849 3794 3290   

 Maximum Load, lbs-force: 48370 47680 41340 45797 

 Compressive Strength, psi: 3800 3740 3200 3580 330 

      Fracture Type: IV III  III    

 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 for strength development study, sample L-3d-F-0.3 

 Date: 2/24/2013   
 Age of Specimen: 3 days   
 Sample Number: L-3d-F-0.3   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.05 4.05 4.04 

 Cross Sectional Area, in
2
 12.8 12.9 12.9 12.8 

 Height of Cylinder, in:  8.00 8.00 8.00 8.00 

 Volume, in
3
: 102.0 103.1 102.8 102.6 

 Weight, g: 3945.5 3952.6 3941.8 3946.6 

 Density, lb/ft
3
: 147.3 146.1 146.1 146.5 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 10:51 AM 10:57 AM 11:05 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 3348 2392 3379   

 Maximum Load, lbs-force: 42070 30050 42470 38197 

 Compressive Strength, psi: 3300 2330 3310 2980 559 

      Fracture Type: III  III  III    

 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 test data for strength development study, sample L-3d-C-0.3 

 Date: 2/24/2013   
 Age of Specimen: 3 days   
 Sample Number: L-3d-C-0.3   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.04 4.03 4.06 4.04 

 Cross Sectional Area, in
2
 12.8 12.8 12.9 12.8 

 Height of Cylinder, in:  7.94 7.97 7.97 7.96 

 Volume, in
3
: 101.8 101.6 103.2 102.2 

 Weight, g: 3924.7 3925.5 3941.0 3930.4 

 Density, lb/ft
3
: 146.9 147.1 145.5 146.5 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 11:11 AM 11:16 AM 11:21 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 3368 3205 3118   

 Maximum Load, lbs-force: 42320 40280 39180 40593 

 Compressive Strength, psi: 3300 3160 3030 3160 138 
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Fracture Type: III  III  III    

 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 for strength development study, sample L-7d 

 Date: 2/28/2013   
 Age of Specimen: 7 days   
 Sample Number: L-7d   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.03 4.03 4.03 

 Cross Sectional Area, in
2
 12.8 12.7 12.7 12.7 

 Height of Cylinder, in:  8.00 8.00 8.00 8.00 

 Volume, in
3
: 102.0 101.8 101.8 101.9 

 Weight, g: 3958.5 3944.3 3961.2 3954.7 

 Density, lb/ft
3
: 147.8 147.6 148.2 147.9 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 9:25 AM 9:31 AM 9:37 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4255 4255 3884   

 Maximum Load, lbs-force: 53480 53480 48800 51920 

 Compressive Strength, psi: 4190 4200 3840 4080 209 

      Fracture Type: III  III  III    

 Large Air Voids?:  No No No   

 Evidence of Segregations?: No No No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        5.1 

 Table G.16: UCS test data for strength development study, sample L-7d-F-0.3 

 Date: 2/28/2013   
 Age of Specimen: 7 days   
 Sample Number: L-7d-F-0.3   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.03 4.03 4.03 

 Cross Sectional Area, in
2
 12.7 12.7 12.8 12.7 

 Height of Cylinder, in:  8.00 7.94 7.97 7.97 

 Volume, in
3
: 101.8 101.0 101.6 101.5 

 Weight, g: 3969.6 3933.7 3926.1 3943.1 

 Density, lb/ft
3
: 148.6 148.4 147.1 148.0 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 9:41 AM 9:47 AM 10:01 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 3018 3825 3175   

 Maximum Load, lbs-force: 37920 48040 39900 41953 

 Compressive Strength, psi: 2980 3780 3130 3300 423 

      Fracture Type: III  III  III    

 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 

  

 

 

Table G.17: UCS test data for strength development study, sample L-7d-C-0.3 

 Date: 2/28/2013   
 Age of Specimen: 7 days   
 Sample Number: L-7d-C-0.3   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.04 4.03 4.02 4.03 

 Cross Sectional Area, in
2
 12.8 12.8 12.7 12.7 

 Height of Cylinder, in:  8.00 7.97 7.97 7.98 

 Volume, in
3
: 102.3 101.6 101.1 101.7 

 Weight, g: 3955.5 3954.3 3945.7 3951.8 

 Density, lb/ft
3
: 147.3 148.2 148.6 148.0 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 10:08 AM 10:12 AM 10:18 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 3876 4112 4453   

 Maximum Load, lbs-force: 48700 51670 55960 52110 

 Compressive Strength, psi: 3810 4050 4410 4090 302 

      Fracture Type: III  III  III    

 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 for strength development study, sample L-14d 

 Date: 3/7/2013   
 Age of Specimen: 14 days   
 Sample Number: L-14d   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.04 4.04 4.04 

 Cross Sectional Area, in
2
 12.8 12.8 12.8 12.8 

 Height of Cylinder, in:  8.00 8.03 7.97 8.00 

 Volume, in
3
: 102.0 103.0 101.9 102.3 

 Weight, g: 3912.7 3935.1 3919.5 3922.4 

 Density, lb/ft
3
: 146.1 145.6 146.5 146.1 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time:  9:07 AM 9:12 AM 9:19 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4765 3400 4250   

 Maximum Load, lbs-force: 59880 42730 53400 52003 

 Compressive Strength, psi: 4690 3330 4180 4070 687 

      Fracture Type: III  III  III    

 Large Air Voids?:  No No No   

 Evidence of Segregations?: No No No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        16.9 
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Table G.19: UCS test data for strength development study, sample L-14d-F-0.3 

 Date: 3/7/2013   
 Age of Specimen: 14 days   
 Sample Number: L-14d-F-0.3d   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.02 4.03 4.01 4.02 

 Cross Sectional Area, in
2
 12.7 12.7 12.6 12.7 

 Height of Cylinder, in:  7.94 7.97 7.97 7.96 

 Volume, in
3
: 100.5 101.4 100.6 100.8 

 Weight, g: 3933.2 3957.4 3940.9 3943.8 

 Density, lb/ft
3
: 149.1 148.7 149.2 149.0 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 9:44 AM 9:49 AM 9:53 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 3579 4238 3777   

 Maximum Load, lbs-force: 44980 53260 47460 48567 

 Compressive Strength, psi: 3550 4190 3760 3830 323 

      Fracture Type: III  III  III    

 Large Air Voids?:  No No No   

 Evidence of Segregations?: No No No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        8.4 

  

Table G.20: UCS test data for strength development study, sample L-14d-C-0.3 

 Date: 3/7/2013   
 Age of Specimen: 14 days   
 Sample Number: L-14d-C-0.3d   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.03 4.03 4.03 

 Cross Sectional Area, in
2
 12.8 12.7 12.7 12.7 

 Height of Cylinder, in:  8.00 8.00 7.97 7.99 

 Volume, in
3
: 102.0 101.8 101.4 101.7 

 Weight, g: 3961.6 3940.5 3970.0 3957.4 

 Density, lb/ft
3
: 147.9 147.5 149.2 148.2 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 10:00 AM 10:06 AM 10:12 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4174 5170 3870   

 Maximum Load, lbs-force: 52450 64960 48630 55347 

 Compressive Strength, psi: 4110 5110 3820 4350 673 

      Fracture Type: III  III  III    

 Large Air Voids?:  No No No   

 Evidence of Segregations?: No No No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        15.5 

  

28 Day 
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Table G.21:  UCS test data for strength development study, sample L-28d 

 Date: 3/21/2013   
 Age of Specimen: 28 days   
 Sample Number: L-28d   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.04 4.03 4.01 4.02 

 Cross Sectional Area, in
2
 12.8 12.7 12.6 12.7 

 Height of Cylinder, in:  8.00 7.97 7.97 7.98 

 Volume, in
3
: 102.3 101.4 100.6 101.4 

 Weight, g: 3942.9 3913.5 3909.4 3921.9 

 Density, lb/ft
3
: 146.8 147.0 148.0 147.3 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 9:22 AM 9:32 AM 9:40 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4215 3830 4185   

 Maximum Load, lbs-force: 51310 46620 50940 49623 

 Compressive Strength, psi: 4010 3660 4030 3900 208 

      Fracture Type: III  III  III    

 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 G.22: UCS test data for strength development study, sample L-28d-F-0.3 

 Date: 3/21/2013   
 Age of Specimen: 28 days   
 Sample Number: L-28d-F-0.3   

Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.03 4.05 4.07 4.05 

 Cross Sectional Area, in
2
 12.72 12.85 13.01 12.86 

 Height of Cylinder, in:  7.97 8.00 8.00 7.99 

 Volume, in
3
: 101.4 102.8 104.1 102.8 

 Weight, g: 3901.1 3931.2 3923.8 3918.7 

 Density, lb/ft
3
: 146.6 145.7 143.6 145.3 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 9:57 AM 9:55 AM 10:03 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 5262 4655 4315   

 Maximum Load, lbs-force: 64060 56670 52530 57753 

 Compressive Strength, psi: 5030 4410 4040 4490 504 

      Fracture Type: III  III  III    

 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 for strength development study, sample L-28d-C-0.3 

 Date: 3/21/2013   
 Age of Specimen: 28 days   
 Sample Number: L-28d-C-0.3   
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Parameter Specimen 1 Specimen 2 Specimen 3 Average  ̀

Averaged Diameter of Cylinder, in: 4.06 4.03 4.03 4.04 

 Cross Sectional Area, in
2
 12.9 12.8 12.7 12.8 

 Height of Cylinder, in:  7.97 8.00 7.94 7.97 

 Volume, in
3
: 103.2 102.0 101.0 102.1 

 Weight, g: 3951.5 3944.2 3925.5 3940.4 

 Density, lb/ft
3
: 145.9 147.2 148.1 147.1 

 Less than 800 kg/m
3
?: Yes Yes Yes   

 Time: 10:11 AM 10:18 AM 10:22 AM   

 Pace Rate, lbf/s 450 450 450   

 Sample Stress, 4799 2928 3959   

 Maximum Load, lbs-force: 58420 35640 48200 47420 

 Compressive Strength, psi: 4510 2790 3790 3700 863 

      Fracture Type: III  III  III    

 Large Air Voids?:  No No No   

 Evidence of Segregations?: No No No   

 Fractures Pass Through Aggregate?: Yes Yes Yes   

       Coefficient of Variation, %:        23.3 
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H. Batch Leach Extraction Results 

T:FA Variation Experiment 

 

Table H.1: SPLP analysis for T:FA variation study, spreadsheet 1 
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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 0.486 0.815 0.714 0.818 

Ba 0.653 0.333 0.350 0.376 0.405 0.603 0.432 0.510 0.533 0.658 0.582 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 32.5 22.4 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 

Sb 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 0.992 0.888 0.647 0.830 0.801 1.14 0.935 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 

Tl  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 for T:FA variation study, spreadsheet 2 
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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 25.4 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 

V 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 Development Experiment 

3Day 

 

Table H.3: SPLP analysis for strength development study, 3 day setting time 
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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 0.032 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 4.41 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 0.692 0.839 1.06 0.918 1.04 0.971 0.765 0.825 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 

V 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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7 Day 

 

Table H.4:  SPLP analysis for strength development study, 7 day setting time 
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Ag 0.0440 0.0135 BDL BDL BDL BDL BDL BDL BDL BDL 0.0017 

Al  1.18 1.26 1.19 1.19 1.48 1.60 1.49 1.43 1.64 1.45 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 0.520 0.703 

Ba 0.249 0.207 0.222 0.312 0.199 0.429 0.459 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 33.6 37.7 34.4 26.3 26.4 34.0 33.4 23.5 34.5 2.13 

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 4.77 4.61 9.15 4.85 4.02 4.63 9.30 5.40 4.00 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 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.0022 

S 8.30 6.84 7.21 8.72 7.50 7.65 7.10 8.02 7.79 7.74 1.17 

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 2.30 2.54 2.34 2.46 3.71 3.45 3.51 3.50 4.63 4.01 0.455 

Sn BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

Sr 1.00 0.871 0.985 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 
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Table H.5: SPLP analysis for strength development study, 14 day 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 0.503 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 

V 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 for strength development study, 28 day setting time 
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Ag BDL 0.0004 BDL BDL BDL BDL BDL BDL BDL BDL 0.0012 

Al  1.31 1.12 1.14 1.04 1.00 1.16 1.11 1.29 1.22 1.08 0.112 

As 0.0208 0.0153 0.0166 0.0163 0.0153 0.0154 0.0113 0.0183 0.0152 0.0191 BDL 

B 0.276 BDL BDL BDL BDL 0.0475 0.0335 0.0813 0.0265 0.0252 0.0574 

Ba 0.408 0.200 0.210 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 35.4 29.0 46.1 34.1 42.8 52.2 36.1 28.7 28.9 51.6 1.53 

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 5.61 4.91 8.24 5.18 6.42 9.15 5.50 3.97 4.46 8.88 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 7.02 6.56 6.75 7.39 8.27 8.36 8.68 7.26 7.33 7.26 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 2.16 2.28 2.41 1.98 2.30 2.23 3.17 3.73 8.76 2.83 0.236 

Sn BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

Sr 1.37 1.20 1.27 1.47 1.74 1.55 1.52 0.95 1.02 1.23 0.0018 

Ti  0.103 0.0004 BDL 0.0012 0.0083 0.0090 BDL BDL BDL 0.0017 0.0117 

Tl  BDL 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 

 


