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ABSTRACT 

This research evaluated the application of post consumer glass as a cementing agent in 

underground mine backfills. The underlying theory indicates that glass is pozzolanic and, 

when used in finely divided form, reacts as an activator to generate binding products, thus 

contributing to the development of backfill strength. The objective of the research was to 

evaluate the strength performance of backfills when Normal Portland Cement (NPC) is 

replaced with various percentages of post consumer glass. 

 

The research evaluated the performance of backfills prepared using tailings from three 

candidate mines, namely Stobie, David Bell and Kidd Creek. Each backfill was prepared 

using unique recipes, and the strength and other properties were evaluated at cure times 

of 7, 14, 28, 56, 112 and 224 days. Laboratory work involved visual, physical and 

chemical material characterization followed by strength evaluations.  

 

Results of strength assessment reveal that glass, when incorporated as part of the binder 

in backfill development is reactive, and can contribute to the strength of backfill. Further 

analysis of the results also indicated that the reactivity of glass may be affected by the 

incorporation of slag within the recipe, the availability of lime and the level of hydration 

of the binders. 

 

The research concluded that, at 15 % glass replacement of NPC, backfill prepared with 

David Bell tailings, NPC and glass can achieve improved or equivalent strength 

performance compared to backfill prepared with David Bell tailings and NPC. NPC and 

slag outperformed backfills prepared with NPC, slag and glass at all replacement levels, 

using tailings from Kidd Creek and Inco-Stobie. However, future work should be 

designed to maximize the effect of specific pozzolan (for example glass) and material 

properties (aggregates) on backfill strength performance. 
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CHAPTER 1 INTRODUCTION AND OBJECTIVES 
 
Backfill is an engineering material that provides a level of ground  support that allows for 

safe and economic operation of underground mines. Currently, most mining operations 

utilize metallurgical waste (mill tailings) together with a binding agent and water as the 

major constituents of backfill, a complete contrast to timber and sand used in the early 

twentieth century. Operational constraints surrounding current backfill use have pushed 

existing limits of backfill engineering requirements to the point where lower cost binder 

alternatives, particularly for Portland cement, are being vigorously pursued. 

 

The importance of backfill in underground mining has accelerated the use of the 

technology in the twentieth century where we have seen the development of new mining 

methods such as underhand and overhand cut-and-fill, and increased extraction ratios in 

blast hole stoping operations.  In 1957, cemented backfill was used for the first time by 

Falconbridge Ltd at the Hardy Mine in Sudbury. The binding agent was Portland cement, 

incorporated mainly because it was cheap and resulted in the development of a backfill 

with improved strength properties (Petrolita et. al., 2005). 

 

However, following the 1970s, the increasing cost of Portland cement and increasing 

operating costs led to the search for alternative binders which could totally or partially 

replace Portland cement use in the preparation of backfill. This research is a continuation 

of that search, where the supplementary binding agent considered is ground post-

consumer glass.  
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In view of the preceding developments, the objectives of this research are as follows: 

• To investigate the strength behaviour of backfill by partially replacing Normal 

Portland cement (or other traditional binders) with ground post-consumer glass 

for backfill preparation; 

• To investigate the limits of competitiveness of ground post-consumer glass.  

 

In addition to the technical and economic benefits that can be derived from the use of 

post-consumer glass as part of the binder composition in the preparation of underground 

mine backfills, reduced greenhouse gas emissions and improvements in solid waste 

disposal (post-consumer glass recovery) represent very important environmental 

incentives. Technical and economic benefits that can be realised would include the ability 

to achieve backfill strengths comparable with backfill prepared using NPC alone hence 

reducing the cost associated with backfill development.  

 

Greenhouse gases are generated as a result of fossil fuel consumption, industrial 

processes or deforestation, and have been labelled as the main cause of global warming 

which leads to extreme weather conditions such as tornadoes and hurricanes. Increased 

human activity will generated increased industrial activity and hence increased 

greenhouse gas emissions. Therefore any reduction in greenhouse gas emission would 

benefit all mankind in the form of cleaner air to breath, reduced warming of the earth, 

favourable weather conditions and ultimately, a better quality of life.  
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CHAPTER 2 LITERATURE REVIEW  

Backfill 

Operators of early mining operations were limited to small underground openings and 

allowed mined-out stopes to collapse, since they did not return to recover ore remnants 

(pillars) left behind. This resulted in subsidence of the overlying ground and the need for 

ground support, hence the introduction of backfill. Following the 1960’s, the introduction 

of Portland cement into backfill created a more stable hydraulic fill, expanding its use as 

a support element, and resulting in the development of new mining methods. More 

specifically, backfill is now used to provide regional (mine scale) and local (stope scale) 

support, to facilitate the extraction of ore remnants, thus improving mining recovery, and 

to aid in the extraction of narrow vein, steeply dipping deposits, whose walls are too 

weak to support spans possible with blast-hole stoping. Finally, the extensive use of 

backfill by many mines to fill underground mine voids has significantly reduced surface 

waste disposal, since a major constituent of most mine backfills is classified or 

unclassified mill waste (tailings). 

 

Backfill Constituents 
Backfill can be described as a proportioned mix of classified (or unclassified) tailings, 

binder (such as Portland cement) and water. Classification of the tailings is necessary to 

provide a range of particle sizes consistent with the desired type of backfill and required 

engineering properties. Hydraulic backfill is usually prepared using mill tailings minus 

the finer (-10 µm), and more usually the minus (20-37 µm) fractions, while the full range 

of particle sizes, including the ultra fine range, is incorporated in the preparation of paste 
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backfill. Binders can range from those possessing self cementing properties, such as 

Portland cement, to binders which, by themselves, possess very little or no cementing 

properties. The latter binders are referred to as pozzolans and often require the addition of 

lime or other chemicals to initiate any cementing reaction. The weight proportion of 

tailings, binder and water used to prepare the backfill is a function of the type of backfill 

being prepared and backfill engineering requirements. Hydraulic backfill is usually 

prepared with a dry solids content of approximately 55 – 65 %, while the solids content 

of paste backfill can be as high as 80-84 %. Paste backfill is also referred to as high 

density fill, because of the percent solids. Another type of backfill is rockfill that consists 

of rocks ranging from coarse to fine aggregates that are mixed with cement slurry to 

improve the bond strength between fragments. The term aggregate will be used 

interchangeably with tailings to refer material or rock that has been mechanically and/or 

chemically broken down into soil-like particles, through milling or natural processes such 

as weathering. 

Backfill Strength 
The strength of mine backfill is commonly and conveniently referred to as its 

compressive strength, and in an unconfined state is defined as the limit of the backfill 

material’s compression resistance to load. Compared to the rock mass that surrounds it, 

backfill is relatively soft and does not provide much direct support, since its main 

function is to impart lateral confinement pressure against the rock walls or pillars that 

support the rock. Backfill incorporated in cyclic backfill mining techniques functions as 

working platforms, or may exist at the side or above mining operations to provide 

structural support, as is applied in overhand and underhand cut and fill operations. 
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Delayed backfilling, on the other-hand, is employed mainly when the backfill is expected 

to act as a stand-alone pillar, facilitating remnant ore recovery. In the former setting, 

backfill is expected to develop early compressive strength (within 28 days) that will be in 

the range of 1 MPa depending on the quantity of binder used. In the latter setting, backfill 

is expected to develop higher ultimate strengths, varying between 5 – 7 MPa, and is 

therefore allowed a longer curing time (56 or 112 days) for compressive strength 

development before mining activity is initiated within or adjacent to the backfilled areas. 

In both cases, the strength of backfill never approaches that of rock.  A typical Young’s 

Modulus for hydraulic backfill approximates 0.5 GPa, compared to intact Canadian 

Shield rock that exhibits Young’s Modulus values of 70 GPa (Falconbridge Limited, 

1990). 

Backfill Mechanics and Requirements 
Even though backfill is not as strong as rock, depending on its expected function, its 

mode of operation allows it to provide a level of local and regional stability necessary for 

the safe and efficient operation of mines. In open stope mining, for example, the safe and 

efficient removal of ore remnants would be ideal if the remnants could be replaced with 

backfill capable of providing comparable levels of support. However, since backfill is not 

as strong as rock, attempts to provide support, for example to the periphery of a mine 

void (or stope), do not prevent local rock failure. Failing rock compresses the backfill, 

inducing a reaction which generates a passive resistance large enough to enhance the 

frictional resistance in the failing rock surrounding the periphery of the mine void. This 

increased frictional resistance increases the shear strength of the local rock mass thus 

improving the post-peak stiffness and residual strength of the rock. In the above scenario, 



 

 

6 

 

the backfill is functioning as an artificial passive support element, providing confinement 

to the failing rock on the periphery of the mine void. Other engineering requirements of 

backfill can include the ability to: 

 

• Stand alone as a free face while adjacent stopes are being extracted; 

• Withstand dynamic loading, mainly associated with blasting; 

• Withstand abrasive action of blasted muck due to draw down via draw points; 

• Withstand corrosive action of mine water containing corrosive substances; 

• Support people and equipment, as is required in cut and fill mining; 

• Cure at a rate which is consistent with the mining cycle; 

• Be resilient or elastic. 

Backfill Designed to Stand Alone as a Free Face 
In order for backfill to provide a free standing face, a requirement in pillar recovery, it 

must be strong enough to withstand failure, defined as the sudden loss of cohesion, due to 

the propagation of micro-cracks throughout the backfill mass, followed by shear failure 

along a plane. Backfill prepared with mill tailings is composed mainly of soil like 

particles, and thus its strength can be viewed as a function of the properties of: 

• the contained individual particles,  

• the combination of these particles (mass), and  

• the final backfill product. 

In addition to the above, the particle properties of tailings lead to the established view of 

backfill strength as a combination of inter-particle bonding (cohesion) and the resistance 

created when particles try to move past one another while under confinement (frictional 
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resistance). Consequently, the combination of cohesion and frictional resistance defines 

backfill strength, and is usually expressed as shear strength defined by the Mohr – 

Coulomb relationship: 

 

τ = c + σn tan Φ    Equation 1   

where, 

τ represents the shear strength, (kPa) 

c represents the cohesion, (kPa) 

σn represents the effective normal stress on the failure plane, (kPa) 

Φ represents the internal angle of friction, (degrees) 

 

The shear strength of backfill varies depending on whether it is consolidated (cemented) 

or unconsolidated (non-cemented). In the unconsolidated form backfill particles are 

loosely packed with very little cohesion (inter-particle bonding) and hence its shear 

strength is controlled largely by frictional resistance. Conversely, cement addition in 

backfills improves inter-particle bonding and thus contributes significantly to the 

cohesion component of the shear strength of consolidated backfills. 

 

In the absence of confinement the ability of backfill to support load is controlled by its 

compressive strength, an important engineering property of consolidated backfill, since 

non-consolidated backfill has little cohesion and therefore cannot effectively support any 

load. During laboratory determination of compressive strength, usually referred to as the 

backfill’s unconfined compressive strength, the mode of sample failure can be described 
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as shearing along a plane and is the expected mode of failure of a free standing face of 

backfill. For this reason, the unconfined compressive strength of the backfill is: 

• a direct measure of the ability of backfill to stand alone as a free face, required 

during pillar recovery, and 

• a direct measure of the backfill’s ability to resist shearing. 

 

Backfill Design and Resilience 
Backfill resilience can be directly measured by its Young’s Modulus, an elastic property, 

and is expressed by the equation shown below: 

E = σ / ε  Equation 2 

 
where: 
 
 E represents the Young’s Modulus constant, (N/m2), 

 σ represents the stress applied to the backfill, (N/m2), 

 ε represents the strain response of the backfill in the direction of  

 the applied stress, (m/m). 

 

The mechanics of backfill as a support element implies that, following compression from 

failing rock on a local scale (periphery of mine voids), it is required to react and provide a 

level of passive resistance necessary to improve the post-peak strength characteristics of 

failing rock. The ability of the backfill to react would be difficult if its elastic limit is 

exceeded due to excessive strain or failure. Given this scenario, where backfill is 

subjected to compressive loading, the stress - strain behaviour of the backfill or its elastic 

property (Young’s Modulus) is critical to its ability to function effectively. 
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Like rock, cemented backfill fails when there is a sudden loss of cohesion, due to the 

propagation of micro-cracks throughout the backfill mass, followed by shear failure along 

a plane. Propagation of micro-cracks throughout the backfill mass can induce excessive 

strains, altering the stress - strain relationship of the backfill, eventually making it softer 

and lowering its Young’s Modulus or resilience. 

 

Tailings  

Tailings form a major part of backfill and its particle and mass properties can influence 

the behaviour of the final backfill product. The majority of materials for hydraulic and 

paste backfills are usually prepared from classified or unclassified mill tailings, and so if 

the grinding process yields tailings that contain more fines than are normally required, 

then the material may not be suitable for the preparation of hydraulic backfill.  According 

to Archibald (2003), the material employed for hydraulic backfill preparation should 

comprise 15% or less of the aggregate blend size finer than -20 µm. Determination of the 

assortment of particle sizes within the tailings is done by analysing the tailings’ particle 

size distribution. 

 

The particle size distribution can provide some information about the engineering 

properties of the tailings, defined by its Coefficient of Uniformity (Cu). Well graded 

tailings (Cu = 4 – 6) have a wider range of particle sizes and are associated with lower 

void ratios. Uniformly graded tailings (Cu = 1) have a narrower range of particle sizes 

and are associated with higher void ratios. Generally, hydraulic backfills are prepared 
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from uniformly graded tailings while paste backfills are prepared from well graded 

tailings. 

 

Characterization information of the tailings from the specific mines studied in this 

research program is presented in Chapter 5. 

 

Chemical Composition 
The chemical composition of the tailings can seriously affect the backfill performance. 

Binders consisting of calcium-based chemicals such as lime react with alumina and 

soluble sulphates, found in some tailings used to prepare backfill, to form secondary 

ettringite minerals. This form of mineralization, known as a weak sulphate mineral, is 

expansive and, over time, results in loss of strength, and disintegration of the hardened 

structure.  DeGagne (1996) observed poor long term strength performance in two backfill 

materials analysed and reported that the presence of soluble sulphates in the tailings used 

to manufacture the backfill product was responsible. In the concrete industry, proper 

proportioning of pozzolans such as fly ash and blast furnace slags can generally improve 

a resistance to sulphate attack (Kosmatka et. al., 1995).  

  

Binders 

Incorporation of Binders in Backfill Design 
Backfilling, in the early twentieth century, consisted of hand-placed and pneumatically 

placed sand, which did not provide the level of support required. An analysis of how this 

material would have performed leads to the conclusion that its load carrying ability was 
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affected by a lack of inter-particle bonding strength (cohesion), due to very little, or no 

consolidation or confinement of the sand particles. The ability of the sand particles to 

support load, as a mass, is determined by the presence of cohesion between particles 

together with frictional resistance. Attempts, in the early twentieth century, to improve 

backfill performance and its ability to support load resulted in the use of timber to 

provide confinement. However, the need to further improve performance led to the 

introduction of binders in backfill development (Petrolita et. al., 2005), with the first 

recorded use of Portland cement in backfill occurring in 1957. 

 

Following the introduction of Portland cement, a self cementing binding agent in backfill, 

backfilling became a very important aspect of underground mining operations, providing 

wall support, working floors and filling voids as a means of tailings disposal. However 

the high cost associated with the use of Portland cement in backfills forced the industry to  

search for alternative binding agents that can supplement cement and at the same time 

achieve strengths equivalent to or greater than those currently achievable with the use of 

Normal Portland cement alone. 

 

There has been continuous research around the world concerning the use of alternative 

binding agents or supplements (self-cementing and pozzolans), the most common 

solution being the use of fly ash and blast furnace slags (Grice, 1998). Evaluations of the 

use of ground post-consumer glass, as a supplement for NPC in backfill preparation, were 

conducted by DeGagne (1996) and Chew (2000), both yielding  encouraging results and 

providing the impetus for the continuation of their work in this current research effort. 
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Binders, Rate of Backfill Strength Development and Rate of Mining  
Binders incorporated in backfill design have to be consistent with backfill engineering 

requirements and the expected rate of mining. Backfill strength development can be slow 

or rapid depending on the type and quantity of binding agent utilized. Since the rates of 

mining and desired engineering characteristics usually dictate the rate of strength 

development and the quantity of binding agent required, it would be convenient to have 

guidelines which can relate binder levels to expected strength performance, considering 

that binding agent quantities are generally directly related to the rate of strength 

development (Falconbridge, 1990). However, while increased binder levels can mean 

increased strength performance, results of tests conducted in the past have shown that 

strength performance as a function of binder levels have been very inconsistent.  

 

The results of research conducted by DeGagne (1996) and Chew (2000) have shown 

inconsistencies in the relationship between binder content and strength performance of 

the backfill. Chew, who attempted to determine if there were any trends in the strength 

behaviour of the binding agent as a function of changing binder content, discovered that 

his findings did not coincide with findings of previous researchers. Chew found that the 

lower binder levels (3% and 5% by weight of the tailings) provided the greatest benefit. 

DeGagne (1996) investigated the strength performance of binders (at 4.76% binder 

content) when incorporated with a number of different de-slimed mill tailings, as opposed 

to unclassified mill tailings evaluated by Chew, and concluded that the strength 

performances depended on the intrinsic properties of the tailings used.  It follows 

therefore that, in order to coordinate mining rates and engineering requirements with 
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backfill development, backfill strength performance must be assessed in terms of binder 

content and tailings intrinsic properties for each individual product to be used.  

 

Supplementary Binders 
The need to reduce the high cost associated with the use of NPC has led to the search for 

alternative or supplementary binders that can provide equivalent levels of performance 

relative to NPC. When supplementary binders are employed to replace a portion of the 

NPC in backfill preparation, the rate of strength development is slower relative to NPC 

(Kosmatka et. al., 1995). NPC hydrates or reacts with water alone to form cement binding 

products (alumino-silicate products), which cement the particles of the tailings together 

and improves backfill strength.  

 

Unlike NPC, supplementary binders do not hydrate and require the presence of lime to 

form cementing products. That is, supplementary binders, when mixed with NPC, will 

not react until lime becomes available from the initial reaction of NPC and water. 

Supplementary binders are therefore referred to as pozzolans and are defined as siliceous 

or alumino-siliceous materials which, in finely divided form and in the presence of water, 

react with the lime released from the hydration of Portland cement to form cementing 

products (Kosmatka et. al., 1995). DeGagne (1996) conducted investigations which 

proved that post-consumer glass, when finely ground, could be categorized as a pozzolan. 

 

Given that glass, when ground to a certain fineness, is pozzolanic and can be employed to 

supplement some fraction of the NPC content normally used in the preparation of 
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backfill, it would be rational to determine the rate and level of strength development that 

would be associated with various glass replacement levels. DeGagne (1996) showed that, 

for the tailings investigated, the best strength performances were obtained at NPC 

replacement levels using ground post-consumer glass of 15%, 25% and 35%. Results of 

research conducted by Chew (2000) showed encouraging backfill strength performances 

at post-consumer glass replacement levels of 15% at 28, 56 and 112 day cure times for 

paste backfill developed using tailings from Canadian mines. This research has further 

investigated the strength development of NPC (or slag) and glass combination as a 

function of glass replacement levels. 

 

Binder Fineness of Grind (Binder Specific Surface Area) 
It has been established that the fineness of Portland cement enhances its ability to 

hydrate, since the process of hydration can be controlled by cement particle available 

surface area and its interface with water. Consequently, attempts have identified similar 

trends between the fineness of pozzolans, the process of hydration and subsequent 

strength development. In fact it has been established by previous researchers that some 

binders (including pozzolans) perform best at a certain degree of fineness, while others 

show increasing strength performance with increasing fineness. DeGagne (1996) found 

that post-consumer glass, when incorporated as part of a binder (Portland cement/ glass), 

generated improved strength with increasing fineness of post-consumer glass. In 2000, 

Chew found that there was an optimum fineness (5000 cm2/g) for ground post-consumer 

glass when incorporated as part of the binder. If increased binder fineness generates 

increased strength performance then, for purposes of controlling binding cost, it would be 
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beneficial to identify the degree of binder fineness that would be consistent with the 

desired backfill strength performance. Additionally, if there is an optimum binder 

fineness, then for reasons mentioned above, it would also be beneficial to determine that 

degree of fineness.  

 

Greenhouse Gases 

Research has shown that the world’s human population will increase to nine (9) billion by 

the year 2050 and eleven (11) billion by the end of the century (Horton, 2001). This 

increase will be associated with increasing human activity and the desire for a better 

quality of life that includes a planet which is free of extreme weather conditions 

(tornados, floods, and typhoons), and provides an abundance of natural resources. 

 

Research has also shown that the existence of extreme weather conditions is directly 

related to warming of the planet, a phenomenon described as global warning (Horton, 

2001). Global warming occurs when certain gases, referred to as greenhouse gases, are 

released into the atmosphere either as a result of fossil fuel consumption, deforestation or 

industrial processes. Consequently, with the increase in human activity projected for the 

decades to come, there will be an associated increase in industrial activities and 

associated increases in levels of greenhouse gas emissions into the atmosphere. 

 

It has been recorded by Horton (2001) that 8% of all CO2 released into the atmosphere is 

due to human activity directly associated with Portland cement production. CO2 

emissions associated with Portland cement production have been estimated to be 1 tonne 
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of CO2 for every tonne of Portland cement processed (Hoenig and Schneider, 2001). The 

records show that concrete is the most favoured building material with 1.4 billion tonnes 

of Portland cement being consumed in 1999, worldwide. In Canada, the annual 

consumption has been estimated to be about 14 million tonnes, with Ontario mines alone 

requiring about 700, 000 – 840, 000 tonnes / year, mainly for the purposes of 

underground mine backfilling. An interpretation of the information concerning the annual 

Portland cement consumption by mines in Ontario can lead to the assumption that 

approximately 700, 000 – 840, 000 tonnes of CO2 is generated annually as a result of 

Portland cement production directly associated with mining activities in Ontario alone. 

Photo-synthesis and ocean reservoirs through natural carbon-balancing processes remove 

substantial amounts of CO2. However, over the 45 years leading to 1996 global emission 

of CO2 increased by approximately fourfold (Oslen et. al., 2002).  

 

Project Justification 

Technical and Economic Benefits 
The original introduction of Portland cement in backfill by Falconbridge at the Hardy 

Mine in Sudbury was intended to provide improved backfill mechanical properties. 

Similarly, the main objective of this research has been to determine whether the 

introduction of glass as a partial substitute for Normal Portland cement used in the 

preparation of underground mine backfills would result in the development of strengths 

comparable with backfills prepared using Normal Portland cement alone. However, the 

high cost of Portland cement has been a major concern since it was first introduced as a 

binding agent in backfill development. Consequently, the cost associated with the 

introduction of a supplementary binder, this being post-consumer glass, must be 
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competitive relative to that of Normal Portland cement and is expected to produce 

significantly cheaper backfill than can be developed with Portland cement alone. The 

high cost of Portland cement is directly related to its energy intensive manufacturing 

process and associated energy cost. The cost of Normal Portland cement required to 

produce backfill ranges from 4 – 60% of the average mine backfill cost and represents 

approximately 2 – 26% of the overall mining cost (De Souza et. al., 2005). Thus any 

reduction in the cost of the backfill can significantly reduce the overall mining cost. 

Reduced backfill cost can be achieved by reducing the cost of the binding agent, through 

the incorporation of cheaper post-consumer glass (Degagne, 1996). 

 

Environmental Benefits  

Greenhouse gases are generated as a result of fossil fuel consumption, industrial 

processes or deforestation, and have been labelled as the main cause of global warming 

which leads to extreme weather conditions such as tornadoes and hurricanes. Greenhouse 

gases include methane, nitrous oxide and carbon dioxide, where carbon dioxide is the 

most abundant, and therefore contributes the most to global warming. The production of 

Portland cement, a key backfill ingredient, required to produce one tonne of backfill will 

generate approximately 0.039 - 0.055 tonnes of carbon dioxide. A typical backfill plant 

producing approximately 3,000 tonnes of backfill per day will thus indirectly result in the 

generation of 120 - 170 tonnes of carbon dioxide per day. Therefore, the backfill needs of 

Ontario alone will result in the generation of approximately 700, 000 - 840, 000 tonnes of 

carbon dioxide annually (De Souza et. al., 2005). 
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Any reduction in greenhouse gas emission would benefit all mankind in the form of 

cleaner air to breath, reduced warming of the earth, favourable weather conditions and 

ultimately, a better quality of life. Cement manufacturers, producing less Portland cement 

or incorporating pozzolans, for example fly-ash or ground glass, as part of the Portland 

cement blend, would realise benefits in the form of fewer restrictions and better 

acceptance among communities opposed to the location of dirty industries in their 

backyards. Benefits to governments, particularly those in industrialized countries like 

Canada, would be advancement towards reaching the agreements of the Kyoto Protocol 

(reduced greenhouse gas emissions by the year 2010). 

 

In addition to the efforts by cement manufacturers and government to aid in the reduction 

of greenhouse gas emissions, individual mining companies can play their part as well. 

However decisions by mining companies to use ground glass or any pozzolan in any 

proportion for purposes of supplementing Portland cement in backfill development will 

also involve serious considerations of elements of backfill cost, binder cost, overall 

mining cost, cash flow or all of the above.  Consequently, while reductions of greenhouse 

gases would be an important planetary benefit, this new binder formulation will only be 

supported if it also provides economic gain. Since the introduction of Portland cement in 

backfill development in 1957, the mining sector has been searching for cheaper binder 

alternatives or supplements that would ultimately reduce the quantity of Portland cement 

incorporated in backfill development, within this industry.  
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Finally, consumption of post consumer glass by the mining industry would significantly 

reduce municipal solid waste disposal, since 950,000 tonnes of post-consumer glass is 

disposed of annually in Canada (DeGagne, 1996).  
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CHAPTER 3 BACKFILL CONSTITUENTS 

Portland Cement 

Portland cement is the most popular binding agent used in the modern world and is the 

main ingredient in concrete manufacture. Portland cement is a crystalline compound 

made from the combination of silica, alumina and iron, all of which are unstable in water 

and react to form new compounds that precipitate out in the form of a cement gel. 

Portland cement’s ability to react with water and continually improve strength while 

under water is responsible for its classification as hydraulic, and its reaction process as 

hydration. Portland cement is an active hydraulic binder which hardens without the 

addition of an activator, such as lime. The common sources of lime in Portland cement 

are limestone and chalk (calcium carbonate), while the chief sources of silica are clays or 

shale (Hewlett, 2004). Portland cement is produced by proportioning, crushing, milling, 

and heating the raw materials (clay, limestone and chalk) to very high temperatures 

(approximately 14500C) in a kiln. During the burning process calcium oxide (CaO) 

combines with other chemical compounds in the raw materials to form the following four 

main chemical constituents of Portland cement: 

COMPOUNDS  NEW PRODUCTS 

• Tricalcium Silicate  3CaO. SiO2  = C3S 

• Dicalcium Silicate  2CaO. SiO2  = C2S 

• Tricalcium aluminate  3CaO. Al2O3  = C3A 

• Tetracalcium aluminoferrite 4CaO.Al2O3 .Fe2O3 = C4AF 

 



 

 

21 

 

The hardening effect of concrete is the result of new compounds formed when the four 

compounds listed above react with water or hydrates. Tricalcium silicate hardens rapidly 

and is largely responsible for the initial set and early strength of concrete, while 

dicalcium silicate hardens slowly and contributes to strength development at ages beyond 

one week (Kosmatka et. al., 1995). Tricalcium silicate and dicalcium silicate together 

make up approximately 75 % of the mass of Portland cement. A more detailed chemical 

composition of Portland cement together with percentage compositions and associated 

functions are shown in Table 3.1. 

 
Table 3.1. Chemical composition of Portland cement.  

Oxide Function Composition,% 

CaO Controls the strength and 
soundness. Reduced quantities 
reduce the strength and setting 
time. 

  60 – 65 

SiO2 Gives strength. Excess may 
cause slow setting. 

  17 – 25 

Al2O3 Responsible for quick setting. 
Excess lowers strength. 

  3 – 8 

Fe2O3 Gives colour and help in fusion 
of different ingredients. 

  0.5 – 6 

MgO Imparts colour and hardness. 
Excess can cause cracks in 
mortar and concrete. 

 

Na2O + K2O  0.5 – 1.3 

TiO2  0.1 – 0.4 

P2O5 

These are residues and if in 
excess can cause efflorescence 
(crystal growth) and cracking. 

 0.1 – 0.2 

SO3   1 – 2 
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The strength of Portland cement has been assessed by various standards using specified 

mortar cubes and graded sands, since it would be impractical for manufacturers to 

evaluate its performance with every aggregate, and in every proportion possible. 

However, despite this limitation care has been taken to avoid ingredients which would 

have adverse effects on the performance of the product. It has been established that some 

compounds can have a serious effect on the ability of Portland cement to hydrate and 

develop the required strength. The following is a list of several such materials: 

• The level of manganese oxide (Mn2O3) present in Portland cement is usually in 

the order of 0.02 – 0.14%, however levels equivalent to or exceeding 0.5% can 

reduce its early strength-giving properties (Hewlett, 2004).  

 

• It has been reported (Hewlett, 2004) that at the normal range of phosphorous 

compounds (P2O5) present in the Portland cement clinker (0.03 – 0.22 %), about 

0.3% of the phosphorous can react with the dicalcium silicate (C2S), improve its 

hydraulic properties and give a modest lengthening of setting times by about 20 

minutes. However at levels greater than 1%, 10% of the C3S is lost. 

 

• Molybdenum (Mo) from tailings generated via iron ore processing was found to 

reduce the cement’s viscosity thereby lowering the temperature necessary to 

produce required levels of free lime. At 0.5 % molybdenum the 28 day strength 

was increased to a maximum, but was significantly reduced with levels of Mo 

equivalent to 3 % (Hewlett, 2004). 
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• The presence of titanium dioxide (TiO2), found at normal levels of 0.14 – 0.43% 

in Portland cement, can improve strength development at times greater than 3 

days if concentration levels exceeding 1% exist, even though early strength (after 

1-2 days) may be adversely affected (Hewlett, 2004).  

 

• The oxidation of sulphides found in the tailings of some backfills can adversely 

affect the strength development of the fill, resulting in time dependent strength 

deterioration. Ettringite, gypsum and monosulfoaluminate are products of 

reactions between aluminate rich components and calcium hydroxide found in 

cement paste and sulphate produced during sulphide oxidation. These products 

cause the backfill to expand due to crystal growth and eventually lead to cracking. 

 

Portland cement is produced at 16 plants in 5 provinces (Nova Scotia, Quebec, Ontario, 

Alberta and British Columbia) in Canada. Cement production in Canada in 2004, based 

on quantities shipped from manufacturers, amounts to approximately 14.8 million tonnes 

(Panagapko, 2004). Cement manufacture, considered one of the most energy intensive 

processes after aluminium and steel, consumes approximately 6 million BTU of energy to 

produce a tonne of cement (1 million BTU of energy is equivalent to approximately 1/2 

tonne of coal) (Naik, R. T., 1995).  The direct cost of energy used to produce cement can 

account for as much as 25 - 35% of the direct cost of the cement, and is mainly due to the 

scarcity of energy. The average value of Portland cement produced in Canada in 2004 

was $109/t, based on total production figures (Panagapko, 2004). 
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Pozzolans (Glass, Slags and Flyash) 

The term pozzolan was derived from a town in Italy called Puzzouli. The sand around 

this town (a volcanic dust) when mixed with hydrated lime was found to possess 

hydraulic properties (Duggal, 1988). Pozzolans are described as natural or artificial 

inorganic siliceous materials which by themselves possess very little or no cementitious 

properties but which, in finely divided form, harden in water when mixed with lime 

(calcium hydroxide) or with materials that can release lime (Portland cement). Generally 

all pozzolans contain silica, alumina and iron, oxide and if these pozzolans are in 

amorphous form the compounds readily react with lime to generate cement binding 

products. Optimum pozzolan quantities of 10-30% can be incorporated as replacement 

for cement but may be as low as 4 – 6%. However higher quantities of some types of 

flyash may be incorporated (Duggal, 1988). 

 

Common pozzolans used in the mining industry include flyash and slag, both of which 

can be incorporated in the binder used for backfill strength development. In most 

instances these pozzolans, particularly slags, are readily available and are therefore cost 

effective.  This research has demonstrated that, like flyash and slags, post consumer glass 

can be readily available and cost effective for the purpose of incorporation in backfill for 

strength development. 

 

Flyash 

The burning of finely ground coal in thermal power plants to produce electricity 

generates flyash which is primarily removed from the exhaust gases by electrostatic 
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precipitators or baghouses. Secondary removal is effected by scrubber systems. Flyash is 

composed mostly of silica and alumina and is a very fine powdery material whose 

particles are spherical in shape.  The properties and composition of flyash, which vary 

widely from plant to plant and from hour to hour within the same plant, are affected by 

the type of fuel burnt and the variation of load on the boiler. Flyash obtained from 

cyclone separators contains a large proportion of unburned fuel and is relatively coarse, 

whereas that obtained from electrostatic precipitators is usually comparatively fine with a 

specific surface area varying between 3500 cm2/g  and 5000 cm2/g (Duggal, 1988). 

 

Physically, flyash is a very fine, powdery material, composed mostly of alumino-silica, 

and nearly all particles are spherical in shape. Its particles can be described as mostly silt 

size or clay-like and its colour is generally a light tan. Flyash is useful in cement and 

concrete applications because of its spherical shape and pozzolanic properties. Its size 

distribution also makes good filler in hot mix asphalt applications and improves asphalt 

flow properties when used as fill or grout. 

 

The ability of flyash to generate cementing binding products is a function of the type of 

coal used in the combustion process. Flyash produced from lignite coal is capable of 

producing its own cement binding products and is classified as class C, while flyash 

produced from bituminous coal has very little cement binding products and is classified 

as class F (DeGagne, 1996). According to ASTM C618, flyash belongs to Class F if its 

chemical weight fraction of (SiO2 + Al2 O3 + Fe2 O3) is more than 70% of the total flyash 
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weight, and belongs to Class C if the similar chemical weight fraction of (SiO2 + Al2 O3 + 

Fe2 O3) is between  50% and 70% (Shi et. al., 1999). 

 

In Canada, flyash is generated by coal generating plants located in three provinces, these 

being Ontario, Saskatchewan and Alberta. 

 

Slag 

The production of metals using pyrometallurgical processes will lead to the production of 

slags. Blast furnace slag is obtained as a by-product in the manufacture of pig iron, where 

the molten slag forms above the pig iron fraction at the bottom of the blast furnace. Slag 

can also be obtained from the conversion of iron to steel (steel slags) and during the matte 

smelting and converting process where a copper rich matte (sulphides) and copper slag 

(oxides) are produced (Shi et. al., 1999). Lime and aluminium are added to stabilize the 

slag whose chemical composition varies with the type of furnace. The typical chemical 

composition of smelting slag is Fe (as FeO, Fe3 O4) at 30 – 40%, SiO2 at 35 – 40%, Al2O3  

at up to 10%, and CaO at up to 10%, (Shi et. al., 1999) 

 

The Canadian steel making industry comprises 17 steel companies, with 21 plants 

operating in eight provinces. Integrated mills, all located in Ontario, operate blast 

furnaces which incorporate raw materials such as iron ore, coal and limestone to produce 

primary iron that is subsequently processed in basic oxygen furnaces to produce steel. 

The plants produce approximately 16 Mt/year of steel but generate about 4 Mt of solid 

waste which comprises mainly dust and slag. Slag suitable for incorporation into backfill 



 

 

27 

 

as binder is only produced at sites where there are granulators, and in Ontario, granulators 

are located only at Algoma Steel in Sault Ste. Marie and at the Stelco Lake Erie Works in 

Nanticoke.  

 

Glass 

Glass is made when molten silica rapidly cools and is not allowed to crystallize but forms 

into a rigid mass, hence yielding the amorphous properties of glass. Glass is made 

primarily of sand (silicon dioxide) and usually includes an alkaline flux, to lower the 

melting point and enable the glass to be worked at a lower temperature, together with a 

stabiliser, usually lime, to make the glass water-resistant. The combination of the 

materials above is heated to approximately 15000 C before it is cooled and shaped. Some 

impurities may be found in glass and can give the glass colors not required, hence to 

make colourless glass pure sand must be used. Some chemicals may also be added to give 

glass the required colors. Metals which can be included to give glass colors are copper or 

cobalt for blue, a combination of iron and copper for green, gold for ruby red and 

uranium for a yellowish green.  

 

The glass used in this research was acquired from the Kingston Area Recycling Center 

(KARC) located in Kingston, Ontario, Canada.  Established in 1989, KARC is a material 

recovery facility which collects, sorts and processes recyclable materials (including glass) 

for shipment to other companies where they can be reused.  The glass products that are 



 

 

28 

 

recycled consist mainly of household items and include bottle glass, jars, container glass, 

other glass food utensils, and wine and liquor bottles. 

 
As a pozzolan the ability of glass to react depends on its chemical and physical 

properties. Chemically, lime acts as a modifier, increases the pH of glass and hence its 

ability to dissolve. The amorphous nature of glass and its fineness also enhances its 

ability to dissolve and take part in reactions when it is incorporated as part of the binder 

in backfill development (DeGagne, 1996). 

  

Water  

Water is essential for the hydration reaction of Portland cement to take place. These 

reactions generate cement binding products which fill the voids between the backfill 

aggregates, generating a continuous matrix that is relatively impermeable and strong in 

compression. The correct water / cement ratio must be maintained since excess water can 

affect the final strength of the prepared backfill. Following the initial set of Portland 

cement, water must be continually made available to the backfill mix if its full potential is 

to be attained, since the hydration process will virtually stop if the relative humidity 

drops below 95% (Hewlett, 2004). Consequently the relative humidity of the 

surroundings, both in the laboratory and within mine stopes where backfill has to cure, 

must be consistent with that required to prevent excessive loss of moisture and enhance 

the hydration process. 

 

In the case of pozzolans, when they are mixed with Portland cement, reaction with water 

alone does not result in the generation of cement binding products unless lime becomes 
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part of the reaction. Lime is generated when Portland cement reacts with water. Potable 

(or clean) water is beneficial, whereas sulphate-bearing water will inhibit the hydration 

process and with time corrode cement bonds created between particles (aggregates). 

 

Tailings 

Tailings is the most abundant constituent of backfill and can be described as rock that has 

been mechanically and/or chemically broken down into soil-like particles, through 

milling, to liberate valuable minerals. Minerals, the building blocks of rocks, are natural 

inorganic substances possessing a definite chemical composition and atomic structure. 

Valuable minerals are found in rocks that make up ore deposits, all of which are not only 

mineralogically unique from mine site to mine site, but may require a different extraction 

technique and suite of processing reagents. Chemicals or reagents within the tailings 

solution may react with the minerals of the tailings aggregates, forming new compounds 

that may be soluble or insoluble. Hence, it can be inferred that the mineralogical make up 

of mill tailings is a function of the mineralogy of the ore deposit, and associated 

extraction technique(s).  

 

It is impractical for the cement industry to investigate the effect of every chemical and 

rock type, including sands and aggregates, on the performance of Portland cement, 

usually evaluated on the basis of its strength-giving properties. Consequently, standard 

tests, which involve the breaking of moulded specimens in compression, have been 

developed in order to assess manufacturing quality of the product. In view of the above, 

together with the many deposit types, associated rocks and resulting tailings aggregates 
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found in the mining industry, it can be concluded that the use of Portland cement for 

backfill development could provide data that can lead to: 

 

• a better understanding of Portland cement’s hydration process and strength 

performance, and 

• new standards for Portland cement manufacturers, and consumers of the mining 

industry. 

 

As a consequence and in view of the fact that very little has been done on the role of 

aggregate mineralogy in mining applications, documentation of every aspect of backfill 

development, including pertinent activities associated with tailings generation, can 

provide an enormous amount of data that can facilitate evaluation of backfill 

performance. As such, characterization of all materials used in the development of 

backfill for this research was conducted and used to assist with its performance 

evaluation.  

 

Tailings materials used in this research were retrieved from three mines, a base metal 

mine (INCO-Stobie), a precious metal mine (David Bell) and a copper-zinc operation 

(Kidd Creek). The deposit types associated with these mines are as follows:  

• Copper-zinc mineralization (Kidd Creek); 

• Gold mineralization (David Bell); 

• Copper-nickel mineralization (Inco-Stobie). 
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CHAPTER 4 CANDIDATE MATERIALS 
The tailings materials used in the research were obtained from both base and precious 

metal mines. Tailings were made available by the INCO-Stobie Mine, a copper, nickel 

and zinc operation located in Sudbury, Ontario, the David Bell Mine, a gold operation 

located in Marathon, Ontario and the Kidd Creek Mine, a copper and zinc operation 

located in Timmins, Ontario.  

 

INCO-Stobie Mine 

The Inco-Stobie Mine, located in Sudbury, Ontario, consists of a massive disseminated 

sulphide ore deposit mined using the vertical crater retreat mining technique. 

 

The mining method consists of a primary-secondary stoping sequence with the stope size 

being 15 m wide, 30 m high and 18 m long. Primary stopes are filled with delayed 

backfill prepared using tailings aggregate, normal Portland cement and slag. Secondary 

stopes are filled with uncemented backfill. Portland cement and slag together make up the 

binder and represent approximately 4 % of the dry solids (combined aggregate and 

binder).  The slag to Portland cement ratio used in the binder is 9:1. The mining cycle is 

28 days with cemented backfill being placed within 4 days after the primary stope is 

mined.  

 

In general, stopes are mined according to design, however operational constraints may 

result in changes to the stope configuration that necessitates redesigning the backfill 

recipe. This task is routinely undertaken by the technical services unit and may not 

include the determination of characterization parameters such as cohesion and/or friction 
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angle unless a different type of aggregate is used. The average 28 day strength that is 

approved for the backfill design is approximately 0.55 MPa. In situations where any 

operational constraint requires the early placement of backfill, the recipe is usually 

changed to accelerate strength development or achieve a higher strength within a shorter 

period of time. 

 

David Bell Mine  

The David Bell Mine is part of three side-by-side mining operations that exists as part of 

the Helmo ore body, and is located east of the Williams and Golden Giant Mines (Laing, 

1993). Mineralization was first discovered on the mine property in the late 1920s and the 

first gold bar was poured on May 29th, 1985 with an expected mine life, at the time, of 

ten years. The mine currently has about 24 months of production remaining. The ore 

body thickness varies between 20 m on the west end to as low as 1 m on the east end, 

with a minimum mining width of approximately 2.5 m. In the upper region of the 

mineralization (first 3 levels), where the ore body dips at approximately 50 degrees north 

with a strike and strike length of 260 degrees and 200 – 300m, respectively, the ore was 

mined using the mechanized cut and fill technique.  This region was mined out and 

mining was subsequently carried out between levels 7 – 10. In the lower region the ore 

body dipped at approximately 65 degrees to the north and has a strike length of 

approximately 600m. Mining extended down 1163 m with eleven main levels driven off 

the main shaft at intervals of 100 m. Due to an increased ore body thickness and the need 

for increased productivity and safer working environment, the mining method for 

extraction at greater depth was changed to sublevel open stoping with delayed backfill 

(Laing, 1993). 
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The extraction sequence consisted of a primary - secondary stoping layout, where the 

primary and secondary stope designed strike lengths were 20 m and 30 m, respectively.  

Stopes were backfilled using cemented and uncemented fill. Primary stopes were 

backfilled, first to prepare a 5m thick plug with approximately 20:1 aggregate - cement 

content, and second with the remainder bulk filled with 30:1 aggregate – cement content. 

Secondary stopes were similarly filled using the same aggregate – cement recipe as are 

the primary stopes, but the remainder of the stope was bulk filled using uncemented 

backfill (Evert, 1993). 

 

Kidd Creek Mine 

The Kidd Creek Mine, located in Timmins, Ontario, was discovered in 1964 by 

Texasgulf Corporation. Exploitation began as an open pit operation in 1966 and 

continued until 1976 when the pit was completed. Underground mining began in 1973 

using sublevel open stopes with delayed backfilling as the primary mining technique 

(Bouliane, 1993). The Kidd Creek complex, with a production capacity of 145 000 t/y 

including a zinc plant which started production in 1983, is now owned and operated by 

Xstrata Copper Limited. 

 

Cemented backfill for this mine makes use of classified mine tailings, commercial sand 

and a blended binder (NPC and slag) procured from Lafarge Canada. Stopes are 20 m 

wide by 30 m high by 15 – 30 m long. 
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CHAPTER 5 LABORATORY TEST WORK 
This chapter focuses on laboratory work which involves material procurement, 

preparation and evaluation. This aspect of the research effort is not only integral to the 

methodology and procedures followed in the laboratory testing program, but is based on 

ASTM and standard mining industry practices associated with this kind of work. 

 

Soil and mine tailings, as well as backfill and rock, can be evaluated using similar 

engineering techniques. Soil consists of an assemblage of mechanically and/or 

chemically weathered particles that can be divided into three phases – solids, water and 

air. The engineering performance of soils can be affected by the relationship between the 

voids and volume of total soil material. Determination of the void ratio, porosity, 

moisture content and specific gravity can help evaluate the engineering properties or 

behaviour of soils. Comparatively, tailings used in the preparation of backfill also consist 

of particles, except that it is derived from controlled disintegration of rocks. Like soils, 

these particles display engineering properties that can be evaluated using techniques 

common to soil mechanics. Backfill prepared using mine tailings is used in underground 

mining excavations to support the rock, and must possess the appropriate mechanical 

properties required to perform support functions. Consequently, the mechanical 

properties of backfill, in the form of loose tailings or a cemented solid mass, can be 

evaluated using the principles of soil or rock mechanics respectively. 

 

Laboratory work was carried out to determine the material properties (particulate and 

mass) of tailings and the strength response of the manufactured backfill. Material 
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characterization and strength assessment constituted the main objective of this work, 

where strength assessment involved an evaluation of the strength response of backfill 

prepared using various weight percentage combinations of contained post-consumer glass 

and Normal Portland cement as binders.  The results of both the material characterization 

and strength assessment will be discussed in later chapters. 

 

Material Procurement 

Five hundred kilograms of clear, post-consumer glass was purchased from the Kingston 

Area Recycling Center (KARC) for the purposes of conducting this research. Glass, 

which was received in polyurethane bags, was shipped having particle sizes typically 99 

percent minus 212 µm (Canadian Standard Sieve Series No. 70 mesh).  Normal Portland 

Cement (Type 10) was purchased in 40 kg bags, from Lafarge Canada Incorporated of 

Kingston, Ontario. 20 kgs of a special blend of Type 10 Portland Cement (10%) and slag 

(90%) was shipped from the Kidd Creek Mine operation for the preparation of the Kidd 

Creek backfill. Ground smelter slag, which forms part of the INCO-Stobie binder recipe, 

was also shipped from the INCO-Stobie Mine in Sudbury, Ontario to facilitate 

preparation of INCO-Stobie’s backfill. 

 

Tailings material used in the research was shipped directly from each mine.   The INCO-

Stobie Mine and David Bell Mine shipped their tailings in 205 litre plastic drums, while 

the Kidd Creek Mine tailings were shipped in 20 litres plastic pails. The as-received 

materials were stored under controlled conditions until required.  All tailings products, 
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for example, were stored in the containers received prior to manufacture and testing of 

backfill materials.  

Material Preparation 

Glass Preparation 

Preparation of the glass involved a one stage pulverizing process, conducted in the 

Mineral Processing Comminution Laboratory of the Department of Mining Engineering 

at Queen’s University.   

 

Glass was pulverized in a shatter box, which is a circular container with a flat base, 

containing three concentric rings of varying diameters. Grinding was achieved when the 

rings in the box collided with each other due to specific motions from a vibrating drive 

unit. The level of grinding required, where 85% of the glass aggregate was required to 

pass a No. 325 Canadian Standard Sieve mesh (45 µm), was achieved when 200 g of 

glass was pulverized for a time of approximately 1.5 minutes. Particle size distribution 

curve for the as receive glass is shown in Figure 6.1. 

 

Tailings Preparation 

Each tailings material from the various mine sites was used as received. The moisture 

content of the tailings material was determined prior to its incorporation in backfill 

preparation. All the tailings from each mine site was thoroughly mixed to ensure a 

homogenous mix before dividing the total sample into four and randomly selecting one of 

the portions as the sample to be used in research. 
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Material Characterization 

Rocks associated with mine deposits are different from mine to mine, in that they are 

usually made up of unique mineral assemblages that may require different processing or 

milling techniques. The combination of varying rock types and processing techniques 

will result in a tailings product that is also unique to each mine and hence must be 

understood in order to effectively evaluate backfill strength properties. Therefore, 

characterization was done to foster a better understanding of the physical and chemical 

properties of the various tailings materials, including construction grade sand, slag and 

post consumer glass. Chemical analysis of the samples, with the exception of Portland 

cement and glass, was conducted at the laboratories of the Analytical Services Unit,  

Queen’s University. Results of the chemical analysis are shown in chapter 6. 

Sample Preparation and Testing 

 
Sample preparation first involved the proportioning of tailings, sand, Normal Portland 

cement, ground post-consumer glass and water. The materials were then thoroughly 

mixed in plastic pails and a rotating concrete mixing drum to produce a consistent mix 

referred to as backfill. The Kidd Creek and David Bell Mine backfill materials were 

mechanically mixed (using a portable electric mortar mixer), in 20 litre pails, until they 

were thoroughly blended. INCO-Stobie Mine backfill material was mixed using a 

rotating concrete mixing drum.  

 

The prepared backfill was then poured into PVC cylinders, 5 cm in diameter by 12.5 cm 

in length, secured in wooden trays. The selected PVC cylinder sizes are standard 
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specimen sizes used for backfill testing. Prior to pouring the backfill, each cylinder was 

lubricated with oil to ensure easy retrieval of cured samples. 

 

In order to prevent loss of water (via evaporation) during curing, the prepared cylindrical 

samples were secured vertically and covered (top and bottom) with a non-absorptive, 

non-reactive material. 

Backfill uniaxial and triaxial compression strengths were determined at cure intervals of 

7, 14, 28, 56, 112 and 224 days after pouring. The tests were performed using an 880 KN 

capacity servo-controlled Material Testing System (MTS) of the Department of Mining 

Engineering, Queen’s University. The samples were loaded under a fixed axial stroke rate 

of 2mm/minute (Figure 5.1). 
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Figure 5.1. Sample preparation, unconfined compression and triaxial compression testing. 
 

 

Uniaxial Compression Testing 
Uniaxial compression testing, an indirect measure of the backfill’s shearing resistance, 

was utilized to determine the backfill maximum unconfined compression strength. In 

underground mining operations, the height of a vertical face that can be left free-standing 

without shear failure is directly related to the uniaxial compressive strength of the 

backfill. 

Samples were loaded until failure, under conditions of linearly varying axial strain 

approximating 0.05/minute (5%/minute). The data was initially collected and plotted as 

load-deformation (kN-mm) curves generated by a data acquisition program and displayed 
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on a monitor. The peak strength is determined via the data acquisition system which 

converts the data point representing the maximum load and sample cross sectional area to 

force per unit area. The Young’s Modulus is determined via the program by selecting a 

set of data points representing the elastic region on the load-deformation curve and 

converting this data to a stress/strain ratio.   

Triaxial Compression Testing 
Triaxial compression testing is utilized to simulate stress conditions to which backfill will 

be subjected when used in underground mining. Testing consists of the application of a 

constant confining stress to the sample, while it is loaded axially until shear failure 

occurs. The underlying principle essentially infers that compressive shear failure will 

occur when an induced stress along the expected failure plane exceeds the shear strength 

of the sample along that plane. The magnitude of the shear strength can be affected by 

and directly related to the stress normal to the plane of failure. Hence a graph of normal 

and shear stress is plotted from the test results for strength evaluation. All confining 

stresses used during triaxial testing were maintained below 50 % of the unconfined 

compressive strength in order to ensure that there was a good linear correlation between 

the shear and normal stresses obtained. 

 

A commercial software program, ROCKDATA, is used to generate a Mohr-Coulomb 

envelope (Figure 5.2) and derive the cohesive and internal angle of friction parameters 

for each backfill sample and recipe being tested. ROCKDATA is an engineering analysis 

program used to evaluate the strength envelopes of soils or rocks based on results of 

laboratory testing. The program allows for quick and easy data entry, and visualisation of 
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material parameters using an integrated graphical environment. Linear regression or 

Simplex Reflection fitting techniques are used to determine the strength envelopes for 

triaxial or direct shear test data using Mohr-Coulomb, Hoek-Brown or Modified Hoek-

Brown failure criteria.  Cohesion and friction parameters determined establish the shear 

strength of backfill and play a very important role in evaluating the relative strength of 

backfills prepared using various binders and mix ratios of binders (Normal Portland 

Cement and glass). 

Required Sample Size 

In order to determine the number of tests (sample size) required the following 

relationship was used:  

 

n  =   ( Zα/2 * population standard deviation)  Equation 3 
          M E 
 

where, 

n is the sample size required to estimate the average UCS of a typical backfill mix 

prepared from mine tailings, 

ME is the desired margin of error, 

Zα/2 is the critical Z score based on the desired degree of confidence. For this example the 

critical z score is 1.96. 

 

It is now possible to determine the sample size required to estimate the average UCS for a 

typical mine backfill mix, and allow 95% of the UCS sample averages to fall within 0.06 

MPa of the population average. The formula above also requires knowledge of the 

2 
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population standard deviation, which is usually unknown but will be estimated using the 

highest and lowest possible UCS values. Statistically the all the UCS values, if normally 

distributed, should fall within the lowest and highest values or roughly within 4 standard 

deviations. Hence, if the typical range of UCS values is known an estimate of the 

population standard deviation can be derived from: 

 

Population standard deviation = Typical range of UCS values / 4  Equation 4 

 

For a 28 day mining cycle the typical range of backfill UCS values that can be expected 

will fall between 0.8 and 1 MPa. Hence the standard deviation is 0.05 MPa. It then 

follows that the number of samples that would be required is 3. 

 

Backfill Strength Testing 

Backfill strength, in both the short and long term, was evaluated by first preparing 

standard specimens using PVC cylindrical moulds measuring 50 mm in diameter and 120 

mm in length (Figure 5.1). The selected PVC cylinder sizes are standard specimen sizes 

used for backfill testing. The backfill was mixed with an aggregate (tailings) to binder 

ratio consistent with the design mix proportions of the mining operations from which the 

specimens were obtained, shown in Table 5.1. The percentage of glass incorporated as 

part of the binder was guided by results of previous work (DeGagne, 1996 and Chew, 

2000), and the need to evaluate as many different mine tailings and backfill recipes as 

possible.  
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Backfill samples were prepared with total binder contents of 3 and 4%, which also 

incorporated glass replacement levels of NPC varying between 0 and 65% in the case of 

David Bell and Kidd Creek Mines as shown in Table 5.2. Following preparation of the 

backfill in PVC cylinders the moulds were stored in a wooden rack, and were 

hermetically sealed at the top and bottom with rubber membranes to maintain controlled 

curing conditions of 100% relative humidity and 240C ambient temperature. Uniaxial and 

triaxial compressive strength tests were conducted at cure times of 7, 14, 28, 56, 112 and 

224 days. In Table 5.2, the minimum required number of tests was determined by 

multiplying the number of recipes by the number of cure times and by the number of tests 

per recipe. In some cases, redundant numbers of samples were prepared. 
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Table 5.1. Backfill constituents (binder, aggregate and water) of each mine 

CANDIDATE 
PROPERTY 

INCO-STOBIE DAVID BELL KIDD CREEK 

Binder, % of total 
dry solids (binder + 
Aggregate) 

4 3 3 

Binders 

Type 10 Portland 
cement, slag  and 

glass 

Type 10 Portland 
cement and glass 

Portland cement-slag 
blend and glass 

Aggregate 
Classified mill 

tailings 
Classified mill tailings 

Unclassified mill 
tailings and 

commercial sand 

Aggregate 
Proportioning (% 
dry weight) 

Not applicable Not applicable 
45 (tailings) plus 55 

(sand)  

Aggregate As-
Received Moisture 
Content (Average 
% by weight) 

19 19 
 9.9 (tailings), 3.83 

(sand) 

Required Backfill 
Solids Content (% 
by weight) 

72 65 84.5 

Required Backfill 
Water Content (% 
by weight) 

28 35 15.5 
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Table 5.2. Binder proportioning, replacement levels, cure times and number of  
      samples prepared. 

CANDIDATE 
PROPERTIES 

INCO-STOBIE DAVID BELL KIDD CREEK 

Binders 
Portland cement : 

slag : glass 
Portland cement : 

glass 
Portland cement and 

slag : glass 

10%: 90%: 0% 100%: 0% 100%: 0% 

10%: 60%: 30% 85%: 15% 85%: 15% 

10%: 45%: 45% 75%: 25% 75%: 25% 

10%: 30%: 60% 65%: 35% 65%: 35% 

50%: 50% 50%: 50% 50%: 50% 

Candidate’s 
Binder 
Proportioning 
(Recipe) 

 35%: 65% 35%: 65% 

Range of Cure 
Times 

7, 14, 28, 56, 112, 
224 

7, 14, 28, 56, 112, 
224 

7, 14, 28, 56, 112, 
224 

# of Tests / Cure 
Time/ Recipe 

3 UCS / 4 TCS 3 UCS / 4 TCS 3 UCS / 3 TCS 

Total  # of Tests 210 252 216 

 

 

 

 

 



 

 

46 

 

CHAPTER 6 RESULTS OF MATERIAL CHARACTERIZATION 

Visual Inspection 

 

Visual inspection of the tailings products was done to give an indication of mineralogical 

make up of the materials. Figure 6.1 presents photographs of the tested materials. 

 

Figure 6.1. Samples of candidates’ mine tailings, sand and ground glass materials. 

 

A general visual inspection of all mine tailings materials (before and after oven drying) 

indicated notable differences in colour. David Bell, INCO-Stobie and Kidd Creek tailings 

appeared to be homogenous with greyish, dark grey and light brown colouration, 
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respectively. The Kidd Creek sand, used for backfill blending purposes, is not 

homogenous but for the majority of the material depicts a light brown appearance, which 

may be due to slight discoloration of the quartz component. The variation in material 

colour is most likely indicative of the variable mineralogical character of the respective 

tailings materials. This reinforces the point that every mine site is mineralogically 

different, and hence the resulting tailings and backfill developed should have a unique set 

of chemical properties. 

 

Particle Size Distribution 

An accurate determination of particle size distribution can be the most useful information 

available, especially when comparisons are being made with other types or similar fill 

materials. Figure 6.2 shows the results of the sieve analyses of the INCO-Stobie, David 

Bell and Kidd Creek Mine materials. Table 6.1 shows the cumulative weight percentage 

passing distributions for the various sieve sizes while Table 6.2 shows the sand 

classification distributions of the various tailings particle sizes as coarse, medium and 

fine sand.  Using the ASTM 2487 soil classification system and the results of the particle 

size distribution, the candidate tailings and sand materials can be classified as follows: 

• David Bell Mine tailings can be classified as fine grained since more than 50% of 

the tailings aggregate material passes the No. 200 sieve. Ideally further 

classification would include reference to silt depending on the material plasticity 

index. 

• INCO-Stobie and Kidd Creek Mine tailings (including Kidd Creek’s sand) can be 

classified as sand with fines since more than 50% of each aggregate mixture 
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passes the No. 4 sieve and more that 12% passes the No. 40 sieve. Further 

classification would include reference to these materials as coarse, medium and 

fine sand (see Table 6.2). 

The particle size distribution curves, each curve representing an average of four test 

measurements, shown in Figure 6.2 illustrate increasing particle sizes from left to right 

along the x-axis.  It can therefore be concluded that the David Bell tailings comprise the 

finest of the three tailings materials, with Kidd Creek comprising the coarsest distribution 

of particle sizes. Evaluation of the slopes of the particle size distribution curves (INCO-

Stobie tailings and Kidd Creek tailings/sand) in Figure 6.2 leads to the conclusion that 

these materials demonstrate a wider range of particle sizes than the David Bell tailings 

and can therefore be classified as well-graded, as opposed to the David Bell tailings 

which can be described as uniformly graded.  since the ratio of the sieve size at which 60 

% of the tailings particles passes and the sieve size at which 10 % of the tailings particles 

passes is equal to or less than 1.  

 

The Coefficients of Uniformity (Cu) of the INCO-Stobie and Kidd Creek Mine tailings 

were determined to be 5 and 6 respectively and are consistent with values associated with 

tailings materials required for incorporation into hydraulic and paste backfills. However, 

the Coefficient of Uniformity of the David Bell Mine tailings was determined to be 

approximately 1. Coefficient of uniformity refers to ratio of the sieve size at which 60 % 

of the tailings particles passes and the sieve size at which 10 % of the tailings particles 

passes.  
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The ability of the manufactured backfill to provide the required engineering functions can 

be evaluated based on an assessment of the range of particle sizes or its Coefficient of 

Uniformity. Generally backfill materials with a Coefficient of Uniformity closer to 1 or 

greater than 6 tend to be associated with poor packing density, high porosity and a low 

friction angle. On the contrary, backfill materials with a Coefficient of Uniformity 

between 4 and 6 would show improved packing density, reduced porosity and a generally 

high friction angle. 

Table 6.1. Particle size distribution (Tailings, Sand and Glass). 

Mesh 
size, 
(Tyler 
Sieve) 

Sieve 
Size, 
mm 

% Passing 

  Tailings Sand 
Tailings 
and 
Sand 

Glass 

  
David 
Bell  

INCO 
Stobie  

Kidd 
Creek  

Kidd 
Creek 

Kidd 
Creek  

As-
received 

Ground 
for 1.5 
Minutes 

4 4.75    93.39 95.96   

6 3.36    88.85 93.61   

8 2.36    83.53 90.39   

12 1.7    76.29 86.68   

16 1.18  99.88  67.21 81.75   

20 0.85  99.78 93.44 54.81 74.44   

30 0.6  99.59 92.43 39.36 65.94   

40 0.425  98.63 90.19 21.27 54.45   

50 0.3  95.23 83.27 9.48 44.38   

70 0.212 99.86 85.45 72.62 4 35.66 99.99  

100 0.15 99.02 64.16 62.67 1.78 25.89 99.39 100 

140 0.106 99.88 49.24 28.81 1.23 21.19 97.3  

200 0.075 83.78 31.27 14.48 0.81 3.61 92.56  

270 0.053 59.93 11.59 3.53 0.37 0.66 52.74 95 

325 0.045 28.05 5.71 0.9 0.24 0.28 33.66 85 

400 0.038 9.85 3.33 0.37 0.08 0.03  40 
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Table 6.2. Classification of the various particle sizes of tailings and sand based on  
      ASTM sand specification. 

 
Tailings Material               
(% passing) 

Sand            
(% passing) 

Tailings and Sand 
(% passing) 

David 
Bell   

INCO-
Stobie  

Kidd 
Creek  

Kidd Creek Kidd Creek  

Classification 

  0.12   23.71 13.32 
Coarse  (Sieves 

No. 4 – 12) 

  1.25 9.81 55.02 32.23 
Medium (Sieves 

No. 16 - 40) 

16.22 67.36 75.71 20.46 50.84 
Fine (Sieves No. 

50 - 200) 

83.78 31.27 14.48 0.81 3.61 
Super Fine 

(Sieves No. 325  
and finer) 
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Figure 6.2. Particle size distribution curves for backfill constituents. 

 

Chemical Composition 

Table 6.3 shows the results of partial chemical analyses of the tailings and slag materials 

conducted by the Department of Mining Engineering and the Analytical Services Unit at 

Queen’s University. The sulphur and carbon contents of the three tailings were 

determined using a LECO SC-444 Carbon and Sulphur analyser. The results indicate 

comparatively higher concentrations of sulphur and lower concentrations of carbon in the 

David Bell and Inco-Stobie Mine tailings, respectively, compared to the Kidd Creek 

Mine tailings.  
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Chemical analyses of the tailings and INCO-Stobie Mine slag were determined using an 

Inductively Coupled Plasma technique, where a partial digestion of the materials was 

done using nitric and hydrochloric acid. The results revealed high levels of lime in the 

slag and low concentrations of iron. For a typical smelter slag the lime and iron 

concentrations are usually about 10 % and 30 – 40 % respectively (Shi et al, 1999). 

 

The chemical composition of tailings and binders can influence the strength performance 

of the final backfill product. The purpose of using binders is to generate cohesive bonds 

between particles in the backfill mass. This process can be affected if the binder 

hydration process is inhibited. Binders are required to dissolve in the presence of water, 

liberating calcium and silicon which then contribute to the formation of hydrates (cement 

binding products).  The presence of soluble sulphates or sulphide minerals in the mine 

tailings or binders can lead to the generation of acids which in the short term can inhibit 

the hydration process, and in the longer term through weathering can reduce the bonding 

strength between the particles eventually weakening the backfill mass. In the presence of 

sulphates, slag based binders hydrate at a slower rate than Portland cement and fly-ash 

based binders, thus generating lower strengths within the first 21 days followed by an 

increase in the rate of strength development thereafter (Benzaazoua et. al., 2002). The 

presence of sulphur in the David Bell backfill and INCO-Stobie tailings implies that it 

may be present in combination with metallic and semi-metallic elements originating from 

the gold and copper deposits of the mines. Generally sulphides, if present, are easily 

oxidized to sulphate which leads to the formation of sulphuric acid. 
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Table 6.3. Chemical analysis of candidate tailings and slag materials. 

% by weight 
Method 
of 

Analysis 

Chemical 
Composition 
(Oxide) 

Tailings 
(David 
Bell) 

Tailings 
(Kidd 
Creek) 

Tailings 
(INCO-
Stobie) 

Slag 
(INCO-
Stobie) 

Al2O3 2.06 1.83 4.32 11.16 

CaO 2.24 4.42 1.5 41.51 

Fe2O3 5 5.19 10.52 0.98 

K2O 0.56 - 0.82 0.59 

MgO 1.56 3.92 2.3 12.18 

Mn2O3 0.04 0.12 0.07 0.93 

MoO2 0.06 0 0 0 

Na2O 0.06 - - 0.29 

P2O5 0.12 0.12 0.13 0.01 

Inductive 
Coupled 
Plasma 

TiO2 0.15 0 0.24 0.42 

LECO 
Sulphur-
Carbon 
Analyser 

Sulphur 2.69 0.01 1.45  

 Carbon 0.35 2.68 0.74  
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Direct Shear Tests 

The results of direct shear test analyses conducted on the INCO-Stobie, Kidd Creek and 

David Bell Mine tailings are tabulated in Table 6.4. One test each was conducted on the 

three, non-cemented tailings products after reducing the moisture content of each as-

received, tailings product in an attempt to simulate non-cemented, in-situ, long term 

moisture contents. Each material was then subjected to normal consolidation loading, and 

was then sheared to induce shear failure along a predetermined plane. Consequent normal 

and shear forces were obtained and plotted, as shown in Figure 6.3. Material cohesion, 

internal angle of friction and porosity parameters were subsequently derived. Table 6.4 

illustrates that the David Bell Mine tailings exhibit the largest porosity, followed by 

INCO-Stobie and then the Kidd Creek Mine tailings. The friction angle for Kidd Creek’s 

tailings was determined to be the largest, at 35 degrees, with a 1 degree difference 

existing between the values for David Bell and INCO-Stobie Mine tailings, at 33 and 32 

degrees respectively. Unlike porosity, the lowest cohesion strength, 22 kPa, was obtained 

for the Kidd Creek Mine tailings, followed by INCO-Stobie Mine tailings, at 24 kPa and 

David Bell Mine tailings, at 28 kPa. 

 

The two parameters that can have a significant impact on the strength performance of the 

backfill product are the friction angle and porosity. The friction angle is indicative of the 

individual particle shape, range of particle sizes (PSD) present and the packing density of 

the particles. A smaller range of particle sizes leads to a relatively loose packing density, 

lower friction angle and large porosity, as is observed with the David Bell tailings. On the 

contrary a larger range of particle sizes leads to a denser packing density, larger friction 
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angle and smaller porosity. Backfill prepared with a larger range of particle sizes is 

generally denser and yields better strength performance compared to the former. 

 
Table 6.4. Direct shear test results. 

 
10% Moisture Content 

   

Properties 
David 
Bell 

INCO-
Stobie 

Kidd 
Creek 

Cohesion (kPa) 28 24 22 

Specific Gravity 2.81 2.95 2.72 

Bulk Density (g/cm3) 1.6 1.57 2 

Internal Angle of Friction (degrees) 33 32 35 

Porosity (%) 48 42 33 

 

 

 
Figure 6.3. Direct Shear Test Results – Non-cemented tailings 
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CHAPTER 7 RESULTS OF STRENGTH ASSESSMENT 

INCO-Stobie Mine Backfill 

Results 
 
Tables 7.1, 7.2, 7.3 and 7.4 present UCS, Young’s Modulus, cohesion and internal angle 

of friction values for all replacement levels and cure times for INCO-Stobie backfill that 

was manufactured and allowed to cure for designated intervals. Figures 7.1 and 7.2 

present UCS and cohesion values for all replacement levels and cure times for INCO-

Stobie results. 

 
Table 7.1. UCS values for all replacement levels and cure times (INCO-Stobie 
                 results).       

 UCS (MPa) at Cure Time (days) Indicated 

Glass (%) 7 14 28 56 112 224 

0 0.25 0.39 0.60 0.68 0.77 0.75 

30 0.18 0.26 0.39 0.47 0.54 0.48 

45 0.16 0.25 0.34 0.36 0.44 0.42 

60 0.11 0.16 0.15 0.25 0.32 0.31 

90 0.06 0.08 0.09 0.08 0.11 0.14 

 
 
 
Table 7.2. Young's Modulus values for all replacement levels and cure times (INCO- 

           Stobie results). 

 Young’s Modulus (MPa) at Cure Time (days) Indicated 

Glass (%) 7 14 28 56 112 224 

0 59.80 102.20 253.00 160.00 142.00 202.45 

30 36.10 43.60 168.00 119.00 108.00 130.02 

45 31.70 48.20 185.00 61.40 100.25 96.36 

60 18.70 28.50 37.30 40.30 59.58 69.70 

90 5.80 6.27 11.10 12.90 25.55 25.11 
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Table 7.3. Cohesion values for all replacement levels and cure times (INCO-Stobie 
                  results).      

 Cohesion (kPa) at Cure Time (days) Indicated 

Glass (%) 7 14 28 56 112 224 

0 70.00 130.00 140.00 120.00 200.00 204.00 

30 60.00 80.00 120.00 115.00 150.00 160.00 

45 40.00 74.00 110.00 80.00 120.00 120.00 

60 50.00 40.00 40.00 50.00 80.00 91.00 

90 20.00 30.00 30.00 40.00 50.00 40.00 

 
 
Table 7.4. Internal angle of friction for all replacement levels and cure times (INCO- 

           Stobie results). 

 
Internal angle of friction (degrees) at Cure Time (days) 

Indicated 
Glass (%) 7 14 28 56 112 224 

0 31.00 26.50 29.10 36.70 36.80 28.00 

30 34.40 32.12 15.50 38.13 35.10 30.60 

45 36.92 29.39 31.53 42.50 37.00 36.90 

60 35.60 34.10 36.60 42.90 38.30 37.60 

90 25.90 21.40 23.59 31.00 30.27 27.02 
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Figure 7.1. UCS values for all replacement levels and cure times (INCO-Stobie results). 
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Figure 7.2. Cohesion values for all replacement levels and cure times (INCO-Stobie  
                   results). 
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The INCO-Stobie Mine backfill strength assessment showed UCS values ranging 

between 0.25 MPa at 7 days cure time to 0.75 MPa at 224 days cure time for the base 

recipe comprising 10% NPC, 90% slag and 0% glass together making up the 4% binder 

content (10% NPC + 90% slag + 0% G). These strength values, however, become 

progressively lower as the percentage of glass (in place of slag in the binder portion) 

included in the recipe increased over the four replacement levels ranging from 30% to 

90% inclusive (Table 7.1). Slag in the recipe was reduced by quantities equivalent to the 

quantity of glass included. For example, at 30% glass replacement of slag, the binder 

comprised 10% NPC, 30% glass and (90 – 30)% Slag. The quantity of NPC included 

remained the same for all replacement levels (see Table 5.6 under laboratory test work). 

The reduction in strength after 112 days may be a result of sulphide effects. Table 7.2 

shows values for Young’s Modulus increasing from 59.8 MPa at 7 days cure time to 202 

MPa at 224 days cure time, and demonstrating a progressive decrease in values with 

increasing percentages of glass replacement of the slag portion of the binder mix.  

 
Cohesion values obtained from triaxial testing extended from 70 kPa at 7 days cure time 

to 204 kPa at 224 days cure time for the base case, while the internal angle of friction 

varied between 31 degrees and 36.8 degrees, respectively, for the same cure times 

(Tables 7.3 and 7.4).  
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Analysis 
 

Glass reactivity 

This research is driven by the hypothesis that glass is pozzolanic, and implies that in the 

presence of lime it would hydrate and contribute to the compressive strength of backfill 

prepared using combined NPC and glass. A major portion of the INCO-Stobie binder 

recipe is slag, the NPC contained being the minimum quantity required for the sponsor’s 

backfill design. Hence, the quantity of NPC in the base recipe (10% NPC, 90% slag and 

0% glass) was not modified in the recipes containing the various percentages of glass. 

Instead the percentage of glass included represented an equivalent percent reduction of 

slag. The inclusion of NPC served as an activator or the source of lime required to 

facilitate hydration of the slag. Now, the question to be answered is, would the inclusion 

of glass improve backfill strength performance over backfill prepared using slag alone? 

This section attempts to statistically determine if there was an increase in backfill 

strength over that of slag with the inclusion of glass as part of the binder. This analysis 

will assume that the two samples being compared have the same quantity of slag, with 

one of the samples containing glass as well. 

 

The lower and upper limits of unconfined compressive strength performances of backfill 

prepared with INCO-Stobie tailings are shown in Table 7.5. The table also includes the 

range of glass replacement levels associated with each average UCS value at the various 

cure times. Table 7.6 shows the lower and upper 95% confidence limits (UCL and LCL 

respectively) of the sample averages of the UCS values. Table 7.6 also includes LCL and 

UCL for backfill prepared using no glass (0% glass).  
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Table 7.5. Lower and upper limits (LL and UL respectively) of actual UCS sample 
           values (INCO-Stobie results).   

LIMITS OF ACTUAL UCS VALUES (MPa) 

% Glass Limits 7th day 
14th 
day 

28th 
day 

56th 
day 

112th 
day 

224th 
day 

LL 0.22 0.36 0.59 0.66 0.73 0.69 0 
  UL 0.29 0.41 0.60 0.71 0.80 0.81 

LL 0.18 0.23 0.38 0.36 0.50 0.47 
30 

UL 0.18 0.28 0.40 0.53 0.56 0.49 

LL 0.15 0.23 0.33 0.34 0.41 0.39 
45 

UL 0.18 0.27 0.35 0.38 0.45 0.44 

LL 0.10 0.15 0.13 0.23 0.27 0.28 
60 

UL 0.12 0.17 0.17 0.28 0.35 0.37 

LL 0.05 0.08 0.09 0.07 0.10 0.11 
90 

UL 0.07 0.08 0.09 0.09 0.12 0.16 

 
 
 
 
Table 7.6. 95 % lower and upper confidence limits (LCL and UCL respectively) of 

           the averages of actual UCS sample values (INCO-Stobie results). 

LIMITS : ASSUMING 95% OF ALL SAMPLE AVERAGE UCS SAMPLE 
VALUES FALL WITHIN 2 STANDARD DEVIATIONS 

% 
Glass 

Limits 7th day 
14th 
day 

28th 
day 

56th 
day 

112th day 224th day 

LCL 0.19 0.34 0.58 0.64 0.66 0.63 
0 

UCL 0.31 0.44 0.61 0.73 0.87 0.87 

LCL 0.17 0.21 0.37 0.32 0.48 0.46 
30 

UCL 0.19 0.32 0.41 0.63 0.60 0.50 

LCL 0.13 0.20 0.32 0.32 0.40 0.36 
45 

UCL 0.19 0.29 0.36 0.41 0.47 0.48 

LCL 0.09 0.14 0.12 0.19 0.24 0.22 
60 

UCL 0.13 0.19 0.19 0.30 0.40 0.41 

LCL 0.04 0.08 0.09 0.06 0.09 0.09 
90 

UCL 0.08 0.08 0.09 0.10 0.13 0.19 
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The LCL is used as the reference compressive strength for this part of the analyses. At 

this point the 10% NPC included in the backfill is ignored. For this specific recipe 

(including tailings material) it is assumed that the quantity of slag included in the backfill 

is directly proportional to the acquired strength (a linear relationship is assumed). 

Because of the differences in mineralogical make-up of both binders and aggregates, this  

relationship between strength and binder quantities can vary from recipe to recipe. 

Therefore if the strength of backfill prepared using slag alone (no glass) is known, then 

the unconfined compressive strength that can be attained by removing specific quantities 

of slag can be estimated. Given that this assumption is correct, for this specific recipe, the 

reduced average UCS values to be expected after the removal of specific percentages of 

slag would be those values tabulated in Table 7.7. 

 
Table 7.7. Reduced UCS values to be expected due to the removal of specific 

           percentages of slag (INCO-Stobie results). 

EXPECTED AVERAGE UCS VALUES (Expected) (MPa) 
% Slag 

removed 
7th day 14th day 28th day 56th day 

112th 
day 

224th 
day 

0 0.19 0.34 0.58 0.64 0.66 0.63 

30 0.13 0.24 0.41 0.45 0.46 0.44 

45 0.11 0.19 0.32 0.35 0.36 0.35 

60 0.08 0.14 0.23 0.25 0.26 0.25 

90 0.02 0.03 0.06 0.06 0.07 0.06 

 

Analysis of the UCS values compares two backfill samples where sample number 1 has 

slag only and sample number 2 has the same quantity of slag as the first plus glass. It then 

follows that the average UCS value of sample number 1 (expected average UCS value) 

should be equivalent to the average UCS value of sample number 2 (observed average 

UCS value) if the glass included in the backfill recipe is not contributing to its strength. 
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Otherwise the expected value would be less than the observed value resulting in a 

difference between the two values (Figure 7.3).  

 

At this point it would be appropriate to introduce the concept of a test statistic (t) which 

would be used to measure the difference between the observed average UCS value and 

the expected average UCS value. The null hypothesis assumes that glass is non-reactive 

and that there is no difference between the observed and expected values. On the contrary 

the alternative hypothesis assumes that glass is reactive and that the observed average 

UCS value is larger than the expected average UCS value (Ho: Observed Value = 

Expected Value versus Ha: Observed Value > Expected Value). 

 
Figure 7.3. Representation showing observed and expected UCS values. 
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Converting the observed value to standard units on the basis of the null hypothesis leads 

to the following expression: 

t  =  Observed UCS - Expected UCS     Equation 5 
   Standard Error 
 

The standard error refers to the variance between the sample average and the population 

average for a typical average UCS test result, and is given by the expression: 

 

Standard error  (SE) = ((√ # of samples tested) * SD_UCS+)   Equation 6 
# of samples tested 

 

and 

(SD_UCS+ ) 

 = (√ # of samples tested / (# of samples tested -1)) * SD_UCS  Equation 7 

where: 

SD_UCS represents the actual standard deviation of the average UCS measurements, 

SD_UCS+ represents a modified standard deviation of the average UCS measurements. 

 

Table 7.7 shows standard deviations for each group (% glass and cure time) of samples, 

Table 7.8 shows the number of samples tested for each % reduction in slag (or % glass 

included) and cure time and Table 7.9 shows the standard error associated with each 

group’s (% glass and cure time) average UCS.   
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Table 7.8. Standard deviation for each group (% glass and cure time) of samples 
      (INCO-Stobie results).  

STANDARD DEVIATION (Average UCS), (MPa) 

% Glass 7th day 14th day 28th day 56th day 112th day 224th day 

0 0.03 0.03 0.01 0.02 0.05 0.06 

30 0.00 0.03 0.01 0.08 0.03 0.01 

45 0.01 0.02 0.01 0.02 0.02 0.03 

60 0.01 0.01 0.02 0.03 0.04 0.05 

90 0.01 0.00 0.00 0.01 0.01 0.02 

 

 
Table 7.9. Number of samples tested for each % reduction in slag (or % glass 

       included), and cure time (INCO-Stobie results).  

NUMBER OF UCS SAMPLES TESTED 

% Glass 7th day 14th day 28th day 56th day 112th day 224th day 

0 4 3 3 4 2 3 

30 3 3 3 4 3 3 

45 3 3 3 4 3 3 

60 3 3 3 3 3 3 

90 3 3 3 3 3 3 

 

 
Table 7.10. Standard error associated with each group’s (% glass and cure time)  

        average UCS (INCO-Stobie results). 

STANDARD ERROR (Average UCS), (MPa) 

% Glass 7th day 14th day 28th day 56th day 112th day 224th day 

0 0.02 0.02 0.01 0.01 0.04 0.04 

30 0.00 0.02 0.01 0.04 0.02 0.01 

45 0.01 0.01 0.01 0.01 0.01 0.02 

60 0.01 0.01 0.01 0.02 0.03 0.03 

90 0.01 0.00 0.00 0.01 0.01 0.01 
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Table 7.10 shows the t-values calculated using the observed values, expected values and  

standard errors. t represents the number of SEs the observed value is from the expected 

value and hence the null hypothesis is rejected when t is too large. This determination can 

be assessed through the use of the probability value (p-value). For purposes of this 

analysis the p-value is assumed to be less than 5% and implies that the null hypothesis 

will be rejected if the probability of arriving at an observed UCS value is less than 5%. 

This probability is obtained from the student’s curve associated with the t-TEST. Table 

7.11 shows the t-values computed using observed and expected UCS sample averages. 

 
Table 7.11. t-values computed using observed and expected UCS sample averages 

             (INCO-Stobie results).   

t- VALUES (Observed- Expected) / (Standard Error) 

              

% Glass 7th day 14th day 28th day 56th day 112th day 224th day 

30 18.39 1.29 -2.14 0.65 3.43 5.51 

45 5.62 3.58 3.38 1.07 5.43 3.39 

60 4.13 3.45 -6.51 -0.38 1.92 1.77 

90 6.08 213.88 55.01 2.92 7.11 4.6 

 
 

The p-values obtained are for a one-tailed test and represent the probability of obtaining 

an average UCS value that is more extreme (positive) than the observed value. Table 7.12 

shows that 16 of the 24 p-values obtained were less than 5%.  This means that for those 

16 cases the null hypothesis, which states that glass is non-reactive, is rejected, and the 

alternative hypothesis, which states the opposite, is accepted. The result of the other cases 

indicates that glass is non-reactive and that the difference between the observed and 

expected values may be due to chance variation. For those cases where the p-value is less 

than 5%, it can be inferred, for the specific recipe, that backfill prepared with slag and 
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glass would realize an increase in strength over that of a second sample prepared with an 

equivalent amount of slag. 

 
Table 7.12. p-values computed for observed UCS sample averages (INCO-Stobie   
          results). 

P-VALUES (%) 

% Glass 7th day 14th day 28th day 56th day 112th day 224th day 

30 0.15 16.28   28.12 3.77 1.57 

45 1.51 3.50 3.87 18.18 1.61 3.85 

60 2.70 3.74     9.75 10.94 

90 1.30 0.00 0.02 4.99 0.96 2.21 

 

Can backfill, prepared with glass and slags combined, achieve strengths equivalent to that 

of backfill prepared with slag alone? The statistical analysis in the previous section for 

Inco-Stobie backfill leads to the conclusion that glass is reactive and therefore, if 

included in backfill prepared with slag, can contribute to strength development for Inco-

Stobie material. However, can this contribution equate to or exceed the strength of 

backfill prepared using slag alone? This phase of the analysis will attempt to determine 

whether backfill prepared with slag and glass can achieve the same strength as backfill 

prepared with slag alone. In this analysis the two samples being compared have different 

quantities of slag, where the quantity of slag in the first sample is equivalent to the 

quantity of slag and glass combined in the second sample. 

 

 A comparative analogy is the difference between two sample UCS averages obtained 

from backfill samples prepared using slag alone and backfill samples prepared using slag 

and glass, as illustrated in Figure 7.4. If you imagine that the average UCS of sample A in 
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Figure 7.4 was determined from the UCS values of 3 individual samples, then Figure 7.4 

shows the variation of these individual UCS values relative to the sample average 

(Sample A). Similarly sample B’s average was determined in the same way. The data in 

Figure 7.5 was obtained from Kidd Creek results and is used here to illustrate that the 

range of UCS values obtained for sample B falls within the range of values obtained for 

sample A, thus exemplifying the need for statistical analysis in order to determine which 

sample’s average UCS is superior.  

 

 
 
Figure 7.4. Backfill samples with different UCS averages (slag amount in sample A is  
        equivalent to the combined amount, slag and glass quantity in sample B).  
                 NPC not shown.   
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Figure 7.5. Typical plot of UCS values versus glass replacement levels with error bars  
(standard deviations). 
 

Note that in both scenarios the combined quantity of slag and glass in the second sample 

is equivalent to the weight of slag alone in the first. Both averages are subject to chance 

variability and so are their differences.  

 

The null hypothesis assumes that, since glass is reactive, the average UCS value of 

backfill prepared with slag and glass should at least be equal to the average UCS value of 

backfill prepared with slag alone (Ho: Observed difference = Expected difference = 0). 

This implies that the difference between the two means should be equal to the expected 

difference, which is zero (0), thus any observed positive difference is just a reflection of 

chance variability. This means that the strength of backfill prepared with slag and glass is 

at least equal to the strength of backfill prepared with slag alone. The alternative 

hypothesis (Ha: Observed difference > 0) says that backfill prepared with slag and glass 
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combined generates a lower UCS average and that there is a real positive difference 

between the two averages. Hence the observed difference between the two averages is 

greater than the expected difference of zero. To help decide between the two hypotheses 

the t statistic will be used and is expressed as follows: 

t   =  Observed difference - Expected difference  Equation 8 
    Standard error of the difference  
 

and 

standard error of the difference between the two averages =  

√ ((SE a)2 + (SE b)2)  Equation 9 

where: 

a represents the standard error (SE) associated with the sample average of backfill 

prepared with slag alone, and 

b represents the standard error (SE) associated with the sample average of backfill 

prepared with slag and glass. 

 

t represents the number of SEs the observed difference is from the expected difference 

and hence the null hypothesis is rejected when t is too large. For purposes of this analysis 

the p-value is assumed to be less than 5% and implies that the null hypothesis will be 

rejected if the probability of arriving at an observed difference is less than 5%.   

 

Table 7.13 shows t-values computed for observed average UCS sample differences and 

Table 7.14 shows p-values computed for observed average UCS sample differences. All 
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the t-values are large and their associated p-values are less than 5%. This means that, for 

Inco-Stobie backfill, the null hypothesis is rejected and implies that the observed 

differences between the average UCS values of backfill prepared using slag alone and 

backfill prepared using slag and glass is not due to chance variability. Further, this leads 

to the conclusion that backfill prepared using slag and glass cannot achieve the level of 

strength performance compared to backfill prepared using slag alone.  

 

Table 7.13. t-values computed using observed and expected UCS sample averages  
        (INCO-Stobie results). 

t  VALUES 

% Glass 7th day 14th day 28th day 56th day 112th day 224th day 

0 versus 
30 

4.22 4.72 22.17 4.52 5.23 6.23 

0 versus 
45 

4.60 5.92 29.40 17.18 8.30 6.87 

0 versus 
60 

7.52 11.54 32.20 18.76 9.40 7.988 

0 versus 
90 

10.53 17.55 83.36 39.05 17.34 13.28 

 
 
Table 7.14. p-values computed for observed average UCS sample differences (INCO- 
                   Stobie results). 

P-VALUES (%) 

% NPC & 
% Glass 

7th day 14th day 28th day 56th day 112th day 224th day 

0 versus 
30 

0.42 0.46 0.00 0.20 0.39 0.17 

0 versus 
45 

0.29 0.20 0.00 0.00 0.058 0.12 

0 versus 
60 

0.03 0.02 0.00 0.00 0.04 0.07 

0 versus 
90 

0.01 0.0031 0.00 0.00 0.00 0.01 
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Can the data be used to predict the variables, UCS and glass %? The average UCS 

requirement for most mines is the strength which can be achieved by the backfill at the 

end of approximately 28 days of curing. This requirement, which is equivalent to 0.55 

MPa at the INCO-Stobie Mine is critical and implies that, given a certain quantity of 

binder in the backfill mix, the level of strength required must be predictable if planned 

production activities are to be continuous. To this end it would be important to determine 

whether the data generated allows for the prediction of the appropriate glass binder 

content required given that the UCS required is known.  

 

First an attempt will be made to determine if there is any statistical correlation between 

the UCS and the percentage glass included in the backfill. Table 7.15 shows the actual 

glass percentages and corresponding average UCS values together with their conversion 

to standard units in order to determine the correlation coefficient. Figure 7.6 shows a plot 

of UCS versus glass replacement levels using the data provided in Table 7.15. Each glass 

replacement level (0, 30, 45, 60 and 90%) comprises 3 data points.  

 

The correlation coefficient of -0.97 indicates a very good correlation between the average 

UCS and the quantity of glass required to generate this average. Further, this shows that 

the UCS can be predicted given that the quantity of glass incorporated into the backfill is 

known, and vice-versa. The negative sign indicates that the average UCS decreases with 

increasing addition of glass to the backfill recipe.  At this point it would be relevant to 

determine the accuracy associated with the prediction of any of the two variables 

considering that the regression line in Figure 7.6 goes through points of averages in the 
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scatter plot. Actual values will differ from predicted values by an error referred to as the 

root mean square error (r.m.s), where the r.m.s error is equal to the (actual value - 

predicted value). 

 

In order to demonstrate the above, the quantity of glass required in the backfill recipe in 

order to generate a 28 day UCS strength of 0.5 MPa has been estimated at 14.96 %, as 

shown in Table 7.16. The r.m.s error associated with this prediction is 6.90% glass. On 

the contrary the r.m.s error that would be associated with the prediction of the UCS from 

a known glass quantity is 0.0407 MPa. Generally, 95% of the values predicted should fall 

within 2 r.m.s errors of the regression line, as shown in Figure 7.6.  

 

The results also indicate that every % increase in the quantity of glass included in the 

backfill recipe produces a reduction in the UCS by 0.006 MPa, and can be determined 

using the following relationship: 

Slope of regression line =  

r * SD_UCS     Equation 10 
SD_% Glass 

where: 

r represents the correlation coefficient, 

SD_UCS represents the standard deviation of UCS values (Table 7.15) 

SD_% Glass represents the standard deviation of the glass % values (Table 7.15) 
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Table 7.15. Correlation between glass and UCS at 28 days cure time (INCO-Stobie  

             results). 

 

 
Correlation Coefficient 

 
% 

Glass 

Average 
UCS 

(MPa) 

Standard Units 
(% Glass) 

Standard 
Units (% 

UCS, MPa) 

Product of 
Standard 

Units 

 0 0.61 -1.5 1.60 -2.41 

 0 0.60 -1.5 1.57 -2.36 

 0 0.59 -1.5 1.51 -2.27 

 30 0.40 -0.5 0.47 -0.23 

 30 0.40 -0.5 0.45 -0.23 

 30 0.39 -0.5 0.36 -0.18 

 45 0.35 0 0.19 0.00 

 45 0.34 0 0.15 0.00 

 45 0.33 0 0.10 0.00 

 60 0.15 0.5 -0.89 -0.45 

 60 0.17 0.5 -0.80 -0.40 

 60 0.13 0.5 -1.00 -0.50 

 90 0.09 1.5 -1.23 -1.85 

 90 0.09 1.5 -1.24 -1.86 

 90 0.09 1.5 -1.24 -1.86 

Averages 45 0.31   
Correlation 
coefficient (r) 

-0.97 

Standard 
Deviations 

30 0.18       
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Figure 7.6. Scatter plot of UCS versus glass replacement levels (INCO-Stobie results). 
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Table 7.16. Computation of predicted glass % and r.m.s error (INCO-Stobie results). 

Predicting the quantity of glass required to generate an average UCS of 0.5 
MPa at 28 days cure time 

Parameter Value Mathematical equation 

Required UCS value (MPa) 0.5  

Average UCS value (MPa) 0.31  

Standard deviation of UCS 
(MPa), (SD_UCS) 

0.18  

Standard deviation of % Glass 
(MPa), (SD_% Glass) 

30  

# of deviations above the 
average UCS, (Zucs) 

1.03 
 ( Required UCS -Averages UCS ) 
/ SD_UCS 

# of deviations below the 
average glass %, (Zglass) 

-1.00 r * Zucs 

 % Glass below the average 
substitution level (%) 

-30.04 Zglass* SD_% Glass 

Average glass substitution level 
(%) 

45  

% glass required to generate a 
UCS of 0.5 MPa (%) 

14.96 
Averages glass substitution level - 
Absolute (% Glass below average 
value) 

Root Mean Square Error, % 
Glass 

6.90 ((1-r2)0.5)*SD_% Glass 
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David Bell Mine Backfill 

Results 
Tables 7.17, 7.18, 7.19 and 7.20 present UCS, Young’s Modulus, cohesion and internal 

angle of friction values for all replacement levels and cure times for David Bell backfill. 

Figures 7.7 and 7.8 present UCS and cohesion values for all replacement levels and cure 

times for David Bell results. 

 
Table 7.17. UCS values for all replacement levels and cure times (David Bell results). 

 UCS (MPa) at Cure Time (days) Indicates  

Glass (%) 7 14 28 56 112 224 
0 0.05 0.06 0.11 0.14 0.19  

15 0.10 0.10 0.12 0.15 0.19 0.27 

25 0.06 0.07 0.08 0.12 0.12 0.14 

35 0.06 0.05 0.08 0.10 0.11 0.12 

50 0.07 0.06 0.08 0.11 0.11 0.13 

65 0.06 0.06 0.05 0.05 0.06 0.07 

 
 
Table 7.18. Young’s Modulus values for all replacement levels and cure times  

             (David Bell results). 

 Young’s Modulus (MPa) at Cure Time (days) Indicated  

Glass 
(%) 

7 14 28 56 112 224 

0 13.45 15.61 19.76 35.11 23.98  

15 7.50 32.19 62.52 50.37 43.16 31.85 

25 7.90 27.60 41.90 40.74 23.50 24.48 

35 8.63 20.33 41.18 37.89 27.82 13.41 

50 13.54 18.01 38.41 34.17 27.61 26.66 

65 13.53 21.87 27.17 24.22 10.72 18.00 
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Table 7.19. Cohesion values for all replacement levels and cure times (David Bell  
             results). 

 Cohesion (kPa) at Cure Time (days) Indicated 
Glass (%) 7 14 28 56 112 
0  36.00 38.00 41.00  

15 33.00 38.00 39.00 43.00 58.70 

25 30.00 31.50 35.80 40.00 47.00 

35 30.00 33.00 35.00 40.00 46.00 

50 30.00 31.20 34.00 40.00 42.00 

65 19.00 27.70 30.00 35.00 35.00 

 
 
Table 7.20. Internal angle of friction values for all replacement levels and cure  

             times (David Bell results). 

 Internal angle of friction (degrees) Cure Time (days) Indicated 
Glass (%) 7 14 28 56 112 
0  33.00 38.00 35.00  

15 28.00 40.00 42.00 39.50 30.00 

25 20.70 5.05 13.70 19.00 23.50 

35 22.80 12.50 10.00 28.30 27.82 

50 25.00 13.80 20.00 25.50 27.61 

65 25.50 24.00 28.80 31.00 10.72 
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Figure 7.7. UCS values for all replacement levels and cure times (David Bell results). 
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The David Bell Mine backfill strength assessment showed very encouraging results with 

15% glass replacement of NPC where backfill samples demonstrated equivalent and, in 

some instances, better strength performance than for the base case, as shown in Table 

7.17. The base case recipe comprised NPC alone, while the replacement levels comprised 

various percentages of NPC and ground glass. For example 15% glass replacement would 

comprise 15% glass plus (100-15)% NPC. UCS values for David Bell Mine backfill 

prepared at 15 % glass replacement for NPC improved from 0.095 MPa at 7 days cure 

time to 0.145 MPa at 56 days cure time compared to 0.053 MPa and 0.137 MPa, 

respectively, for the base case between the same cure times. 
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Figure 7.8. Cohesion values for all replacement levels and cure times (David Bell  
                  results). 
 
 

Beyond 56 days cure time, both recipes showed indications of continued strength 

improvement. The strength performance of backfill prepared using successively higher 
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replacement levels of glass was progressively lower than for both the base cases and for 

the case where backfill was prepared using 15% glass replacement of NPC. Similar to the 

UCS trend, cohesion values obtained for David Bell Mine backfill, prepared using 15% 

glass replacement for NPC, were higher than for all other replacement levels including 

the base case, as shown in Table 7.19.  The Young’s Modulus for the base case 

demonstrated a steady increase until 28 days cure time had elapsed and then decreased 

rapidly (Table 7.18). As with the UCS results, backfill prepared using 15% glass 

replacement for NPC outperformed all other replacement levels including the base case 

for all cure intervals tested.  
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Analysis 
 

Glass reactivity 

This analysis attempts to determine if glass is contributing to David Bell Mine backfill 

strength. For this specific recipe, it is assumed that if the strength of backfill prepared 

using NPC alone (no glass) is known and backfill strength is directly proportional to NPC 

quantity, then the unconfined compressive strength that can be attained by removing 

specific quantities of NPC can be estimated. Given that this assumption is correct the 

reduced UCS values to be expected after the removal of specific percentages of NPC was 

estimated and incorporated in this analysis. It then follows that the expected UCS values 

should be equivalent to the observed UCS values if the glass included in the backfill 

recipe is not contributing to its strength (Ho: Observed Value = Expected Value). 

Otherwise expected values would be less than the observed values resulting in a 

difference between the two values (Ha: Observed Value > Expected Value), as presented 

in Figure 7.3. The two hypotheses were evaluated using the t-test. This analysis will 

assume that the two samples being compared have the same quantity of total binder, with 

one of the samples containing glass as well. 

 

Table 7.21 shows the standard error associated with each group’s (% glass and cure time) 

average UCS. Table 7.22 shows the t-values calculated using the observed values, 

expected values and standard errors.  
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Table 7.21. Standard error associated with each group’s (% glass and cure time) 
                   average UCS (David Bell results).  

STANDARD ERROR (Average UCS), (MPa) 

% Glass 7th day 14th day 28th day 56th day 112th day 

15 0.015 0.06 0.02 0.03 0.04 

25 5.10 0.03 0.01 0.01 0.00 

35 0.02 0.00 0.0298 0.01 0.01 

50 0.01 0.01 0.01 0.01 0.01 

65 0.01 0.00 0.01 0.02 0.01 

 
 
Table 7.22. t-values computed for observed UCS sample averages (David Bell  

            results).   

t-VALUES (Observed- Expected) / (Standard Error) 

% Glass 7th day 14th day 28th day 56th day 112th day 

15 4.95 1.99 2.22 1.93 1.32 

25 1.47 1.46 -0.12 2.42 -4.23 

35 2.57 21.99 1.69 3.66 1.34 

50 13.37 3.97 3.63 11.87 3.20 

65 10.77 14.33 4.93 2.88 2.00 

 

t represents the number of SEs that the observed value is from the expected value and 

hence the null hypothesis is rejected when t is too large. For the purposes of this analysis 

the p-value is assumed to be less than 5% and implies that the null hypothesis will be 

rejected if the probability of arriving at an observed average UCS value is less than 5%. 

This probability is obtained from the student’s curve associated with the t-TEST. 

  

The p-values obtained are for a one-tailed test and represent the probability of obtaining 

an average UCS value that is more extreme (positive) than the observed value obtained. 

Table 7.23 shows the p-values obtained for the observed UCS values. Reviewing the 
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values it can be seen that 21 out of a total of 30 values were less than 5%. This means 

that, for those 21 cases where the p-value is < 5%, the null hypothesis, which states that 

glass is non-reactive, is rejected, and the alternative hypothesis which states the opposite 

is accepted. For those cases where the p-value is > 5% it is inferred that glass is not 

reactive and that the difference between the observed and expected values may be due to 

chance errors. However for those cases where the p-value is less than 5%, it can then be 

inferred that, for the specific recipe, backfill prepared with NPC and glass would realize 

an increase in strength over that of a second sample prepared with an equivalent amount 

of NPC. 

 

Table 7.23. p-values computed using observed and expected UCS sample averages  
             (David Bell results). 

P-VALUES (%) 

% Glass 7th day 14th day 28th day 56th day 112th day 

15 1.93 9.26 7.82 9.68 15.89 

25 14.01 14.03  2.59  

35 6.19 0.10 11.69 0.53 11.51 

50 0.28 2.90 3.4 0.00 0.93 

65 0.43 0.24 1.93 1.40 5.06 

 

Can backfill, prepared with glass and NPC combined, achieve strengths equivalent to that 

of backfill prepared with NPC alone? In this section, an attempt will be made to 

determine if the difference between the average UCS of backfill prepared with NPC 

alone and backfill prepared with NPC and glass combined is real, or just chance 

variability. In this analysis, the two samples being compared have different quantities of 

NPC, where the quantity of NPC in the first sample is equivalent to the quantity of NPC 
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and glass combined, in the second sample. To help decide between the two hypotheses 

the t statistic was used and is expressed as per equation 8 and the standard error of the 

difference between the two averages is expressed as per equation 9. 

 

Here again t represents the number of SEs that the observed difference is from the 

expected difference and hence the null hypothesis is rejected when t is too large. For 

purposes of this analysis the p-value is assumed to be less than 5% and implies that the 

null hypothesis will be rejected if the probability of arriving at an observed difference is 

less than 5%.   Table 7.24 shows t-values computed for observed average UCS sample 

differences and Table 7.25 shows p-values computed for observed average UCS sample 

differences.  

 
 
Table 7.24. t-values computed for observed average UCS sample differences (David   

             Bell results). 

t VALUES 

% Glass 7th day 14th day 28th day 56th day 112th day 

0 versus 15 -4.15 -1.01 1.16 1.21 0.16 

0 versus 25 -1.06 0.68 4.75 2.74 9.95 

0 versus 35 -1.64 2.81 1.39 2.73 5.55 

0 versus 50 -9.03 1.35 3.72 2.02 4.80 

0 versus 65 -3.49 1.47 2.69 2.84 9.14 

 
 
t-values shown in Table 7.24 are large and most of the p-values obtained are less than 5% 

thus implying that the observed differences between the average UCS values of backfill 

prepared using NPC alone and backfill prepared using NPC and glass is not due to 

chance variability. This means that, for those cases where the p-value is less than 5%, the 
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null hypothesis is rejected and for those cases where the p-value is greater than 5% the 

null hypothesis is accepted. Further, this leads to the conclusion that for those cases 

where the p-values are < 5% backfill prepared using NPC and glass cannot achieve the 

level of strength performance compared to backfill prepared using NPC alone. 

 
 
Table 7.25. p-values computed for observed average UCS sample differences (David 
                   Bell results).  

P VALUES 

% NPC & % 
Glass 

7th day 14th day 28th day 56th day 112th day 

0 versus 15   14.48 14.61 44.13 

0 versus 25  26.23 0.16 1.28 0.00 

0 versus 35  1.55 10.64 1.29 0.02 

0 versus 50  11.32 0.49 3.93 0.05 

0 versus 65  9.61 1.80 1.10 0.00 

 

Can the data be used to predict the variables, UCS and glass %? Given that the required 

backfill strength is known, for purposes of mine planning and budgeting, it would be very 

beneficial to be able to predict or determine the quantity of binder, Portland cement or in 

this case glass that would be required to achieve that strength. This analysis will attempt 

to determine whether the data generated allows for the prediction of the required glass 

quantity (binder composition) given that the required UCS is known.  

 

Figure 7.9 shows a plot of UCS versus glass replacement levels using the data generated. 

Each glass replacement level (0, 15, 25, 35, 50 and 65%) comprises at least 3 data points. 

The correlation coefficient of -0.5938 indicates a poor correlation between the average 

UCS and the quantity of glass required to generate this average. The negative sign 



 

 

85 

 

indicates that the average UCS decreases with increasing addition of glass to the backfill 

recipe. At this point it would be relevant to determine the accuracy associated with the 

prediction of any of the two variables considering that the regression line in Figure 7.9 

goes through points of averages in the scatter plot. Actual values will differ from 

predicted values by an error referred to as the root mean square error (r.m.s), where the 

r.m.s error is equal to the (actual value - predicted value). 

 

Figure 7.9. Scatter plot of UCS versus glass replacement levels (David Bell results). 

 

In order to demonstrate the above, the quantity of glass required in the backfill recipe in 

order to generate a 28 day UCS strength of 0.5 MPa is 20.43 %, as shown in Table 7.26. 

The r.m.s error associated with this prediction is 18.59% glass. On the contrary the r.m.s 

error that would be associated with the prediction of the UCS from a known glass 

r2 = -0.353 
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quantity is 0.033 MPa. Generally, 95% of the values predicted should fall within 2 r.m.s 

errors of the regression line shown in Figure 7.9. The result also indicates that every % 

increase in the quantity of glass included in the backfill recipe produces a reduction in the 

UCS of 0.001 MPa and can be determined using the slope of the regression line. The 

slope of the regression line is given by equation 10. 

 
Table 7.26. Computation of predicted glass % and r.m.s error (David Bell results). 

Predicting the quantity of glass required to generate an average UCS of 0.13 
MPa at 28 days cure time 

Parameter Value Mathematical equation 

Required UCS value (MPa) 0.13  

Average UCS value (MPa) 0.12  

Standard deviation of UCS (MPa), 
(SD_UCS) 

0.04  

Standard deviation of % Glass 
(MPa), (SD_% Glass) 

23.10  

# of deviations above the average 
UCS, (Zucs) 

0.32 
 ( Required UCS -Averages UCS ) 
/ SD_UCS 

# of deviations below the average 
glass %, (Zglass) 

-0.19 r * Zucs 

 % Glass below the average 
substitution level (%) 

-4.35 Zglass* SD_% Glass 

Average glass substitution level (%) 24.78  

% glass required to generate a UCS 
of 0.13 MPa (%) 

20.43 
Averages glass substitution level - 
Absolute (% Glass below average 
value) 

Root Mean Square Error, % Glass 18.59 ((1-r2)0.5)*SD_% Glass 
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Kidd Creek Mine Backfill 

Results 
Tables 7.27, 7.28, 7.29 and 7.30 present UCS, Young’s Modulus, cohesion and internal 

angle of friction values for all replacement levels and cure times for Kidd Creek Mine 

backfill. Figure 7.10 presents UCS values for all replacement levels and cure times for 

Kidd Creek results. 

Table 7.27. UCS values for all replacement levels and cure times (Kidd Creek   
              results). 

 UCS (MPa) at Cure Time (days) Indicated 
Glass (%) 7 14 28 56 112 
0 0.98 1.43 1.97 2.25 2.70 

15 0.84 1.14 1.85 2.01 2.23 

25 0.61 1.03 1.46 1.67 1.80 

35 0.51 0.80 1.15 1.37 1.57 

50 0.45 0.61 1.09 1.23 1.06 

65 0.13 0.32 0.57 0.77 0.89 
 
 

Table 7.28. Young’s Modulus values for all replacement levels and cure times 
              (Kidd Creek results). (MPa) 

 Young’s Modulus at Cure Time (days) Indicated 
Glass (%) 7 14 28 56 112 
0 175.06 283.84 360.60 314.57 238.91 

15 141.00 208.14 323.56 326.49 353.53 

25 113.35 193.39 237.74 256.39 176.55 

35 71.31 133.62 185.79 193.85 187.94 

50 57.86 84.91 136.23 193.02 101.62 

65 40.62 52.20 111.70 131.70 67.71 

 
 
Table 7.29. Cohesion values for all replacement levels and cure times (Kidd  

             Creek results). 
 Cohesion (kPa) at Cure Time (days) Indicated 

Glass (%) 7 14 28 56 
0 280.00 420.00 570.00 620.00 

15 270.00 340.00 530.00 590.00 

25 200.00 260.00 408.00 420.00 

35 150.00 260.00 330.00 380.00 

50 140.00 210.00 270.00 280.00 

65 40.00 70.00 160.00 180.00 
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Table 7.30. Internal angle of friction values for all replacement levels and cure  
             times (Kidd Creek results). 

 

Internal angle of friction (degrees) at Cure Time (days) 
Indicated 

Glass (%) 7 14 28 56 
0 32.21 29.44 28.61 34.80 

15 26.51 30.46 26.93 29.79 

25 27.14 34.08 32.82 40.29 

35 21.00 22.03 33.03 36.35 

50 27.52 28.29 37.90 45.35 

65 36.92 35.82 26.36 39.49 
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Figure 7.10. UCS values for all replacement levels and cure times (Kidd Creek results). 
 

Kidd Creek’s base recipe comprised 10%NPC, 90% slag and 0% glass. Unlike the INCO-

Stobie recipe, modifications to the Kidd Creek’s recipe involved glass replacements of 

the combined NPC and slag. Hence the 1 to 9 ratio for NPC and slag in the base case is 

modified with each glass replacement. For example, a sample containing 15% glass 

would consist of 15% glass and 85% NPC and slag combined. 
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The results show that the base case backfill mixture of Kidd Creek Mine tailings 

performed better than all other recipes containing glass, but its rate of strength 

development is not significantly different from backfill prepared using 15% glass 

replacement of NPC and slag combined. Consequently the strength obtained at 28 days 

for the base case is 1.96 MPa, or only approximately 6% higher than the strength 

observed for backfill prepared using 15% NPC replacement by glass, as shown in Table 

7.27.   Given that the 28 day reference backfill strength for this mine backfill is usually 

between 0.8 and 1 MPa, the strength of 1.85 MPa obtained from backfill prepared using 

15% glass replacement for NPC should be technically feasible for this recipe. Otherwise 

the strength derived from the base case would be preferred.  

 

Cohesion results for Kidd Creek Mine backfill demonstrated an increase in cohesive 

strength from 280 kPa to 620 kPa between 7 and 56 days cure time, respectively, for the 

base case. The values observed at all glass replacement levels for NPC and slag 

combined were progressively lower than for the base case. As expected, and being one of 

the main requirements of backfill strength development, the rate of cohesion development 

observed was comparable to the rate of UCS development, as shown in Tables 7.27 and 

7.29. UCS values were 0.977 MPa and 2.253 MPa for the base case at 7 days and 56 days 

cure time, respectively. Additionally the Young’s Modulus showed a similar rate of 

strength performance with values increasing from 175.06 MPa to 314.56 MPa at 7 days 

and 56 days cure time, respectively (Table 7.28). 
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Analysis 
 

Glass reactivity 
This section, as for previous sections, attempts to determine if glass is contributing to 

backfill strength within Kidd Creek samples. It is assumed that, if the strength of backfill 

prepared using NPC alone (no glass) is known and backfill strength is directly 

proportional to NPC quantity, then the unconfined compressive strength that can be 

attained by removing specific quantities of NPC can be estimated. Given that this 

assumption is correct, the reduced UCS values to be expected after the removal of 

specific percentages of NPC were estimated and incorporated in this analysis. It then 

follows that the expected UCS values should be equivalent to the observed UCS values if 

the glass included in the backfill recipe is not contributing to its strength. Otherwise 

expected values would be less than the observed values resulting in a difference between 

the two values. The two hypotheses were evaluated using the t-test. 

 

Table 7.31 shows the standard error associated with each group’s (% glass and cure time) 

average UCS and Table 7.32 shows the t values calculated using the observed values, 

expected values and standard errors.  
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Table 7.31. Standard error associated with each group’s (% glass and cure time)  
             average UCS (Kidd Creek results). 

STANDARD ERROR (Average UCS), (MPa) 

% Glass 7th day 14th day 28th day 56th day 112th day 

15 0.00 0.10 0.08 0.06 0.16 

25 0.04 0.01 0.05 0.03 0.17 

35 0.03 0.06 0.14 0.07 0.23 

50 0.06 0.01 0.09 0.08 0.18 

65 0.03 0.03 0.09 0.05 0.03 

 
 
Table 7.32. t-values computed using observed and expected UCS sample averages  
                   (Kidd Creek results). 

t-VALUES (Observed- Expected) / (Standard Error) 

% Glass 7th day 14th day 28th day 56th day 112th day 

15 30.35 -0.04 6.28 4.05 2.92 

25 -0.61 1.72 5.83 4.38 1.52 

35 -1.31 -1.26 0.94 0.40 1.00 

50 0.49 -12.43 3.32 2.58 0.16 

65 -6.36 -4.76 0.21 1.02 5.47 

 

t represents the number of SEs the observed value is from the expected value and hence 

the null hypothesis is rejected when t is too large. For purposes of this analysis the p-

value is assumed to be less than 5% and implies that the null hypothesis will be rejected 

if the probability of arriving at an observed UCS value is less than 5%.  

  

The p-values obtained are for a one-tailed test and represent the probability of obtaining a 

UCS value that is more extreme (positive) than the observed value obtained. Table 7.33 

shows the p-values obtained for the observed UCS values. Reviewing the values it can be 

seen that 19 out of a total of 25 values were less than 5%. This means that the null 
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hypothesis, which states that glass is non-reactive, is rejected, and the alternative 

hypothesis, which states the opposite, is accepted for those cases where the p-value is less 

than 5%. In the other 6 cases the results indicate that glass is not reactive and that the 

difference between the observed and expected values may be due to chance. However for 

those cases where the p-value is less than 5%, it can then be inferred that, for this specific 

recipe, backfill prepared with NPC and glass would realize an increase in strength over 

that of a second sample prepared with the same amount of NPC as the first. 

Table 7.33. p-values computed from observed UCS sample averages (Kidd Creek  
                   results). 

P-VALUES (%) 

% Glass 7th day 14th day 28th day 56th day 112th day 

15 0.05  1.22 2.79 5.00 

25  11.38 1.41 2.42 13.39 

35   22.39 36.24 21.06 

50 33.64  4.00 6.17 44.25 

65   42.82 20.68 1.59 

 
 
Can backfill prepared with glass and NPC plus slab combined achieve strengths 

equivalent to that of backfill prepared with NPC alone? In this section, an attempt will be 

made to determine if the difference between the averages of backfill prepared with NPC 

and slag combined and backfill prepared with NPC and slag combined plus glass is real, 

or just luck of the draw (chance variability). In this analysis the two samples being 

compared have different quantities of NPC and slag combined, where the quantity of 

NPC and slag in the first sample is equivalent to the quantity of NPC, slag and glass 

combined in the second sample. The null hypothesis (Ho: Observed Value = Expected 

Value) assumes that, since glass is reactive, the average UCS value of backfill prepared 
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with NPC and slag combined plus glass should at least be equal to the average UCS value 

of backfill prepared with NPC and slag combined. This implies that the difference 

between the two averages, or the expected difference, should be equal to zero (0), and 

that any observed positive difference is just a reflection of chance variability. The 

alternative hypothesis (Ha: Observed difference > 0) infers that backfill prepared with 

NPC and slag combined plus glass generates the lower of the two UCS means and that 

there is a real positive difference between the two values. Hence the observed difference 

between the two UCS averages is greater than the expected difference of zero. To help 

decide between the two hypotheses the t statistic will be used and is expressed as per 

equation 8 and the standard error of the difference between the two averages is expressed 

as per equation 9 

 

The observed difference is from the expected difference and hence the null hypothesis is 

rejected when t is too large. For purposes of this analysis the p-value is assumed to be 

less than 5% and implies that the null hypothesis will be rejected if the probability of 

arriving at an observed difference is less than 5%.   

 

Table 7.34 shows t-values computed for observed average UCS sample differences and 

Table 7.35 shows p-values computed for observed average UCS sample differences.  
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Table 7.34. t-values computed for observed average UCS sample differences (Kidd  
              Creek results). 

t-VALUES 

% Glass 7th day 14th day 28th day 56th day 112th day 

0 & 15 2.89 2.95 0.74 2.64 0.57 

0 & 25 6.20 12.74 3.43 7.79 1.10 

0 & 35 8.20 9.45 4.20 8.75 1.35 

0 & 50 7.00 28.02 5.32 9.68 1.99 

0 & 65 15.59 25.50 8.49 17.71 2.25 

 
 
 
Table 7.35. p-values computed for observed average UCS sample differences (Kidd  

             Creek results). 

P VALUES 

% NPC & 
% Glass 

7th day 14th day 28th day 56th day 112th day 

0 & 15 2.24 2.10 25.16 2.87 29.90 

0 & 25 0.17 0.01 1.32 0.07 16.65 

0 & 35 0.06 0.04 0.68 0.05 12.46 

0 & 50 0.11 0.00 0.30 0.03 5.87 

0 & 65 0.01 0.00 0.05 0.00 4.39 

 

t values shown in Table 7.34 are large and most of the p-values obtained are less than 5% 

thus implying that the observed differences between the average UCS values of backfill 

prepared using NPC and slag combined and backfill prepared using NPC and slag 

combined plus glass is not due to chance variability. This means that for those cases 

where the p-value is less than 5%, the null hypothesis is rejected and for those cases 

where the p-value is greater than 5% the alternative hypothesis is accepted. Further, this 

leads to the conclusion that, for those cases where the p-value > 5%, backfill prepared 
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using NPC and slag combined plus glass cannot achieve the level of strength 

performance compared to backfill prepared using NPC and slag combined.  

 

Can the data be used to predict the variables, UCS and glass %? Given that the required 

backfill strength is known, for purposes of mine planning and budgeting, it would be very 

beneficial to be able to predict or determine the quantity of binder, Portland cement or, in 

this case, glass that would be required to achieve that strength.  As for previous sections, 

the analysis in this section will attempt to determine whether the data generated allows 

for the prediction of the required glass quantity (binder composition) given that the UCS 

required is known.  

 

Figure 7.11 shows a plot of UCS versus glass replacement levels using the data 

generated. Each glass replacement level (0, 15, 25, 35, 50 and 65%) comprises at least 3 

data points. The correlation coefficient of -0.948 indicates very good correlation between 

the average UCS and the quantity of glass required to generate this average. The negative 

sign indicates that the average UCS decreases with increasing addition of glass to the 

backfill recipe. At this point it would be relevant to determine the accuracy associated 

with the prediction of any of the two variables considering that the regression line in 

Figure 7.11 goes through points of averages in the scatter plot. Actual values will differ 

from predicted values by an error referred to as the root mean square error (r.m.s), where 

the r.m.s error is equal to the (actual value - predicted value). 
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Figure 7.11. Scatter plot of UCS versus glass replacement levels (Kidd Creek results). 
 

The quantity of glass required in the backfill recipe in order to generate a 28 day UCS 

strength of 1.5 MPa is 25.37 % (Table 7.36). The r.m.s error associated with this 

prediction is 6.89% glass. On the contrary the r.m.s error that would be associated with 

the prediction of the UCS from a known glass quantity is 0.156 MPa. Generally, 95% of 

the values predicted should fall within 2 r.m.s errors of the regression line shown in 

Figure 7.11. The result also indicates that every % increase in the quantity of glass 

included in the backfill recipe produces a reduction in the UCS by 0.022 MPa and can be 

determined using the slope of the regression line. The slope of the regression line is given 

by equation 10. 
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Table 7.36. Computation of predicted glass % and r.m.s error (Kidd Creek results). 

Predicting the quantity of glass required to generate an average UCS of 1.5 
MPa at 28 days cure time 

Parameter Value Mathematical equation 

Required UCS value (MPa) 1.5  

Average UCS value (MPa) 1.35  

Standard deviation of UCS (MPa), 
(SD_UCS) 

0.49  

Standard deviation of % Glass 
(MPa), (SD_% Glass) 

21.54  

# of deviations above the average 
UCS, (Zucs) 

0.31 
 ( Required UCS -Averages 
UCS ) / SD_UCS 

# of deviations below the average 
glass %, (Zglass) 

-0.29 r * Zucs 

 % Glass below the average 
substitution level (%) 

-6.30 Zglass* SD_% Glass 

Average glass substitution level (%) 31.67  

% glass required to generate a UCS 
of 1.5 MPa (%) 

25.37 
Averages glass substitution 
level - Absolute (% Glass 
below average value) 

Root Mean Square Error, % Glass 6.85 ((1-r2)0.5)*SD_% Glass 
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General Analysis 

How Important Was The Result?  
 
Glass Reactivity 
 
In the literature review the problem surrounding backfill development was defined as one 

which involves the search for a low cost alternative binding agent or supplement that can 

develop equivalent strength properties compared to backfill prepared using NPC alone or 

any other binder. The research was driven by the theory, proposed by DeGagne in 1996, 

that glass in finely divided form is pozzolanic, which implies that in the presence of lime 

(generated, for example, from a primary reaction between Portland cement and water) 

ground glass would react and contribute to the strength development of backfill. The 

results obtained from analysis of the reactivity of glass in all three candidate backfills, 

showed that glass is pozzolanic and can contribute to backfill strength when combined 

with NPC and / or slag. This is important, not only because it forms the basis for the 

research, but most importantly it serves as a possible alternative to the high cost 

associated with the use of traditional binders. This can lead to the reduction of all costs 

associated with the development of underground mine backfill.  

 

Note that a review of Table 7.1 shows that the INCO-Stobie unconfined compressive 

strength at 224 day cure time dropped compared to the 112 day strength, and hence may 

be attributed to the small percentage of NPC (10 %) included in the binder recipe. Table 

7.4 also showed that in some cased the internal angle of friction was reduced with the 

maximum glass replacement included in the recipe. The reduced internal angle of friction 

may be attributed to the quantity of glass included and reduced frictional resistance 
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created when the ground glass particles interface with the aggregate particles both before 

and after hydration. 

 

In order to verify the results obtained from the statistical analysis, an experiment was 

conducted to determine if glass was adding any strength to the backfill. Unlike the 

approach adopted by DeGagne, who in 1996 examined this activity using graded sand in 

accordance with ASTM standards, this experiment was, from a practical perspective, 

conducted using mine tailings. 

 

Using David Bell Mine tailings, one set of backfill samples was prepared using blended 

NPC and ground glass, and the strength responses of these products were compared with 

that of a second set of backfill samples prepared using the same quantity of NPC minus 

the glass component. For example, one group in the first set of samples contained 15% 

glass with 85% NPC. The UCS of this group of samples (15% glass and 85% NPC) was 

compared with its matching group in the second set of samples containing an equivalent 

quantity of NPC minus the glass component. The UCS strength performance of all 

samples was evaluated at an extended cure time of 56 days in order to allow the glass, a 

pozzolan (which hydrates at a slower rate) to contribute to the backfill strength 

development. In addition the water : cement ratio was slightly reduced  in order to 

investigate its effect on the hydration and subsequent strength development of the 

combined recipe. The new recipe for this experiment comprised 68 % solids and 32% 

water. The results of this experiment, shown in Figure 7.12, indicate that backfill 

prepared with NPC and glass outperformed backfill prepared using NPC alone. The 
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results show that at 15% glass replacement the strength performance of backfill prepared 

using NPC and glass is equivalent to backfill prepared with an equivalent NPC 

component minus the glass component. Backfill products prepared with 25 – 65% glass 

replacement of NPC (NPC and glass) outperformed backfill products prepared with an 

equivalent NPC component minus the glass component for this singular backfill material 

from the David Bell Mine. In addition comparing the results of this experiment to that 

shown in Table 7.17 confirms indicates that backfill prepared with lower water : cement 

ratio will generate higher strengths than backfill prepared with a higher water : cement 

ratio. 

 

The question of whether the introduction of glass in the backfill design can result in 

strength equivalent to that of backfill prepared without glass has been answered through 

the use of the t-test, where differences between UCS averages were evaluated. P-values 

obtained for INCO-Stobie and Kidd Creek strength assessment showed that the strength 

of backfill prepared with glass as part of the binder is not equivalent to the strength of 

backfill prepared without glass. In the case of the David Bell backfill the 15% glass 

replacement product outperformed all other replacement levels at all cure times.  
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Figure 7.12. Plot of strength for backfill prepared with NPC plus glass versus backfill  
                    prepared with relative NPC alone, (David Bell Tailings). 

 
Backfill Prepared With No Glass Versus Backfill Prepared with Glass 
This result is important considering that, for example, at the INCO-Stobie Mine the target 

strength at 28 days cure time is 0.55 MPa. Based on the results obtained this strength was 

not obtained with any of the glass replacements of slag in the INCO-Stobie backfill. The 

importance of the 28 day mining cycle is emphasized in the need to consider key 

parameters including geotechnical issues, safety, stope design, mining sequence, 

production requirements and cash flow. In most mining scenarios the rate of backfill 

strength development is important and incorporates the need to maximize economic 

benefits. 

 

Notwithstanding the above, p-values obtained at the 224 day cure time for the Kidd 

Creek backfill showed that backfill prepared with glass can achieve the same 
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performance compared to backfill prepared with NPC and slag combined. This equivalent 

performance by backfill at 224 days is important and may be consistent with the theory 

that most pozzolans develop strength at a slower rate than traditional binders. So can this 

delayed rate of strength work for the mining industry in general or the INCO-Stobie Mine 

in particular? For a new mine this may lead to the establishment of new bench marks 

surrounding mining cycles, production, geotechnical issues, stope design and cash flow. 

For an existing project such as the INCO-Stobie Mine, modifying parameters such as the 

mining cycle would not be a trivial exercise. 

 

Predicting Backfill Strength and Binder Quantities 
 
It has been established in the literature that the relationship between strength 

development and binder quantities has been very inconsistent. The rate of mining and 

required engineering characteristics usually dictate binder quantities, and hence rate of 

strength development. It would therefore be convenient to be able to determine the binder 

quantities based on required engineering requirements or mining rates. The statistical 

analysis has demonstrated for all three backfill types that there is very good correlation 

between the backfill strength and glass replacement levels, thus indicating that given one 

variable the other can be determined with reasonable accuracy. The ability to predict the 

rate of strength development, given the quantity of binder to be included (for example, 

glass), is important if production rates are to be maintained. 
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Did The Results Prove The Point? 

 
Statistical Analysis 
 
The use of statistical analyses to determine if backfill prepared with glass can outperform 

backfill prepared without glass provided slightly different results in all three cases. First, 

in all three cases backfill prepared with glass was proven to be reactive and hence can 

contribute to backfill strength (Figure 7.12). In this analysis the backfill samples being 

compared were prepared with equal quantities of slag (INCO-Stobie), NPC (David Bell) 

and NPC and slag combined (Kidd Creek), with glass being introduced in one of the 

samples. The result of this analysis was very encouraging since it proved that glass can 

contribute to strength development of backfill. 

 

However, in the second type of analysis the results were not very encouraging. In this 

analysis backfill samples being compared were prepared with equal quantities of binders, 

where the first sample had no glass and the second had a certain % of glass equivalent to 

the amount of original binder that it replaced. According to the results of statistical 

analysis of the strength performance of the INCO-Stobie data, backfill prepared with 

glass cannot achieve the same strength as that of backfill prepared with slag.  

 

In the case of David Bell backfill the results varied. Backfill prepared with glass failed to 

achieve strength comparable with backfill prepared without glass for replacement levels 

of 25%, 35%, 50% and 65% and cure times of 14, 28, 56, and 112 days. At 15% 

replacement backfill prepared with glass outperformed backfill prepared using only 

conventional binder at all cure times. Backfill prepared with glass compositions of 25, 35, 
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50 and 65% outperformed backfill prepared without glass when tested at 14 and 224 

days. Kidd Creek’s results demonstrated better performances for backfill prepared 

without glass at all replacement levels and cure times. 

 

The results demonstrate that even though glass is pozzolanic (reactive), when introduced 

in backfill development (INCO-Stobie and Kidd Creek) its level of reactivity did not 

allow for strength development that can be compared with that of backfill prepared 

without glass. Hence in these instances it can be concluded that backfill prepared with 

glass cannot achieve strength comparable with that of backfill prepared without. In the 

case of David Bell the results were mixed, where backfill prepared with 15% glass 

showed comparable and very encouraging results. 

 

Backfill Strength, Quantity of NPC and Pozzolan Activity 
 
It has been established that backfill strength is directly related to the quantity of NPC 

included in the recipe. However, the presence of NPC in varying quantities in all three 

recipes, together with the results of glass reactivity, led to the premise that the resultant 

strength of backfill prepared using NPC and pozzolan (or ground glass) can also be 

affected by the quantity of NPC incorporated in the backfill recipe. The underlying 

assumption is that increased NPC quantities imply increased levels of hydration thereby 

producing more lime to take part in any secondary reaction with pozzolans.  In Table 

7.37, it can be seen that the quantity of NPC included in the David Bell Mine backfill 

recipe exceeded that of INCO-Stobie and Kidd Creek Mine backfills by 7.5 and 10 times, 

respectively. In the table an amount of dry tails is assumed from each candidate and 
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based on the % binder the quantity of NPC in the INCO-Stobie and Kidd Creek backfill 

is computed relative to the NPC in the David Bell backfill. 

 

Table 7.37. Example calculation of NPC quantities in mine (or control) recipe. 

  

INCO-
Stobie 
Mine 

David Bell 
Mine Kidd Creek 

Assume Dry Tailings Wgt, 
Units 100 100 100 

Binder, % of Tailings Wgt 4 3 3 

Binder, Wgt, Units 4 3 3 

Slag, Wgt,  90 % of Binder, 
Units 3.6   2.7 

NPC, Wgt, 10 % of Binder, 
Units 0.4   0.3 

NPC, Wgt = Binder, Wgt, 
Units   3   

 

In addition to the above, while NPC quantities are important, pozzolanic activity may be 

equally important in recipes containing more than one pozzolan (for example slag and 

ground glass), as shown in Table 7.38.  

 
 
Table 7.38. Mine backfill binder composition. 

CANDIDATE RECIPE 

INCO-Stobie Mine 
NPC, Slag, Glass 

 

David Bell Mine 
NPC, Glass 

 

Kidd Creek Mine 
NPC, Slag, Glass 

Slag 
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In such situations, the availability of lime to facilitate pozzolanic activity may be 

dependent on how reactive the pozzolans are. In the case of the Kidd Creek Mine backfill 

all replacements of slag with ground glass generated lower strength performance, hence 

leading to the conclusion, in this case, that the slag is more pozzolanic or reactive than 

the ground glass. 

 
Effect of material properties (including chemical composition) 
 
The literature has shown that the physical and chemical properties of the tailings 

materials can also affect backfill strength performance. For example the range of particle 

sizes within the tailings determines the packing density, the % of voids within the mix 

and eventually the backfill strength. Tailings with a wide range of particles sizes, such as 

the Kidd Creek tailings, would generally have better packing, fewer voids and should 

show better strength performance. Backfill with a narrow range of particle sizes would 

tend to pack very loose, have more voids and would generally show relatively poor 

strength performance.  

 

In addition the chemical composition of tailings can affect its strength performance. 

Chemical analysis of all the tailings showed that they consist of varying amounts of 

sulphur which in the presence of oxygen can oxidize to sulphide, inhibit the hydration 

process and in the longer term affect backfill strength. Hence it would be interesting to be 

able to determine if any of the chemicals present had any negative effect on the strength 

performance of the backfill. 

 



 

 

107 

 

The design of the experiments in this research was intended to answer the specific 

question, can glass outperform NPC (or any of the traditional binders used by the 

candidates) when used in the preparation of underground mine backfill? For this reason 

an outline of the test design would appear as shown in Figure 7.13. In this design the 

strength performance of backfill was evaluated using a base recipe (consisting of no 

glass) and a number of other recipes consisting of various percentages of glass. The 

intention was to determine if, for the specific tailings, backfill prepared with glass can 

outperform the base recipe. The results have shown, except for the 15% glass 

replacement of NPC in the case of David Bell backfill, that backfill prepared with glass 

cannot outperform backfill prepared with NPC or slag or NPC and slag combined. 

Additionally if the differences in strength performances across or within the three 

candidate’s backfill were compounded by the physical and / or chemical make up of the 

tailings, the design of the experiment shown in Figure 7.13 did not permit such 

deductions to be made. 
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Figure 7.13. General Design of Experiments. 
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

 
 

• Backfill, prepared using NPC (or slag) supplemented with glass ground to a 

fineness of 3000 cm2/g, can realize improvement in strength over backfill 

prepared with an equivalent quantity of NPC or slag in mine-specific cases. 

 

• Using David Bell’s tailings, backfill prepared with 15% glass replacement of NPC 

can achieve equivalent strength compared to backfill prepared using Normal 

Portland cement alone.  

 

• The level of strength attained in backfills prepared using NPC and pozzolans may 

be related to the quantity of NPC incorporated, and lime generated to take part in 

secondary reactions with the pozzolan or ground glass. 

 

• The strength performance of backfill prepared using NPC and more than one 

pozzolan material may be dominated by the more reactive pozzolan. 

 

• The performance of glass binder improved with time beyond the 28 day 

benchmark in the case of the Kidd Creek tailings. 
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Recommendations 

 

• Future work on the strength performance of backfills prepared using blended 

NPC and ground glass binder agents should continue to evaluate recipes 

comprising ground glass as the sole supplement to NPC or any other activator. 

This would provide relevant data and increased confidence in the performance 

of ground glass.  

 

• If a number of tailings materials are incorporated in the evaluation, use of 

consistent recipe blends would permit the effect of material properties on the 

strength performance of the specific backfill recipes to be better assessed. 

 

• Given the positive results obtained from the David Bell backfill, designed 

with 15% glass replacement, additional work should be done with all three 

candidate materials to investigate the effect of a smaller range of glass 

replacement levels at between 0 – 15%. 

 

• In order to fully understand the behaviour of glass when included in backfill 

development, more work should be done to investigate whether the strength 

performance of backfill prepared with David Bell and INCO-Stobie tailings 

were  adversely affected by the presence of sulphur in these two materials. 

 

• NPC reacts differently when ground to 3000 cm2/g (Ordinary Portland 

cement) as opposed to 3500 cm2/g (Rapid Hardening Portland cement). Hence 
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it would be interesting to evaluate the effect of glass fineness on the strength 

performance of backfill. 
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APPENDIX A - Laboratory Procedures 
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A. 1 Material Characterization 
 
A. 1. 1. Determining the Moisture Content of tailings 

Apparatus and supplies 

• Drying oven 

• Weighing scale 

• Containers 

• Gloves, tongs or suitable holders for handling hot containers 

• Other: scoops 

 

Procedure 

• Specimen container was cleaned and dried. 

• A representative test specimen (tailings) was selected. 

• The mass of the specimen (tailings) was determined, using the weighing scale, 

recorded and the specimen placed in a beaker. 

•  The mass of the container and tailings specimen was determined. 

• The container with moist tailings specimen was placed in the drying oven and the 

drying temperature held  at 85 + 5 oC for approximately 24 hours. 

• After the tailings specimen was dried to a constant mass, the container (beaker) 

was removed from the oven and allowed (container and tailings) to cool to room 

temperature. 

• When the container can be handled comfortably with the hands and would not 

affect the weighing scale, the weight of the container and oven dried tailings was 

determined and recorded. 
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Obtaining the moisture content 

The following data was collected and utilized to calculate the moisture content: 

Mass of container, MC 

Mass of container and wet tailings specimen, MCWTS 

Mass of container and over-dried tailings specimen, MCDTS 

Moisture content = (Mass of water / Mass of wet tailings specimen) * 100 

Mass of water  = MCWTS  -  MCDTS 

Moisture content = [(MCWTS  -  MCDTS) / (MCWTS  -  MC)] * 100 

 

A.1.2. Determining the Direct Shear Test 

Apparatus and supplies 

• Direct shear apparatus 

• Axial loading device and measuring device 

• Shear loading device and measuring device 

• Scoop 

• Containers 

 

Procedure 

• The tailings specimen was prepared at specific moisture content desired and its 

mass determined and recorded. 

• The specimen was placed in a direct shear box or cylinder, which is split into an 

upper and lower half. 
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• A normal force of a specific magnitude was applied followed by an increasing 

shearing force to the upper half of the box, while keeping the bottom half 

stationary. The shearing force was applied until the tailings specimen failed. 

• The normal and shearing forces at which the specimen failed were recorded. 

• The procedure was then repeated for a series of different normal forces to 

obtaining corresponding shearing forces at which failure occurred. 

 

Obtaining the strength parameters (cohesion and internal angle of friction) 

The following data should be collected and utilized to calculate the cohesion and internal 

angle of friction 

 

Required data 

• Diameter of cylinder 

• Initial height of tailings specimen 

• Mass of tailings specimen at beginning of test 

• Moisture content at beginning of test 

 

Calculations and graphing 

• The volume of the tailings specimen was determined using the diameter of the 

cylinder and initial height of the specimen. 

• The bulk density of the tailings specimen was determined using the initial weight 

of the sample and calculated volume. 



 

 

120 

 

• The cohesion and internal angle of friction was determined from a graph of shear 

stress (plotted against the ordinate axis) and normal stress (plotted along the 

abscissa). A straight line drawn through the points was extended to intersect the 

ordinate. The value of the intersection on the ordinate is referred to as the 

cohesion, while the angle between the projected line and the abscissa is referred to 

as the internal angle of friction.  

 

A.1.4. Determination of materials’ mineralogical and chemical composition 

Mineralogical and chemical analyses were conducted by the Analytical Services Unit of 

the Department of Geological Science. The sample was first subjected to partial 

digestion, for approximately 24 hours, using hydrochloric and nitric acids and then 

evaluated using the Inductive Couple Plasma (ICP) process. The data obtained was 

referenced for purposes of validating the laboratory procedure against statistical limits 

acquired from analysis of MESS sample references. 

 

The Inductive Couple Plasma process involves detecting, measuring and analyzing 

electromagnetic radiation (that is, light) that is either absorbed or emitted from atoms or 

ions of the elements of interest in the sample. Information about the elements present was 

obtained by identifying the characteristic wave-lengths of the emissions of the elements 

of interest. Information about the concentration of the elements present was obtained 

from calibration curves, acquired from plots of emission intensity versus concentration. 
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A.2 Backfill strength testing 
 
Backfill preparation and curing procedure 

• The tailings, sand, Normal Portland cement, ground post-consumer glass and 

water were proportioned using information provided in Appendix B. 

 

• The Kidd Creek and David Bell Mine backfill materials were mechanically 

mixed, in 20 litre pails, until they were thoroughly blended. INCO-Stobie Mine 

backfill material was mixed using a rotating concrete mixing drum.  

 

• The prepared backfill was then poured into PVC cylinders, 5 cm in diameter by 

12.5 cm in length, secured in wooden trays. Prior to pouring the backfill, each 

cylinder was lubricated with oil to ensure easy retrieval of cured samples. 

 

• In order to prevent loss of water (via evaporation) from the prepared cylindrical 

samples during curing, they were secured vertically and covered (top and bottom) 

with a non-absorptive, non-reactive material, prior to curing. 

 

A.2.1. Determination of the unconfined compressive strength 

• Backfill uniaxial compression strengths were determined at cure intervals of 7, 

14, 28, 56, and 112 and 224 days after pouring. The tests were performed using an 

880 KN capacity Servo-controlled Material Testing System (MTS) of the 

Department of Mining Engineering, Queen’s University. The samples were 

loaded under a fixed axial stroke rate of 10mm/5 minutes. 
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• Equipment: Unconfined compression test apparatus, drying oven, extruding 

equipment, trimming tools and moisture content containers. 

 

• The samples were loaded until they failed, under conditions of fixed strain rates. 

 

• The slope of the failure stress/strain curve was then recorded and plotted. 

 

• Finally strength parameters (unconfined compressive strength and Young’s 

Modulus) were determined. 

 

A.2.2. Determination of the triaxial compressive strength 

• Equipment: Triaxial compression test apparatus, drying oven, extruding 

equipment, trimming tools. 

• Cylindrical samples were encased in rubber membranes and secured in a triaxial 

chamber. 

• Water was added to apply lateral pressure within the chamber without allowing 

the sample to drain (consolidate). The lateral pressure applied was kept below 

50% of the unconfined compressive strength of the cured backfill core samples. 

• The samples were loaded (externally applied axial loads) until they failed, under 

conditions of fixed axial strain rates. The pore water pressure within the samples 

was assumed to remain constant and negligible throughout the test. 

• The externally applied axial load (or major principal stress) and the minor 

principal stress (confining stress) were recorded. 
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• Triaxial compression strength parameters (cohesion and internal angle of friction) 

were determined. 
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APPENDIX B - Laboratory Data 
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INCO – Stobie UCS DATA 

 

Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

7 0 : 90 4 1 69.50 0.22 11.61 5.21 

  4 2 48.80 0.29 11.53 5.19 

  4 3 62.70 0.25 11.16 5.13 

  4 4 58.41 0.24 11.24 5.12 

  Averages 59.85 0.25   

        

 30 : 60 4 1 39.59 0.18 10.73 5.16 

  4 2 36.70 0.18 10.94 5.13 

  4 3 32.25 0.18 10.66 5.15 

  Averages 36.18 0.18   

        

 45 : 45 4 1 39.64 0.16 11.07 5.13 

  4 2 21.25 0.15 11.54 5.18 

  4 3 34.29 0.18 11.05 5.19 

  Averages 31.73 0.16   

        

 60 : 30 4 1 17.96 0.11 11.59 5.14 

  4 2 18.84 0.12 11.17 5.22 

  4 3 19.40 0.10 11.39 5.15 

  Averages 18.73 0.11   



 

 

126 

 

Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

 90 : 0 4 1 3.55 0.07 11.30 5.14 

  4 2 4.34 0.05 11.01 5.12 

  4 3 9.53 0.05 11.38 5.10 

  

 
Averages 5.81 0.06   

        

14 0 : 90 4 1 97.55 0.41 11.58 5.22 

  4 2 116.59 0.36 11.79 5.19 

  4 3 92.60 0.40 11.33 5.18 

  Averages 102.25 0.39   

        

 30 : 60 4 1 42.73 0.28 10.67 5.19 

  4 2 49.98 0.23 10.74 5.10 

  4 3 38.31 0.28 10.87 5.12 

  Averages 43.67 0.26   

        

 45 : 45 4 1 50.16 0.27 11.00 5.14 

  4 2 54.68 0.23 11.29 5.20 

  4 3 39.91 0.24 10.90 5.17 

  Averages 48.25 0.25   
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Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

 60 : 30 4 1 33.40 0.17 11.25 5.13 

  4 2 25.12 0.17 11.16 5.15 

  4 3 27.19 0.15 11.49 5.06 

  Averages 28.57 0.16   

        

 90 : 0 4 1 7.00 0.08 11.15 5.11 

  4 2 4.36 0.08 11.00 5.12 

  4 3 7.46 0.08 11.03 5.19 

  Averages 6.27 0.08   

        

28 0 : 90 4 1 237.08 0.60 10.77 5.18 

  4 2 272.69 0.60 10.72 5.15 

  4 3 249.81 0.59 11.42 5.13 

  Averages 253.19 0.60   

        

 30 : 60 4 1 173.07 0.40 10.80 5.16 

  4 2 179.05 0.40 11.25 5.18 

  4 3 153.45 0.38 10.92 5.20 

  Averages 168.52 0.39   
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Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

 45 : 45 4 1 190.82 0.35 11.13 5.15 

  4 2 175.68 0.34 10.96 5.13 

  4 3 188.97 0.33 10.94 5.19 

  Averages 185.16 0.34   

        

 60 : 30 4 1 35.78 0.15 11.28 5.12 

  4 2 43.88 0.17 11.06 5.17 

  4 3 32.48 0.13 11.77 5.14 

  Averages 37.38 0.15   

        

 90 : 0 4 1 10.72 0.09 10.54 5.16 

  4 2 15.51 0.09 11.04 5.17 

  4 3 7.14 0.09 10.73 5.16 

  Averages 11.12 0.09   

        

56 0 : 90 4 1 164.70 0.70 11.49 5.13 

  4 2 194.30 0.71 11.44 5.11 

  4 3 189.00 0.67 10.95 5.19 

  4 4 95.50 0.66 11.19 5.18 

  Averages 160.88 0.69   

        

        



 

 

129 

 

Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

 30 : 60 4 1 120.00 0.53 10.70 5.15 

  4 2 126.50 0.36 11.05 5.18 

  4 3 99.00 0.48 10.66 5.24 

  4 4 131.30 0.52 10.81 5.22 

  Averages 119.20 0.47   

        

 45 : 45 4 1 58.80 0.34 11.03 5.13 

  4 2 76.70 0.36 11.01 5.18 

  4 3 58.30 0.38 10.93 5.16 

  4 4 51.80 0.38 10.73 5.18 

  Averages 61.40 0.36   

        

 60 : 30 4 1 47.43 0.28 11.00 5.15 

  4 2 38.12 0.23 11.39 5.18 

  4 3 35.49 0.24 11.10 5.17 

  Averages 40.35 0.25   

        

 90 : 0 4 1 19.42 0.09 11.46 5.19 

  4 2 10.22 0.08 11.08 5.18 

  4 3 9.35 0.07 11.66 5.16 

  Averages 13.00 0.08   
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Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

112 0 : 90 4 2 158.91 0.80 10.78 5.18 

  4 3 125.21 0.73 11.27 5.21 

        

  Averages 142.06 0.77   

        

 30 : 60 4 1 119.99 0.56 10.83 5.17 

  4 2 80.93 0.55 10.96 5.18 

  4 3 123.78 0.50 11.00 5.19 

  Averages 108.23 0.54   

        

 45 : 45 4 1 99.57 0.45 10.47 5.14 

  4 2 95.99 0.45 10.40 5.19 

  4 3 105.19 0.41 11.01 5.14 

  Averages 100.25 0.44   

        

 60 : 30 4 1 63.47 0.35 9.07 5.16 

  4 2 60.46 0.34 10.84 5.12 

  4 3 54.82 0.27 10.97 5.16 

  Averages 59.58 0.32   
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Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

 90 : 0 4 1 26.22 0.12 11.04 5.21 

  4 2 25.11 0.10 10.88 5.12 

  4 3 25.31 0.11 10.43 5.13 

  Averages 25.55 0.11   

        

224 0 : 90 4 1 198.67 0.76 10.86 5.16 

  4 2 204.50 0.69 10.81 5.17 

  4 3 204.18 0.81 11.08 5.13 

  Averages 202.45 0.75   

        

 30 : 60 4 1 125.33 0.49 10.79 5.20 

  4 2 135.16 0.47 10.84 5.20 

  4 3 129.58 0.48 10.77 5.18 

  Averages 130.02 0.48   

        

 45 : 45 4 1 124.10 0.44 10.84 5.12 

  4 2 75.62 0.44 10.46 5.12 

  4 3 89.37 0.39 9.72 5.20 

  Averages 96.36 0.42   
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Cure 
Time 
(Days) 

% 
Glass, 
% 
Slag 

% 
Binder 

Sample 
# 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Sample 
Length 
(cm) 

Sample 
Diameter 
(Cm) 

 60 : 30 4 1 75.13 0.30 11.01 5.16 

  4 2 72.09 0.37 11.39 5.17 

  4 3 61.97 0.28 11.58 5.15 

  Averages 69.73 0.31   

        

 90 : 0 4 1 31.04 0.15 10.32 5.15 

  4 2 11.35 0.11 10.81 5.12 

        

  4 3 32.94 0.16 11.09 5.13 

  Averages 25.11 0.14   
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David Bell UCS DATA 
 

Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

7        

 0       

  3 1 11.93 0.05 11.52 5.18 

  3 2 14.69 0.06 11.80 5.14 

  3 3 14.86 0.06 11.19 5.16 

  3 4 12.71 0.05 11.36 5.11 

  3 5 13.07 0.05 10.61 5.13 

  Averages 13.45 0.05   

        

 15       

  3 1 5.24 0.09 10.51 5.16 

  3 2 8.41 0.13 10.49 5.16 

  3 3 8.86 0.10 10.68 5.17 

  Averages 7.50 0.10   

 25       

  3 1 6.38 0.08 10.22 5.09 

  3 2 6.13 0.05 10.62 5.14 

  Averages 7.90 0.06   

        

 35       

  3 1 5.92 0.05 9.95 5.11 

  3 2 9.51 0.06 10.06 5.14 

  3 3 10.46 0.08 9.06 5.14 

  Averages 8.63 0.06   
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Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

 50       

  3 1 18.08 .09 9.11 5.12 

  3 2 11.54 .06 9.32 5.16 

  3 3 11.02 .05 9.66 5.12 

  Averages 13.54 0.07   

 65       

        

  3 1 13.61 0.07 10.43 5.17 

  3 2 13.37 0.07 9.95 5.13 

  3 3 13.62 0.06 10.17 5.18 

  Averages 13.53 0.07   

14        

 0       

  3 1 11.43 0.06 11.30 5.18 

  3 2 23.77 0.06 10.35 5.13 

  3 3 15.78 0.08 10.59 5.18 

  3 4 13.03 0.07 10.98 5.20 

  3 5 14.05 0.05 10.37 5.13 

  Averages 15.61 0.06   

 15       

  3 1 30.08 0.12 9.91 5.14 

  3 2 29.38 0.09 10.23 5.10 

  3 3 37.12 0.1 9.06 5.17 

  Averages 32.19 0.10   

 25       

  3 1 33.58 0.10 10.40 5.14 

  3 2 30.21 0.07 10.06 5.22 

  3 3 19.00 0.05 9.78 5.14 

  Averages 27.60 0.07   
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Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

 35       

  3 1 18.55 0.04 10.41 5.15 

  3 2 22.33 0.07 10.07 5.18 

  3 3 20.10 0.05 10.41 5.18 

  Averages 20.33 0.05   

 50       

  3 1 20.60 0.08 10.04 5.07 

  3 2 14.74 0.07 9.77 5.12 

  3 3 18.69 0.05 9.72 5.15 

  Averages 18.01 0.06   

 65       

  3 1 18.78 0.07 10.79 5.16 

  3 2 18.51 0.05 10.64 5.21 

  3 3 28.31 0.07 10.50 5.13 

  Averages 21.87 0.06   

28        

 0       

  3 1 19.15 0.12 11.63 5.22 

  3 2 19.95 0.12 9.87 5.12 

  3 3 18.67 0.12 10.74 5.17 

  3 4 9.97 0.11 11.33 5.13 

  3 5 20.19 0.10 10.57 5.15 

  Averages 19.76 0.11   

 15       

  3 1 56.97 0.10 10.20 5.04 

  3 2 61.89 0.12 9.84 5.16 

  3 3 68.70 0.16 10.24 5.21 

  Averages 62.52 0.12   
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Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

 25       

  3 1 51.27 0.08 10.05 5.20 

  3 2 58.49 0.07 10.57 5.18 

  3 3 15.92 0.06 10.14 5.14 

  Averages 41.90 0.07   

 35       

  3 1 41.33 
 

0.08 9.55 5.19 

  3 2 44.85 0.09 10.15 5.11 

  3 3 37.38 0.08 10.84 5.15 

  Averages 41.18 0.08   

 50       

  3 1 37.09 0.07 10.01 5.12 

  3 2 36.08 0.09 9.57 5.19 

  3 3 42.05 0.09 9.69 5.13 

  Averages 38.41 0.08   

 65       

  3 1 24.00 0.05 10.86 5.11 

  3 2 31.29 0.06 10.79 5.07 

  3 3 26.24 0.05 10.57 5.13 

  Averages 27.17 0.05   

56        

        

 0       

  3 1 35.48 0.14 10.53 5.10 

  3 2 33.93 0.14 10.86 5.15 

  3 3 35.92 0.14 10.22 5.17 

  Averages 35.11 0.14   
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Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

 15       

  3 1 52.27 0.20 9.59 5.19 

  3 2 15.75 0.11 10.23 5.18 

  3 3 48.47 0.15 9.98 5.19 

  Averages 50.37 0.15   

 25       

  3 1 44.58 0.12 10.38 5.16 

  3 2 38.98 0.16 10.37 5.13 

  3 3 38.67 0.09 10.69 5.14 

  Averages 40.74 0.12   

        

 35       

  3 1 42.53 0.10 9.02 5.21 

  3 2 40.16 0.08 10.11 5.15 

  3 3 30.99 0.15 10.27 5.13 

  Averages 37.89 0.11   

        

 50       

  3 1 45.77 0.11 9.68 5.08 

  3 2 21.53 0.11 9.59 5.12 

  3 3 35.22 0.11 10.01 5.15 

  Averages 34.17 0.11   

        

 65       

  3 1 25.84 0.06 10.91 5.18 

  3 2 24.50 0.05 10.84 5.00 

  3 3 22.34 0.05 11.18 5.05 

  3 4 24.18 0.06 8.58 5.08 

  Averages 24.22 0.05   

        



 

 

138 

 

Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

112        

 0       

  3 1 26.07 0.19 10.51 5.17 

  3 2 24.31 0.23 9.77 5.12 

  3 3 23.02 0..19 10.23 5.14 

  3 4 22.53 0.19 9.43 5.16 

  Averages 23.98 0.19   

 15       

  3 1 51.02 0.25 9.36 5.14 

  3 2 46.82 0.16 8.96 5.19 

  3 3 31.65 0.15 9.95 5.13 

  Averages 43.16 0.19   

 25       

  3 1 18.55 0.12 10.77 5.15 

  3 2 24.38 0.12 11.66 5.15 

  3 3 25.51 0.12 11.41 5.19 

  3 4 25.55 0.13 11.14 5.17 

  Averages 23.50 0.12   

 35       

  3 1 28.29 0.12 10.34 5.08 

  3 2 19.47 0.10 10.03 5.12 

  3 3 35.69 0.11 10.09 5.19 

  Averages 27.82 0.11   

        

 50       

  3 1 28.43 0.14 10.66 5.13 

  3 2 28.77 0.09 10.25 5.13 

  3 3 25.8 0.09 10.11 5.14 

  Averages 27.66 0.11   
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Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

 65       

  3 1 8.80 0.07 9.04 5.06 

  3 2 7.72 0.05 10.38 5.00 

  3 3 13.65 0.05 10.39 5.18 

  Averages 10.05 0.06   

224        

 15       

  3 1 
 

22.9 
 

0.22 8.08 4.97 

  3 2 
 

35.33 
 

0.27 9.85 5.15 

  3 3 
 

31.85 
 

0.28 10.15 5.08 

  3 4 
 

37.28 
 

0.29 7.44 4.93 

  Averages 31.85 0.27   

 25       

  3 1 25.83 0.13 9.74 5.06 

  3 2 27.54 0.15 10.45 5.09 

  3 3 20.07 0.14 8.64 4.97 

  Averages 24.48 0.14   

 35       

  3 1 13.67 0.12 9.70 5.11 

  3 2 12.76 0.13 9.40 5.10 

  3 3 13.81 0.11 11.51 5.17 

 
 
 Averages 13.41 0.12   

 50       

  3 1 41.15 0.19 11.10 5.15 

  3 2 18.02 0.09 9.61 5.08 

  3 3 20.82 0.09 9.80 5.15 

  Averages 26.66 0.13   
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Cure 
Time 
(Days) % Glass 

% 
Binder Sample # 

Young's 
Modulus 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample Dia 
(cm) 

 65       

  3 1 20.60 0.06 10.64 5.02 

  3 2 14.73 0.07 10.32 5.13 

  3 3 18.69 0.08 10.52 5.09 

  Averages 18.00 0.07   
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Kidd Creek UCS DATA 
 

Cure 
Time 
(Days) % Glass % Binder Sample # 

Young's 
Mod E 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample 
Dia (cm) 

        

7        

        

 0       

  3 1 200.51 0.96 12.50 5.25 

  3 2 196.15 1.05 12.84 5.24 

  3 3 128.53 0.92 10.80 5.18 

  Averages 175.06 0.98  5.22 

 15       

  3 1 142.44 0.84 11.22 5.15 

  3 2 147.34 0.84 15.42 5.09 

  3 3 133.23 0.85 12.67 5.20 

  Averages 141.00 0.84  5.15 

 25       

  3 1 129.15 0.60 12.51 5.17 

  3 2 96.99 0.67 12.48 5.20 

  3 3 113.90 0.57 12.51 5.17 

  Averages 113.35 0.61  5.18 

 35       

  3 1 80.90 0.54 12.08 5.17 

  3 2 66.11 0.46 12.31 5.17 

  3 3 66.91 0.52 11.96 5.21 

  Averages 71.31 0.51  5.18 

 50       

  3 1 89.33 0.50 11.56 5.12 

  3 2 52.70 0.50 10.76 5.12 

  3 3 31.56 0.36 10.41 5.21 

  Averages 57.86 0.45  5.15 
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Cure 
Time 
(Days) % Glass % Binder Sample # 

Young's 
Mod E 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample 
Dia (cm) 

 65       

  3 1 42.79 0.12 11.52 5.11 

  3 2 39.74 0.17 12.79 5.14 

  3 3 39.32 0.11 12.42 5.13 

  Averages 40.62 0.13  5.13 

14        

  3      

 0       

  3 1 224.63 1.44 12.24 5.19 

  3 2 312.02 1.46 11.73 5.15 

  3 3 314.87 1.38 11.74 5.17 

  Averages 283.84 1.43  5.17 

 15       

  3 1 246.08 1.18 12.87 5.20 

  3 2 232.68 1.00 12.68 5.22 

  3 3 145.66 1.25 12.10 5.18 

  Averages 208.14 1.14  5.20 

 25       

  3 1 171.68 1.03 11.74 5.14 

  3 2 190.95 1.05 12.57 5.20 

  3 3 217.54 1.01 11.70 5.13 

    193.39 1.03  5.16 

 35       

  3 1 150.29 0.88 12.82 5.19 

  3 2 125.86 0.81 12.27 5.26 

  3 3 124.72 0.71 11.86 5.18 

  Averages 133.62 0.80  5.21 

 50       

  3 1 91.06 0.60 12.21 5.01 

  3 2 73.12 0.61 10.74 5.26 

  3 3 90.54 0.61 14.41 5.13 

  Averages 84.91 0.61  5.13 
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Cure 
Time 
(Days) % Glass % Binder Sample # 

Young's 
Mod E 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample 
Dia (cm) 

 65       

  3 1 52.92 0.28 10.72 5.12 

  3 2 61.92 0.37 12.85 5.04 

  3 3 41.77 0.30 12.78 5.05 

  Averages 52.20 0.32  5.07 

28        

 0       

  3 1 406.29 1.90 11.63 5.18 

  3 2 165.49 1.81 11.82 5.16 

  3 3 510.01 2.19 12.83 5.11 

  Averages 360.60 1.97  5.15 

 15       

  3 1 323.68 1.72 12.98 5.20 

  3 2 321.00 1.94 12.78 5.22 

  3 3 326.01 1.89 12.74 5.18 

  Averages 323.56 1.85  5.20 

 25       

  3 1 272.02 1.44 12.96 5.12 

  3 2 251.56 1.54 12.82 5.15 

  3 3 189.63 1.41 12.38 5.18 

  Averages 237.74 1.46  5.15 

 35       

  3 1 214.51 1.25 12.75 5.19 

  3 2 223.08 1.28 12.85 5.16 

  3 3 119.78 0.93 12.35 5.18 

  Averages 185.79 1.15  5.18 

 50       

  3 1 97.49 0.98 11.56 5.17 

  3 2 183.39 1.23 11.99 5.18 

  3 3 127.82 1.05 10.31 5.15 

  Averages 136.23 1.09  5.17 
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Cure 
Time 
(Days) % Glass % Binder Sample # 

Young's 
Mod E 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample 
Dia (cm) 

 65       

  3 1 96.88 0.46 11.17 5.06 

  3 2 148.01 0.71 12.85 5.11 

  3 3 90.21 0.54 10.28 5.14 

  Averages 111.70 0.57  5.10 

56        

 0       

  3 1 320.01 2.22 11.25 5.13 

  3 2 314.57 2.36 11.94 5.26 

  3 3 308.02 2.17 11.94 5.25 

  Averages 314.20 2.25  5.21 

 15       

  3 1 190.36 1.90 11.32 5.17 

  3 2 419.49 2.06 12.92 5.17 

  3 3 369.64 2.05 12.86 5.25 

  Averages 326.49 2.01  5.20 

 25       

  3 1 237.26 1.69 11.98 5.16 

  3 2 246.96 1.62 12.18 5.13 

  3 3 284.95 1.70 12.32 5.12 

  Averages 256.39 1.67  5.14 

 35       

  3 1 144.78 1.25 12.63 5.17 

  3 2 266.86 1.46 12.83 5.12 

  3 3 169.91 1.39 12.01 5.17 

  Averages 193.85 1.37  5.15 

 50       

  3 1 131.79 1.15 10.42 5.21 

  3 2 202.43 1.19 10.75 5.24 

  3 3 244.83 1.36 11.93 5.12 

  Averages 193.02 1.23  5.19 

        

        

        



 

 

145 

 

Cure 
Time 
(Days) % Glass % Binder Sample # 

Young's 
Mod E 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample 
Dia (cm) 

 65       

  3 1 140.33 0.79 12.83 5.12 

  3 2 129.70 0.83 12.86 5.16 

  3 3 125.07 0.69 12.77 5.14 

  Averages 131.70 0.77  5.14 
112        

 0       

  3 1 90.71 2.5 12.35 5.23 

  3 2 386.42 2.98 12.12 5.25 

  3 3 239.60 2.55 11.39 5.23 

  Averages 238.91 2.70   

 15       

  3 1 428.48 2.36 12.91 5.13 

  3 2 360.75 2.37 12.38 5.17 

  3 3 271.36 1.96 12.68 5.17 

  Averages 353.53 2.23   

 25       

  3 1 175.59 1.72 12.87 5.12 

  3 2 219.55 2.06 12.82 5.10 

  3 3 134.51 1.61 12.17 5.12 

  Averages 176.55 1.80   

 35       

  3 1 232.48 1.78 12.72 5.16 

  3 2 114.89 1.19 12.73 5.16 

  3 3 216.45 1.74 12.81 5.15 

  Averages 187.94 1.57   

 50       

  3 1 127.04 0.98 12.00 5.15 

  3 2 72.55 1.05 9.97 5.21 

  3 3 105.26 1.15 10.36 5.14 

  Averages 101.62 1.06   

        

        

        



 

 

146 

 

Cure 
Time 
(Days) % Glass % Binder Sample # 

Young's 
Mod E 
(MPa) 

UCS 
(MPa) 

Length, 
cm 

Sample 
Dia (cm) 

 65       

  3 1 120.23 0.94 12.26 5.13 

  3 2 82.89 0.87 11.35 5.08 

  3 3 0.00 0.87 12.92 5.15 

  Averages 67.71 0.89   
 


