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Abstract 

Mines at Mátraszentimre ceased producing sulphide ores in 1986. A process known as acid 

rock drainage (ARD) resulted in the production of acidic mine water from then on. To prevent 

the dangers of the ARD, the old mine must be closed. The Mátra Power Plant, which produces 

fresh fly ash, is slated for closure, even though a hydraulic backfilling method using fresh fly 

ash was developed. It is therefore necessary to use fly ash that has been deposited previously. 

In the development of backfilling technology, it is important to investigate the rheological 

behaviour of old fly ash - lime - mine water mixtures.  Specifically, this project aims to 

formulate hydraulic backfilling technology by conducting rheological studies on fly ash, lime, 

and mine water mixtures in a rotational rheometer. Rotational rheometer was used by the 

researcher to perform tests on a mixture of fly ash, lime, and mine water in order to determine 

its rheological properties, including shear rate and shear stress. Samples of fly ash were 

collected from Mátra Power Plant, mine water from the sulphide mine, and of calcium oxide 

(CaO) and carbide lime (KM). In addition to determining moisture content and particle size 

distributions, particle density of the fly ash was also determined; these parameters are critical 

in developing the technology. The experimental rheological properties revealed that increasing 

the amount of fly ash had a significant impact on the thixotropy, yield stress, and plastic 

viscosity of the filling slurry. Furthermore, the FLM mixture's rheological properties matched 

those of the Bingham model. Increasing the concentration of fly ash improved the 

performance of the developed slurry significantly. Based on the experimental data, the 

generated curves showed a nearly similar trend, indicating that the age of the fly ash has no 

effect on its effectiveness in the backfilling technology. The properties required for the 

development of backfilling property are provided by both fresh and older fly ash. Finally, if 

the source of fresh fly ash is closed, the sulphide company can continue with the backfilling 

process using the older fly ash. 

Keywords: fly ash; mine water; rotational rheometer; Bingham model; thixotropy; yield 

stress; shear stress; plastic viscosity; lime 
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CHAPTER 1. INTRODUCTION 

1.1  Background 

The Gyöngyösoroszi underground base-metal mine is located in the Mátra Mountains, close to 

Gyöngyös town, 100 kilometres east of Budapest. The mine's annual output was 100-150 kt of 

low grade Pb-Zn ore (approximately 4% Pb+Zn) (Faitli et al., 2010). However, the mine's 

operation was halted in 1985, and water drainage was halted in 1986. In 1988, the mine entry 

points (with the exception of one that requires drainage) were plugged. The final shutdown of 

the mine necessitates backfilling of a section of the mine openings due to high pyrite (FeS2) 

convergence causing acid rock drainage (ARD) interaction at that space. The responsible 

organisation chose to backfill the mine with fly ash from a nearby power plant, so the 

application of the fly ash is ongoing. 

The sulphide ore mining company faces a significant challenge in delivering the ideal material 

characteristics of the old fly ash. It is critical to have information about the rheological 

behaviour of fly ash slurry in order to set up the best backfilling technology. The challenge 

with tailings is the management of older fly ash deposited years ago that has not been used for 

backfilling aimed at limiting the environmental effects. The ARD is produced by oxidising 

sulphides in a sulphide mine that contains residual sulphides, resulting in significant pollution 

of both underground and surface water. The responsive sulphide ore mine can be stabilised by 

incorporating agents such as fly ash, cement, lime, and organic materials (Lottermoser, 2010). 

The research of Iyer and Stanmore (2000) demonstrated that various factors contribute to the 

rheological behavior of fly ash-lime-mine water suspensions, such as particle size, outline, and 

surface properties, as well as mineral constituents, solid content, pore fluid chemistry, and 

chemical additives. Research on the rheological behavior of fly ash in combination with mine 

water and lime, however, has been rather sparse. Because of the cementitious and alkaline 

nature of coal fly ash, the by-product is frequently used alone (Lee et al., 2017) Stanmore and 

Page (1992) used a vane approach to estimate the produce strain of abundant fly ash slurries 

and articulated that the stress produced per time increased in accordance with the pozzolanic 

response of the precipitated calcite. A study conducted by Mahlaba et al. (2011) found that 
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salinity in fly ash paste was inversely related to paste viscosity. Simon and Grabinsky (2013) 

investigated the superficial yield stress of paved stakeouts for paste with fly ash and 

discovered that the ostensible produce pressure increases as fly ash concentration increases 

due to increased particle closeness in parking. 

The FLM mixture shear stress-shear rate is determined in this study using different 

concentrations of fly ash, mine water, and lime. Calcium oxide (CaO) lime and Carbide lime 

were the additives used in this study (KM). Temperature, mixing time, and additive 

concentration were also investigated as variables. The current study allows for a more in-depth 

understanding of the wet mixture, time effects, and rheology temperature of FLM, which is 

critical for the advancement of backfilling technology. 

1.2  Problem statement 

The Mátraszentimre mine stopped mining sulphide ore in 1986. Since then, acidic mine water 

has been produced as a result of the so-called "acid rock drainage" (ARD) process. The old 

mine must be completely shut down. Fresh fly ash was developed for hydraulic backfilling; 

however, the Mátra Power Plant will cease producing fresh fly ash, making previous fly ash 

deposits the only option. The rheological behaviour of old FLM mixtures is critical in the 

development of backfilling technology; thus, rheological investigation is required. 

1.3 Research significance and objectives 

The study's findings will be critical for the mining industry, which plans to use backfilling 

technology with fly ash as part of backfilling material. The need to ensure environmental 

sustainability and protection from mining company tailings deposition makes this study 

critical, as it opens the door to testing of other tailing materials suitable for backfilling. This 

study is particularly relevant and important to a sulphide mining company that intends to use 

previously deposited fly ash tailings as a backfill material. Furthermore, this study will be 

critical for use by the Government of Kenya's Ministry of Petroleum and Mining, which has 

been witnessing an increase in the number of abandoned, used, and disused mine collapses. 

The used, disused, and abandoned mines in Kenya pose serious health and safety risks, 

resulting in a number of deaths and injuries. Furthermore, the effects of ARD on surface and 
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underground water have been linked to serious health problems in the communities where the 

mines are located. As a result, the government, through relevant agencies, will be able to use 

the tailings to develop suitable backfilling technologies. 

The Institute of Raw Material Preparation and Environmental Processing was commissioned 

by Nitrokémia Ltd. to reconsider the existing hydraulic backfilling technology of the 

Mátraszentimre mine during the year 2021 (Institute of Raw Material Preparation and 

Environmental Processing, 2021). Systematic investigations are currently underway. I worked 

on this project, and my responsibility was to conduct the rheological tests. Determining the 

rheological properties of the FLM mixture is critical for ensuring the efficacy of the intended 

backfilling technology development. 

The following specific goal was also established: 

The effect of fly ash, lime, and mine water quantity variation in the mixture on the 

determination of shear stress and shear rate. 
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Figure 1 Coal ash generations from a pulverized coal-fired boiler (Li et al., 2022) 

CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction  

2.1.1 Fly ash 

Fly ash is a by-product of coal combustion in power plants that appears as minuscule grains 

with pozzolanic activity (see figure 1). Fly ash, as one of the industrial solid wastes in the 

power generation industries, has gotten a lot more attention for its extensive use in 

environmental protection (Chen et al., 2021). 
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Fly ash is commonly used as a mineral admixture in concrete and cement due to its chemical 

composition, grain fineness, and pozzolanic properties. It is also classified into different types 

according based on these properties. Nonetheless, studies have found it suitable in application 

for the development of backfilling technologies for the closure of sulphide ore mines as well 

as other types of underground mines over the years. Fly ash is much finer than Portland 

cement and lime. Silt-sized and mostly spherical particles make up most fly ash, and the 

particles range from 10 to 100 microns in size (see figure 2). These tiny glass spheres improve 

the fluidity and workability of new concrete. Fineness is one of the important properties that 

contribute to fly ash’s pozzolanic reactivity. 
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In a boiler, coal is typically pulverized and blown into the combustion chamber with air, 

where it quickly ignites and forms molten residue as a result. A boiler tube extracts heat from 

the boiler, and the flue gas is cooled by the hot air, causing molten mineral residue to solidify 

and become ash. Fly ash particles, which are smaller than base ash particles, remain suspended 

in the flue gas as they settle to the bottom of the combustion chamber (Chen et al., 2021). As a 

particulate emission control device, electrostatic precipitators or baghouses remove fly ash 

from flue gas before it is depleted. 

As a pozzolan, fly ash is the most commonly used material in Portland cement concrete 

applications. Pozzolans are siliceous or siliceous and aluminous materials that, when exposed 

to water and in a finely separated structure, react with calcium hydroxide to form cementitious 

mixtures at normal temperatures (Li et al., 2022). This cementous property is what makes fly 

ash so popular in backfilling technology. Further, fly ash is a suitable mineral filler for hot mix 

asphalt applications (HMA), and its spherical shape and particle size distribution contribute to 

improved flow in flowable fills and grouts. Due to the availability and consistency of fly ash 

in many areas, it is an excellent material for use in structural fills and other highway 

applications (Mishra & Karanam, 2006). In the case of this study, the proximity and readily 

available fly ash within the sulphide mine's periphery made it a preferred choice. This aided in 

the reduction of transportation costs, which is critical for any organisation in terms of 

economics.  

2.1.2 Properties of fly ash 

The quality requirements for fly ash vary depending on the intended use. Fuel attributes (coal), 

co-firing of fuels (bituminous and sub-bituminous coals), and various aspects of the burning 

and flue gas cleaning/assortment processes all have an impact on fly ash quality (Rai et al., 

2010). Fly ash's geotechnical properties (such as specific gravity, permeability, internal 

angular friction, and consolidation characteristics) make it suitable for road and embarkment 

development. Fly ash's pozzolanic properties, including its lime binding capacity, make it 

valuable for the production of cement, building materials, and concrete admixture products 

(Mishra & Karanam, 2006). 
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2.1.3 Environmental and health challenges associated with fly ash 

The serious issue with fly ash is that its disposal not only necessitates massive amounts of 

land, water, and energy, but its fine particles, if not managed properly, can become airborne 

and cause environmental hazards (Li et al., 2022). More fly ash has been generated as a result 

of the continuous burning of coal to generate power, occupying extra land spaces where it is 

disposed of. Such a massive amount of fly ash has implications for land use, as well as health 

risks and environmental damage. As a result, because the power plant is about to change its 

operation, it is critical to find a suitable use for the older fly ash that has already been 

deposited in the area in order to reduce the environmental impact (Chen et al., 2021). The 

difficulties associated with fly ash are listed below: 

i. Fly ash is extremely difficult to deal with in the dry state because it is extremely fine 

and quickly airborne even in light winds. 

ii. It pollutes the air, water, and soil, as well as altering the nature of the surrounding air. 

iii. Flying fine ash particles cause problems for people who live near drive stations. It also 

consumes primary surfaces and has an impact on agriculture. 

iv. The possible settlement of fly ash particles over many hectares of land near the power 

station results in detectable weakening of soil attributes. 

v. Inhaling fly ash can cause silicosis, pulmonary fibrosis, bronchitis, and pneumonitis, 

among other things. 

2.2  Final mine closure technologies  

Mining for underground minerals for economic purposes has resulted in the formation of voids 

of various shapes, such as caves, gob empty structures, stopes, and even goaf (Sheshpari, 

2015). These subversive vacuums cause instability risks for mining of nearby columns, 

overhead structures, and users of the nearby mining area, which may exhibit financial natural 

resources, or settling risk for foundations on the underground due to previous activity, or after 

excavations are abandoned. Consequently, few strategies for topping off or backfilling for 

those voids have been developed during the documented advancement of mining innovation. 

Silica alumina-based backfill, hydraulic backfill, and cemented paste backfills are a few of the 
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common techniques for inlaying that are used by monetary factors and additional objectives 

such as mine improvement or leaving the coal mine. The subsections that follow highlight the 

various backfilling techniques that have been used. 

2.2.1 Hydraulic backfill method 

Hydraulic embankment uses water as a means of transportation to transport hydraulic 

backfilling materials to fill excavated holes like stopes (Sheshpari, 2015). Figure 1 depicts a 

pertinent example. The excavation's entry openings are thus jammed using merged bulkheads 

and a drainage system to allow water to drain from the stope. The hydraulically produced 

backfill material is emptied into the stope through the fill opening in the stope's head. Excess 

water accumulates on the refill topping as the height of hydraulically driven backfill material 

is extended. Furthermore, all water should be drained in various ways, such as bulkheads, 

drainage water, or tapped water. 

Hydraulic backfill has the following properties: extreme element magnitude is less than 1 m, 

and exceptionally smooth elements are removed to create penetrability in the backfill 

substances. As a result, those elements with sizes equal to or less than 10 m must be under 

10% and even less than that altogether (Sheshpari, 2015). The masses of hydraulic slurries 

range from 40 to 50 percent (Solid areas capacity). The penetrability of hydraulic backfill 

solid should be between 10-5 and 10-6 m/s. Excess water in backfill material, on the other 

hand, is extracted by gravity and supported by drainage out of the backfill. The absorbency of 

the inserted hydraulic backfill is 50%, with a permeability rate of 30% taken into account 

(Sheshpari, 2015). Hydraulic backfill can be paved or unpaved, with the latter being the most 

cost-effective strategy in excavation when small waste particles are present. 
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Figure 3 Showing the hydraulic backfilling of an open stope, indicating the drainage system 

critical to ensure water drainage out of the backfilled stope (Sheshpari, 2015) 

 

2.2.2 A novel silica alumina-based backfill 

Yao and Sun (2012) investigated a novel silica alumina-based backfill material made from 

coal refuse and fly ash. According to the most recent industrial development reports, the coal 

industry is one of the fastest growing fuel industries, generating a large amount of waste in the 

form of coal refuse. When fly ash and coal refuse are exposed to different thermal activation 

temperatures, such as 20 °C, 150 °C, 350 °C, 550 °C, 750 °C, and 950 °C, they exhibit a 

variety of characteristics (Sheshpari, 2015). The viscosity and pozzolanic properties of coal 

refuse are greatly improved by constant adjustments in the thermal activation temperature, 

which alternates between 20 °C and 950 °C; however, the viscosity of fly ash is significantly 

decreased in stimulation temperatures above 550 °C due to intense agglomeration conditions 
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on its surface (Yao & Sun, 2012). The flowability and strength properties of coal refuse and 

fly ash are depicted in Figure 2 at various thermal stimulation temperatures. An improved 

strategy for backfill material was achieved, such as 5% coal refuse at 750 °C and 15% fly ash 

at 20 °C in stimulated percentage. According to research, this optimal ration provides the best 

flowability, high comprehensive strength, and low bleeding rate in backfill material 

(Sheshpari, 2015). 

 

 

Figure 4 Showcasing flowability and strength properties of coal refuse and fly ash in varied 

thermal stimulation temperatures (Sheshpari, 2015) 
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According to Yao and Sun (2012) study, toughened backfill building was tested in various 

spaces for poisonousness discharging properties, but no tested substances exceeded the EPA 

restrictions, demonstrating that silica alumina-based backfill material is environmentally 

friendly. Only 1% of cement was added to the investigated silica-alumina backfill material, 

and the remaining components of the material were manufacturing compact leftover, 

highlighting enormous potential in lowering investment costs in the backfill industry. 

2.2.3 Cemented paste backfill method 

Cemented paste backfill (CPB) is a non-homogeneous material composed of waste stakeouts, 

water, and concrete. The amount of waste solids ranges from 70% to 85%, the amount of 

water is either clean water or excavated and treated water, and a hydraulic binder is added at a 

rate of 3-7% of total weight. According to Sheshpari (2015), CPB is one of the leading 

backfilling technologies currently in use and preferred in mining industries, as it has proven to 

provide impeccable and safe working conditions in underground mines, in addition to its 

known environmental benefits. Preserved and toughened CPBs used in stopes develop 

reinforced pillar type ground aimed at supporting the adjoining excavation process in 

underground mines and ensuring the safety of mining workforces in subversive excavates 

(Sheshpari, 2015). 

2.3    Rheological behaviour of dispersed systems/ Rheological models 

The rheology of a moving material is mostly illustrated by the relationship identified between 

the material shear stress and the shear strain rate, which is commonly referred to as a 

rheogram or flow curve. Figure 3 depicts a relevant flow curve example. Newton's law of 

viscosity is the most well-known rheological model because it corresponds the shear rate and 

stress via the proportionality constant known as the absolute viscosity (Irgens, 2014). 

Furthermore, viscosity is a common property that is used to characterise the slope of the flow 

curve. Those components that do not obey Newton's law of viscosity are thus referred to as 

non-Newtonian. Mineral suspensions, for example, necessitate high base shear stress for 

component disfigurement and flow. Mineral suspensions exhibit this type of behaviour, which 

is known as plasticity. However, in a non-linear flow curve, shear thickening and thinning are 

mostly observed in components subjected to flow conditions (Lemm & Malkin, 1994). The 



 
 

12 

 

former occurs when the velocity increases in proportion to the cumulative shear proportion, 

whereas the latter represents a different behaviour. 

As shown in Table 1, several logical concepts exist in the literature for estimating the 

rheological properties of fly ash slurry. A substantial number of the proposed models are 

either theoretically or empirically produced, but the majority of them focus on the 

investigational facts of a specific component (Lemm & Malkin, 1994). Additional models 

have increased probability, but they also have limitations whose figures must be obtained 

analytically, indicating that no precise incorporated model or estimation procedure has been 

established for general use. 

 

Table 1 Rheological models and parameters 

Rheological model 
Constitutive 

equation 
Rheological parameter 

Newtonian 𝜏 =  µ · 𝛾 µ – absolute viscosity 

Bingham plastic 𝜏 =  𝜏𝑜 + ɳ · 𝛾 

𝜏𝑜 − 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 

ɳ − 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑐𝑖𝑡𝑦 

Power law 𝜏 = 𝐾 · 𝛾𝑛 

𝐾 − 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 𝑖𝑛𝑑𝑒𝑥 

n - exponent 
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The rheology of disseminated systems is an important processing characteristic. With the 

ability to illustrate and control the behaviour of dispersions, one can ensure their optimal 

performance. The rheological properties of dispersions, particularly those with higher solids 

contents, are multifaceted and heavily reliant on functional forces (Irgens, 2014). However, 

particle addition not only increases the viscosity of the liquid due to the hydrodynamic 

disturbance of the flow, but it is also the leading cause of nonconformity from Newtonian 

behaviour, including shear rate dependent viscosity, elasticity, and time dependent rheological 

behaviour (Lemm & Malkin, 1994). When colloidal dispersions have a moderate volume 

fraction, they typically flow like shear-thinning liquids, i.e., low viscous liquids. When 

dispersions reach higher concentrations, they behave more like solids and often require a small 

amount of stress to distort the physical system before they begin to flow. 

Because the colloidal interactions that govern the microstructure have a short range that 

decreases as the interparticle parting increases, the microstructure deformed under stress 

usually does not recover immediately from large strains (Irgens, 2014). However, in situations 

where particle connections are attractive, loose flocs with fractal structure form, resulting in a 

higher active particle volume fraction and, as a result, an increase in viscosity. A sample-

spanning network forms above a critical volume fraction, resulting in highly elastic, gel-like 

behaviour and an apparent yield stress. Thixotropic behaviour is caused by shear-induced floc 

structure breakup and recovery. At particle concentrations less than the maximum packing 

fraction, electrostatic or steric repulsion between particles defines an excluded volume that is 

not accessible by another particle, resulting in a crystalline or gel-like state (Lemm & Malkin, 

1994). 
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Figure 5 Showing different material behavior under distinct models of rheology. The red 

curve is known as the yield pseudoplastic (Lemm & Malkin, 1994) 

 

Understanding the behaviour of fluids under different Rheological models is critical for 

conceiving a FLM mixture property. The development of backfilling technology is critical 

because the material used (fly ash) will be subjected to shear force. As a result, understanding 

the behaviour of the FLM mixture is critical for correctly identifying the parameters suitable 

for the backfilling technology. As a result, the Newtonian, Non-Newtonian, Power law, and 

Bingham models will be discussed in the following subsection.  

2.3.1 Newtonian and Non-Newtonian 

Newtonian and non-Newtonian fluids are the two main types of fluids, and it is necessary to 

distinguish between them in order to apply the correct model. Newtonian fluids follow a single 

model with a constant viscosity for any shear rate, or in other words, there is a lineal 

relationship between shear rate (γ) and shear stress (τ), a constant ratio / (Irgens, 2014). 
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Absolute viscosity (μ) is the name given to this ratio. Under normal conditions, air and water 

are Newtonian fluids (Idahosa et al., 2014) 

 𝜏 = 𝜇 ∙ 𝛾 (1) 

Non-Newtonian fluids are fluids that do not obey Newton's linear law. Because they lack a 

constant or absolute viscosity, a viscosity function or variable is defined as the apparent 

viscosity (η). For non-Newtonian fluids, shear stress is given by:  

 𝜏 = (𝛾) (2) 

2.3.2 Power law model 

Power law is among others, a fluid model used to predict non-Newtonian behaviour. Its 

equation can be expressed in function of shear stress. 

 𝜏 = 𝐾 · 𝛾𝑛  (3) 

where K is the steadiness parameter, and n is the power law index. If n < 1 then the power law 

describes a pseudoplastic fluid. If n > 1 then, the power law describes a dilatant fluid. Figure 4 

below shows a graphical representation of a power law model.  
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Figure 6 Curve representation of power law model in determining fluid rheological 

parameters, shear stress against shear rate (Irgens, 2014). 

 

Dilatant and pseudoplastic fluids shall be explained below. 

Fluid viscosity is affected by temperature, shear rate, and time. We've already seen that 

viscosity classification is based on shear rate, shear strain, or both (viscous, elastic and 

viscoelastic). Second, we investigated whether or not the relationship between shear rate and 

shear stress is linear (Newtonian and non-Newtonian). The fluids' time dependence will now 

be explained. Because shear rate dependence exists in purely viscous fluids, two types of 

subclassification are established. When the viscosity of a fluid does not change with time, it is 

said to be time independent; when the viscosity changes with time, it is said to be time 

dependent. 
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2.3.3 Bingham plastic fluid 

A material is considered to be Bingham if it resists stress but flows as a viscous fluid once a 

yield stress is exceeded. Emulsions, foams, solid-in-liquid suspensions, and slurries are the 

most common examples of such properties. Bingham plastic fluids are fluids that follow the 

Bingham model. After an initial shear stress magnitude is reached, the materials show a linear 

correlation between shear stress and shear rate behaviour. Figure 5 depicts plastic viscosity as 

the slope of a line, with the yield point representing the threshold stress. The Bingham plastic 

model is described by the equation below; 

   𝜏 = 𝜏𝑜 + 𝜇 ∙ 𝛾 (4) 

where, 𝜏 is shear stress, 𝛾 is shear rate, 𝜏o is minimum yield stress (threshold stress), 𝜇 is plastic 

viscosity.  

 

Figure 7 Bingham plastic fluid curve representation showing the different parameters making 

up the Bingham equation (Irgens, 2014). 
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2.4   Time dependent and time independent fluids 

When the shear stress of a fluid increases or decreases with respect to time at an equal shear 

rate, the fluid is said to be time dependent. After a while, the fluid regains its initial properties, 

causing the fluid to stop moving. If the shear stress increases, the fluid is said to be 

Thixotropic; if it decreases, the fluid is said to be Rheopectic. Margarine, grease, and printing 

ink are all examples of thixotropic fluids. Gypsum paste is a good example of rheopectic fluid. 

 

Figure 8 Curve representation of Time dependent fluids (Irgens, 2014). 

 

Dilatant fluids, viscoplastic fluids, and pseudoplastic fluids are examples of time independent 

fluids. Viscoplastic fluids require very little shear stress to begin fluid behaviour. This 

minimum shear stress is also referred to as yield shear stress (τγ). The material will be solid 

and its behaviour elastic if the shear stress is less than the yield shear stress. Bingham fluid is a 

good match for this type of material. The model assumes that the material behaves Newtonian 

as long as the yield shear stress is exceeded and the flow begins. 
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 𝜏(𝛾) = 𝜏𝛾 + ɳ ∙ 𝛾  where 𝛾 ≠ 0, (6) 

 𝜏(𝛾) ≤ 𝜏𝛾  where 𝛾 = 0 (7) 

Pseudoplastic fluid, also known as shear-thickening fluid, behaves like a viscous fluid but has 

the property that its viscosity decreases as shear rate increases (Lee et al., 2017). This is a 

typical example of non-Newtonian fluids. It is most commonly found in polymer, dispersions, 

and emulsion solutions. On the other hand, dilatant fluids, also known as shear-thickening 

fluids, are found in a small group of genuine fluids that act in the opposite way as the 

pseudoplastics (see figure 7). Its apparent viscosity rises as shear rate rises (Irgens, 2014). 

 

 

Figure 9 Pseudoplastic, dilatant, and Newtonian fluids curve representation (Qi et al., 2015) 
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2.5   Viscous-viscoelastic behaviours 

When a force is applied to an elastic solid, it immediately disfigures. With the removal of the 

force, the disfigurement is completely restored. When a force is applied, the deformity of a 

viscous fluid increases over time. The disengagement of the force causes a viscous liquid to 

stop disfiguring further, but any previous deformation remains (Willenbacher & Georgieva, 

2013). A viscoelastic material has elasticity as well as viscosity. When subjected to a force, it 

deforms and its disfiguration increases over time, i.e., it creeps. When the force is removed, 

only half of the deformity is quickly recovered. As time passes, it recovers more, but not all, 

of its deformation. Depending on the time scale of interest, a viscoelastic material may behave 

solidly, liquidly, or a combination of the two (Lee et al., 2017). 

2.6  Rheological measurement methods 

The determination of backfilling material rheological properties is critical for effective 

backfilling technology design and development. It is also important for the best selection of 

backfilling material and material data with the goal of ensuring the appropriate attainment of 

the stability of the backfilled mine. Relevant backfilling material properties can improve the 

efficiency of backfilling technology while also ensuring the stability of the backfilled mine 

and eliminating any potential danger in the form of mine collapse after backfill. Thus, this 

section focuses on rheological measurement methods such as tube rheometers, falling sphere 

viscometers, and cylinder-cylinder rotation rheometers. The FLM mixture properties were 

determined using a cylinder-cylinder rotational rheometer in this study. 

2.6.1 Falling sphere viscometer/ Hoppler viscometer 

The viscometer measures viscosity using a falling sphere. The time it takes the falling sphere 

to move from one marking to the next is timed. The density and radius of the sphere are 

known. Furthermore, the liquid used is a known density reference liquid, in most cases water 

(1g/cm3). The Hoppler viscometer is depicted in Figure 8. The viscosity of Newtonian fluids 

is best measured with falling sphere rheometers. They are ineffective for determining the 

viscosity of non-Newtonian fluids. 
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Figure 10 Falling bob viscometer (https://www.jankiimpex.com/) 

 

The viscosity of the measured fluid is then determined using the equation: 

 𝜇 = 𝐾(𝜌𝑏 − 𝜌𝑠)𝑡 (8) 

Where  μ: fluid absolute viscosity; 

K: ball geometric parameter; 

ρs: referenced liquid density; 

𝜌b: ball density; 

t: time 
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2.6.2 Tube rheometer 

The laminar pipe flow principle is used in tube rheometer measurements, and the pressure loss 

must be measured as a function of the flow rate. The constitutive equation can be deduced 

from this information. 

The challenge in the construction of tube rheometers is that small velocity but high-pressure 

laminar flow must be established in the measuring pipes. For this purpose, a rigid 

characteristic screw pump can be used. The developed tube rheometer is essentially a small 

diameter pipe hydraulic loop in which the suspension is continuously circulated. The rigid 

characteristic screw pump and pressure transducers' transport capacity and pressure range 

were precisely matched for the measuring pipes and the generally tested materials. It is critical 

to use an appropriate measurement protocol for the tube rheometer. The developed tube 

rheometer includes mixing pipe sections to ensure the consistency of the mixture. The filled 

fine suspension must be circulated at a high flow rate to create turbulent flow in the measuring 

pipes, and then the screw pump revolution can be reduced to create laminar flow. 

The tube rheometer is the best tool for measuring the rheology of fine suspensions. The 

measurement principle is that in straight horizontal pipes, stable laminar flow must be 

established, and pressure loss as a function of flow rate must be measured. Faitli and Gombköt 

(2015) In the literature, the laminar flow of Newtonian incompressible fluids in straight 

horizontal pipes is very well described (Willenbacher & Georgieva, 2013). The velocity 

profile is parabolic and the shear stress profile is linear, according to the well-known Hagen-

Poiseuille model, because shear stress is proportional to the first derivative of the velocity. The 

Hagen-Poiseuille equation for laminar Newtonian flow is written as follows: 

 
∆𝑝 · 𝐷

4 · 𝐿
= 𝜇 ·

8 · 𝑣

𝐷
 (9) 

 𝜏𝑤 =
∆𝑝 · 𝐷

4 · 𝐿
 (10) 

 𝛾𝑤 =
8 · 𝑣

𝐷
 (11) 
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There is a defined surface in every viscometer or rheometer, and the instrument can indirectly 

measure the speed difference of the neighbouring layers (shear rate) and the shear stress 

between them. In the case of tube rheometers, this layer is the cylindrical layer of fluid 

molecules located just inside the inner pipe wall. The wall shear stress (w) is calculated using 

the measured pressure loss (1), and the wall shear rate (w) is calculated using the measured 

cross-sectional average velocity (2). The tangent of the velocity profile at the pipe wall is the 

wall shear rate. The well-known Newtonian linear constitutive equation cannot describe non-

Newtonian rheology (Faitli et al., 2017). The results of the subsequent tests indicate that the 

Bingham plastic rheological model should be described in detail. 

If a non-Newtonian fluid is pumped into the tube rheometer, the velocity profile may differ 

from that described by Hagen-Poiseuille, and thus the 8v/D term may not equal the tangent of 

the velocity profile at the wall. As a result, the 8v/D term is known as the pseudo shear rate, 

and the function is known as the pseudo shear curve. The tested fluid is Bingham plastic if the 

pseudo shear curve is a straight line but the starting point is not the origin. The evaluation of 

non-Newtonian tube rheometer test data is difficult because the rheological model must 

always be known or estimated before the evaluation protocol of the given non-Newtonian 

model can be applied (Faitli et al., 2017). 

2.6.3 Cylinder – cylinder rotational rheometers 

It is critical to have a thorough understanding of the equipment operation that will be used to 

determine the rheological properties of the FLM mixture in order to apply it effectively and 

achieve accurate results. A cylinder-cylinder rotational rheometer was used in this case. A 

rheometer is a device used to measure the behaviour of a liquid, slurry, or suspension when a 

force is applied to it (Yousefi, 2001). A rheometer is a device that measures the thickness and 

viscoelasticity of solids, liquids, and semi-solids. Viscosity is defined as a substance's 

resistance to distortion, and it serves as a rating factor for shear rate or shear stress, with time 

and temperature variations. Viscoelasticity, on the other hand, is defined as the property of a 

material that exhibits both viscid and flexible behaviour. A rheometer can be used on a variety 

of geometries, including cone and plate, parallel plate, torsion rectangular, and concentric 

cylinders. However, for this study, cylinder-cylinder rotational rheometer cylinders were used, 
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making them the focal point of discussion. Cylinder rheometers have an inner cylinder (bob) 

and an outer cylinder (crucible). The bob spins while the cup remains stationary (see Figure 

9). In comparison to the falling sphere viscometer, the rotational rheometer can be used to 

determine the viscosity of both Newtonian and Non-Newtonian fluids, making it a better 

choice for the study.  

 

 

Figure 11 Cylinder – cylinder geometric system (Yousefi, 2001) 

 

A rotational rheometer applies or measures the torque (force), angular displacement and 

angular velocity (see Figure 10).  
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Figure 12 Working principle and the parameters of the rotational rheometer used in 

determining viscosity of a fluid (Yousefi, 2001) 

In a rheometer, the stress is determined from the torque given by the formula 

 𝜎 =  𝑀 · 𝐾𝜎 (12) 

Where  σ = Stress (Pa or Dyne/cm2) 

  Μ = torque in Nm or gm cm 

  K σ = Stress constant 

The stress constant K σ, is a geometry dependent factor  

Angular displacement yields the shear strain, given by the formula 

 𝛾 = 𝐾𝛾 · ѳ (13) 
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Where  γ = Strain  

  Kγ= Strain Constant  

  θ = Angular motor deflection (radians) 

The equation of motion and other relations are commonly used in determining the effective 

equations in the conversion of machine parameters such as torque, angular displacement, and 

angular velocity to rheological parameters. 

Because the motor directly controls the angular speed, the shear rate is given by the formula: 

 ẏ = Kγ · Ω  (14) 

Where   ẏ = Shear rate 

  Kγ = Strain constant 

  Ω = Motor angular velocity rad/sec 

Viscosity is calculated from the equation  

  (15) 
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CHAPTER 3: MATERIALS AND METHOD 

3.1    Materials 

The test materials included fly ash, mine water, and additives (CaO and carbide lime). Mine 

water samples were collected from the sulphide mine site, and fly ash from the Mátra Power 

Plant tailing ponds were collected using the sample point method. The fly ash samples were 

labelled according to the point of sampling and the length of maturity. The 30-day-old fly ash 

samples were placed in bags labelled A1 and A2. Half-year-old fly ash samples were placed in 

bags labelled A3-A6. One-year-old fly ashes were labelled in bags A7–A10. Bags M2–M6 

contained two-year-old fly ashes. Finally, samples of four-year-old fly ash were placed in bags 

M14–M18. Table 1 summarises the fly ash and mine water samples, as well as the additives, 

collected for the study. Several 20-litre jerricans were used to collect mine water. The limes 

were kept in separate bags labelled CaO and KM (carbide lime). 

The fly ash samples were measured in equal proportions and thoroughly mixed to form a 

uniform sample for the specified maturity period for the tests. For example, 30-day-old fly ash 

used in rheological tests was measured from samples A1 and A2 in equal proportions and 

thoroughly mixed before being subjected to further tests. This was done to ensure 

homogeneity of samples of similar maturity and to ensure test accuracy by ensuring a 

representative sample. A similar procedure was carried out for the other fly ash groups. 

Table 2 Samples of materials used in the study (Author) 

Fly ash samples 
Additives Mine water 

Maturity Days/months Code used 

CaO and KM 
20 litre 

jerricans 

30 Days P30N 

6 Months P05E 

12 Months P1E 

24 Months P2E 

48 Months P4E 



 
 

28 

 

The Institute of Raw Material Preparation and Environmental Protection measured the 

material properties of the used materials as part of the aforementioned project (Institute of 

Raw Material Preparation and Environmental Processing, 2021). I calculated the necessary 

masses of materials for mixing a given recipe for backfilling mixture using the particle size 

distribution, particle density, and moisture content data. 

Table 3 The total moisture content and particle density of fly-ash, quicklime and carbide lime 

samples (Institute of Raw Material Preparation and Environmental Processing, 2021) 

 P30N P05E P1E P2E P4E CaO KM 

Total moisture content 

[% m/m] 
38.5 46.5 45.6 35.0 33.7 0.0 57.8 

Particle density [g/cm3] 2.033 2.102 2.106 2.121 2.109 3.133 2.218 

The Rosin-Rammler function was curve fitted on the measured points of the empirical particle 

size – distribution curves (see figure 11). 

 𝐹𝑛(𝑋) = 1 − 𝑒𝑥𝑝 {−𝑙𝑛2 ∙ (
𝑋

𝑥50
)

𝑛
}  (16) 
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Figure 13 Particle size distribution analysis curve (Institute of Raw Material Preparation and 

Environmental Processing, 2021). 
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Table 4 Notable particle sizes of the fly-ash samples (Institute of Raw Material Preparation and 

Environmental Processing, 2021) 

Fly-ash 
X20 

[μm] 

X50 

[μm] 

X80 

[μm] 

m [ - ] 

Rosin-Rammler 

exponent 

R2 

Coefficient of 

determination 

P30N 23 90 250 0.83 0.998 

P05E 14 57 180 0.74 0.999 

P1E 23 95 280 0.79 0.996 

P2E 18 79 240 0.77 0.999 

P4E 37 142 390 0.84 0.996 

In this research 40 different backfilling mixture recipes had been used; therefore, a symbol 

system was developed. An example is shown: 

 P2EKM3C35 

In the above symbol system used, P represent the fly ash, E represents the year (hence 2E 

means 2-year-old), KM3 represents the additive used and its mass ratio (3%), C35 represent 

the volumetric concentration of solid phase (35%). 

mass ratio of additive: εm =
dry mass of additive

dry mass of fly−ash
 (17) 

volumetric concentration of solid phase: CV =
volume of solid phase

volume of mixture
 (18) 

3.2     Methods 

The primary goal of the backfilling process was investigated in order to understand the 

suitability of the Mátra Power Plant fly ash for the specified backfilling task. Recognizing the 

critical objective, the applied technology and material properties must thus fulfil the listed 

objectives, namely closing the ore's free surface, protecting mine water from pollution, 

eliminating ore oxidation, filling mine cavities, and controlling collection and treatment of 
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infiltrating water. The primary goal of backfilling is to seal the voids from the effects of air, 

thereby limiting acid rock drainage. The best way to fill the cavities is to apply fine-grained 

materials with the appropriate buffer potential. Despite the fact that fly ash proved to be a 

critical choice, water is required for the hydraulic transportation of the fly ash into the mines. 

There is water potential at the site that can be used for hydraulic transportation; however, the 

pH was reported to be very low (pH 2...3), so its application in a small proportion is required 

to eliminate the possibility of secondary leaching and particle settling (Faitli et al., 2010). 

3.2.1 Determining shear stress and shear rate 

An Anton-Paar Physica MCR 51 type rotational rheometer (see figure 12) was applied to 

determine the shear stress and shear rate of the fly ash-lime-mine water mixture. 

 

 

Figure 14 Anton-Paar Physica MCR 51 rotational rheometer (Author) 
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The fly ash, lime and mine water quantities were varied based on the already calculate 

amounts. An electronic weighing scale was used to measure the exact amount of the fly ash, 

lime, and mine water. The measured quantities were then mixed and thoroughly stirred in a 

rheometer cylinder cup. The rheometer cylinder cup was set into its position and the cylinder 

bob was set as well. The rheometer equipment was set and the revolution of the rotor 

powering the cylinder bob set at the highest revolution 1500 l/s and lowest at 10 1/s. Other 

parameters of the rotational rheometer such as temperature (25oC) and cylinder bob height 

(142 mm) were set from the rheometer application known as RHEOPLUS installed in a 

computer connected to the equipment. Fly ash of varied maturity ranging from 30 days to 4 

years old were measured, with each being varied in quantity and the data recorded with 

Rheoplus data collection program.  
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Results  

In this chapter, the results from the experiment was plotted and subjected to analysis. The 

analysis was done based on the year of maturity of the fly ash, with the initial analysis being 

for fly ash of 30 days old mixed with mine water and CaO as the lime.  

 

Figure 15 P30N fly ash and CaO curve representation of pseudo shear stress and pseudo shear 

rate (Author) 

 

FLM mixture with the least mass ratio of the additive and highest mass ratio of the additive 

represented by CaO3C25 and CaO3C35 in Figure 13, showcase different rheological 

behaviour. However, the rheological behaviour reported is not distinct enough. This is due to 

the fact that increase in the mass ratio of the additive does not present any meaningful change 

in the rheological behaviour of the mixture. The sample at mass ratio of additive 3% and 5%, 
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the yield stress and viscosity difference of the mixture is minimal. For instance, at CaO3C25 

compared with CaO5C25, the minimum yield stress of the mixture is low. 

In Figure 13, the sample with the highest volumetric concentration of the solid phase 

showcases highest yield stress and viscosity irrespective of the mass ratio of the additive in it. 

From figure 16 the fly ash sample of 30 days old, it can be observed that the minimum pseudo 

yield stress of the FLM increases with increase in the mass concentration of the volumetric 

concentration of the fly ash. The solid content of the fly ash in the mixture is critical in 

defining the minimum pseudo yield stress and viscosity of the FLM mixture. 

 

Figure 16 P05E fly ash and CaO curve representation of pseudo shear stress and pseudo shear 

rate (Author) 

 

Analysis of P05E fly ash in Figure 14 showcases that CaO3C25 recorded the least minimum 

pseudo shear stress as well as the viscosity. The lowest minimum pseudo shear stress was also 
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recorded by the CaO5C25 at shear stress of 0.2Pa and viscosity of 10mPas. However, from the 

graphical representation shown in Figure 14, CaO3C35 and CaO5C35 recorded the highest 

minimum pseudo shear stress and viscosity. From the presented analysis, it can be pointed that 

irrespective of the age of the fly ash, volumetric concentration of the solid phase in the 

mixture plays a vital role in defining the strength of the material to be used as a backfill. This 

can be supported by the evidence presented in Figure 14, which shows that as the 

concentration of the solid phase in the mixture increases, the minimum pseudo shear stress 

required to overcome the yield stress increases, and the viscosity of the mixture increases as 

well.  

 

 

Figure 17 P1E fly ash and CaO curve representation of pseudo shear stress and pseudo shear 

rate (Author) 

 

Figure 15 depicts that mass ratio of the additive in the 1-year-old fly ash insignificantly affect 

the strength. This is evident in the plotted curve in Figure 15 as can be seen that CaO3C25 and 
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CaO5C25 recorded the least minimum pseudo shear stress and viscosity. On the other hand, it 

can also be noted that as the volumetric concentration of the 1-year-old fly ash increases, the 

minimum pseudo shear stress increases as well as the viscosity of the mixture as shown by 

CaO3C35 and CaO5C35 samples. 

 

Figure 18 P2E fly ash and CaO curve representation of pseudo shear stress and pseudo shear 

rate (Author) 

Figure 16 is a graphical presentation of a 2-year-old fly ash -lime-mine water mixture. From 

the data obtained, it can be reported that the lime content in the mixture insignificantly 

influences the strength of the mixture. This can be observed from the data presented CaO325 

and CaO5C25. The minimum pseudo shear stress and the viscosity of the samples are at their 

lowest. However, different results are obtained when the volumetric concentration of the solid 

phase in the mixture is increased. As the solid phase in the mixture is increased, the minimum 

pseudo shear stress and viscosity increases. 
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Figure 19 P4E fly ash and CaO curve representation of pseudo shear stress and pseudo shear 

rate (Author) 

Figure 17 is a graphical representation of the 4-year-old fly ash mixed with CaO as the 

additive. From the graphical data, it is evident that the as the mass ratio of the additive in the 

mixture is increased, there is minimal impact on the overall strength of the sample. This is 

notable on the values of the minimum pseudo shear stress and the viscosity registered. 

Additionally, there is evidence of increase in the value of minimum pseudo shear stress and 

viscosity. This is notable as the volumetric concentration of the solid phase of the mixture is 

increased. 

 

Table 5 Summary of the yield stress and plastic viscosity of the 30 days - 4-year-old fly ash 

with CaO used as additive (Author) 

Test 

Yield stress  

[Pa] 

Plastic viscosity  

[mPas] 

P30NCaO3C25 1 9 
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Test 

Yield stress  

[Pa] 

Plastic viscosity  

[mPas] 

P30NCaO3C35 27 48 

P30NCaO5C25 7 53 

P30NCaO5C35 14 55 

P05ECaO3C25 0.2 9 

P05ECaO3C35 32 70 

P05ECaO5C25 0.2 10 

 P05ECaO5C35 22 29 

P1ECaO3C25 0.2 9 

P1ECaO3C35 4 20 

P1ECaO5C25 1 10 

P1ECaO5C35 3 17 

P2ECaO3C25 2 18 

P2ECaO3C25 8 22 

P2ECaO3C25 0.3 9 

P2ECaO3C25 5 21 

P4ECaO3C25 3 20 

P4ECaO3C25 8 29 

P4ECaO3C25 1 12 

P4ECaO3C25 9 61 

 

Table 5 summarizes the different yield stress and plastic viscosity of all samples tested using 

CaO as the additive. It is important to note that during the tests, the volumetric concentration 

of the fly ash and mass ratio of the additive were varied for every sample. 
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Figure 20 P30N fly ash and Carbide lime (KM) curve representation of pseudo shear stress 

and pseudo shear rate (Author) 

 

Figure 18 represents the 30 days old fly ash mixed with the KM and mine water. In can be 

noted that the curves are not from the origin (0,0). Additionally, the addition of the additive 

KM in the mixture does not depict significant changes to the minimum pseudo shear stress and 

the viscosity of the mixture. On the contrary, increase in the volumetric concentration of the 

solid phase of the mixture results in the increase in the minimum pseudo shear stress and the 

viscosity of the mixture. 
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Figure 21 Figure 21 P0.5E fly ash and Carbide lime (KM) curve representation of pseudo 

shear stress and pseudo shear rate (Author) 

 

Figure 19 is a representation of half a year-old fly ash mixed with KM and mine water. The 

curves do not originate from the origin (0,0). From Figure 19, it can be deduced that the 

additive does not affect the minimum pseudo shear stress and viscosity. This can be seen in 

the curve as despite the increase in the mass ratio of the additive, the minimum pseudo shear 

stress and the viscosity of the mixture are minimally affected, since there is minimal change. 

However, an increase in the solid phase by volume in the mixture constitutes a great 

transformation in the form of increase in the rise in minimum pseudo shear stress and the 

viscosity. 
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Figure 22 P1E fly ash and Carbide lime (KM) curve representation of pseudo shear stress and 

pseudo shear rate (Author) 

 

Figure 20 is a representation of data plotted for the 1-year-old fly ash mixed with KM and 

mine water. From the curve data, it is notable that samples with low volumetric concentration 

of the solid phase in the mixture recorded low minimum pseudo shear stress as well as the 

viscosity. On the other hand, increase of the KM additive by mass while the volumetric 

concentration of the solid phase in the mixture is at its lowest minimally affected the shear 

stress and the viscosity of the mixture. The shear stress and the viscosity were lowest for the 

samples with increased KM amount while retaining the solid phase volume in the mixture. 
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Figure 23 P2E fly ash and Carbide lime (KM) curve representation of pseudo shear stress and 

pseudo shear rate (Author) 

 

Figure 21 is a graphical presentation of a 2-year-old fly ash -lime-mine water mixture. From 

the data obtained, it can be reported that the lime content in the mixture insignificantly 

influences the strength of the mixture. This can be observed from the data presented CaO325 

and CaO5C25. The minimum pseudo shear stress and the viscosity of the samples are at their 

lowest. However, different results are obtained when the volumetric concentration of the solid 

phase in the mixture is increased. As the solid phase in the mixture is increased, the minimum 

pseudo shear stress and viscosity increases. 
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Figure 24 P4E fly ash and Carbide lime (KM) curve representation of pseudo shear stress and 

pseudo shear rate (Author) 

 

Figure 22 is a graphical representation of the 4-year-old fly ash mixed with KM as the 

additive. From the graphical data, it is evident that the as the mass ratio of the additive in the 

mixture is increased, there is minimal impact on the overall strength of the sample. This is 

notable on the values of the minimum pseudo shear stress and the viscosity registered. 

Additionally, there is evidence of increase in the value of minimum pseudo shear stress and 

viscosity. This is notable as the volumetric concentration of the solid phase of the mixture is 

increased. 
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Table 6 Summary of the yield stress and plastic viscosity of the 30 days - 4-year-old fly ash 

with KM used as additive (Author) 

Test 

Yield stress  

[Pa] 

Plastic viscosity  

[mPas] 

P30NKM3C25 2 10 

P30NKM3C35 16 42 

P30NKM5C25 3 29 

P30NKM5C35 11 36 

P05EKM3C25 0.3 9 

P05EKM3C35 18 42 

P05EKM5C25 0.3 10 

P05EKM5C35 9 36 

P1EKM3C25 1 12 

P1EKM3C35 5 30 

P1EKM5C25 1 11 

P1EKM5C35 6 28 

P2EKM3C25 1 9 

P2EKM3C25 12 27 

P2EKM3C25 1 10 

P2EKM3C25 8 18 

P4EKM3C25 1 10 

P4EKM3C25 32 74 

P4EKM3C25 1 10 

P4EKM3C25 14 42 

 

Table 6 summarizes the different yield stress and plastic viscosity of all samples tested using 

KM as the additive. It is important to note that during the tests, the volumetric concentration of 

the fly ash and mass ratio of the additive were varied for every sample. 
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4.2   Calculation of pressure loss of the P1ECaO3C35 suspension flow 

Data given, 

Sample tested = P1ECaO3C35 

Diameter of pipe (d) = 0.15 m 

Pipe length (l) = 1000 m 

Average cross sectional flow velocity (v) = 0.24 m/s 

Using Rosin-Rammler equation to determine F(160 μm) particle size 

𝐹𝑛(𝑋) = 1 − 𝑒𝑥𝑝 {− ln 2 ∙ (
𝑋

𝑥50
)

𝑛
}                      (20) 

From table 4,  

x50 = 95 μm 

X0.61 = 160 μm 

F (160) = 1 − 𝑒𝑥𝑝 {− 0.693 × (
160

95
)

0.75

} 

F (X) = 1 − 𝑒𝑥𝑝 {− (𝑓(𝑥) × (
𝑋

𝑥
)

0.75

} = 0.65 

Determining concentration of fine particles (CTF) in the fine mixture suspension.  

The concentration is obtained from the sample P1ECaO3C35, C = 35% ≅ 0.35 

CTF = 0.35 × 0.65 = 0.2275 ≅ 22.75% 

Determining density of fine particles suspension, 𝜌𝑓 
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From table 3,  

ρ𝑓𝑙𝑦𝑎𝑠ℎ = 2.106 kg/dm3 

          ρ𝑓 = 𝜌𝑓𝑙𝑦𝑎𝑠ℎ × 𝐶𝑇𝐹 + (1 − CTF)x𝜌𝑤𝑎𝑡𝑒𝑟                             (21) 

ρ𝑓 = 2.106 × 0.2275 + (1 − 0.2275)x1 = 1.252 kg/dm3 

Assuming that the suspension is Newtonian, change in pressure (∆pf)for the fine suspension 

can be calculated using the formula: 

∆pf = ɳ × f ×
𝑣2×𝜌

𝐷
× 𝑙      (22) 

where, f = Fanning friction factor read from the Moody chart (See appendix 1) based on the 

calculated Reynold’s (Re) number (see equation). 

Re =
𝑣×𝑑×𝜌

𝜇
       (23) 

From table 5, data from the test gives 𝜇 (plastic viscosity) as 9 mPa = 0.009 Pa  

Re =
2.4 × 0.15 × 1251

0.009
= 50040 

From the Moody chart, f = 0.13 

∆pf = 2 × 0.013 ×
2.42 × 1251

0.15
× 1000 = 1.249 × 106Pa ≅ 12.5 bar 

Determining concentration of course particles (CTD) 

CTD = 0.123 

Therefore, determining change in pressure for the overall suspension the modified Durand 

equation can be used. 
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      ∆𝑃 = ∆pf × {1 + 𝐶𝑇𝐷 ×
𝐾(

𝜌𝑓

𝜌𝑓
−1)

1.5

𝐶𝐷
0.75 } × (

√𝑔×𝐷

𝑣
)

𝑛

     (24) 

Assuming the characterising course particle falls into the Newtonian turbulent settling regime, 

therefore 

CD = 0.445 

g = 9.81 m/s2 

n = 3 

K = 82 

∆𝑃 = 12.5 × {1 + 0.123 ×
82 (

2106
1251

− 1)
1.5

0.4450.75
} × (

√9.81 × 0.15

2.4
)

3

= 18.2 bar 

Therefore, the pressure loss of the given industrial pipeline as a result of transportation of the 

sample will be 18.2 bar. 

4.3  Discussion 

In this section, the summary in Table 5 and 6 will be subjected to in-depth analysis and 

discussion with the intent of showcasing the observations made in the results section.  

The curves of figure 13 to figure 22 showcased a near similar trend. They all never started 

from the origin. This showcase that the mixture in not Newtonian. The data presented had 

minimum pseudo shear stress, which has a characteristics of a Bingham plastic fluids. 

Taking reference to table 5 and 6 that summarizes the entire data for the fly ash from 30 days 

to 4 years, and CaO and KM used as additives, it can be pointed that additives in the mixture 

played insignificant role in the FLM mixture. This is noted by the fact that despite an increase 

in the mass ratio of the additive, the strength of the mixture did not improve significantly. This 



 
 

48 

 

can be supported by the fact that the minimum pseudo shear stress required to overcome the 

minimum shear stress point of the mixture was low compared to when the same amount of 

additive was used but the volumetric concentration of the solid phase in the mixture increased. 

According to Qi et al. (2015) fly ash possesses pozzolanic properties that make it the preferred 

backfill material. After a significant time, the fly ash reacts with calcium hydroxide under 

common temperature to attain cementitious properties. From the analysed data, the strength of 

the mixture increased as the solid phase content of the mixture increased. The rheological 

properties of ash-tailings slurry mixtures are influenced by the hydration of fly ash as well as 

the particle packing and arrangement. Lee et al (2017) in their study found that the increase in 

the shear stress is due to the development of the cementitious and pozzolanic gels, which form 

the properties of a fly ash. Another pertinent impact of fly ash volumetric concentration is that 

the volume of water decreases when fly ash is added, thus increasing the direct particle-

particle contacts. Lee et al. (2017) pointed that shear thinning behavior is more predominant in 

fluids when the solid particle concentration is enhanced, which was not the case for the FLM 

mixture used. Additionally, the finer fly ash particles fill the voids between larger particles 

thus, making it difficult to have the particles slide past each other during shearing.  

On the other hand, FLM mixtures with KM used as the additive showcased different results in 

the form of shear stress and viscosity in the mixtures. KM mixtures recorded high shear stress 

and viscosity for the same volume and mass in the FLM mixture. This is a depiction that the 

KM has more stabilizing properties compared to the CaO.  

In relation to the fly ash age, the curves nearly resembled each other. This is a clear indication 

that the fly ash age does not affect its properties to be used as a backfilling material. 

According to Mishra and Karanam (2006), specific gravity, permeability, internal angular 

friction, and consolidation characteristics make fly ash suitable for road and embarkment 

development. Fly ash's pozzolanic properties, including its lime binding capacity, make it 

valuable for the production of cement, building materials, and concrete admixture products. 
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CHAPTER 5. CONCLUSION 

The shear stress – shear rate curve of the FLM mixture were measured and analysed. 

Therefore, based on the experimental results and analysis, the following conclusions can be 

made: 

1. The FLM mixture exhibited Bingham plastic fluid properties. 

2. The age of the fly ash does not affect its rheological properties that make it fit for use 

in the development of the backfilling technology. Therefore, the sulphide mine can 

continue to use the available fly ash even after the Mátra Power Plant is closed down. 

3. The additives have insignificant effect on the rheological properties of the fly ash. 

4. The shear stress of the FLM mixture increased with an increase in the volumetric 

concentration of the solid phase in the mixture. This could be attributed to the 

combined impacts of the increased structural network due to the dense particle 

packing. 

5. Correct calculation of the concentrations is central to ensure that the viscosity of the 

suspension is not affected. Miscalculation may result in too viscous suspension, which 

may affect the flow of the mixture due to increased particle interlocking hence 

impacting on its flow, leading to clogging in the pipe. On the other hand, wrong 

calculation of the mixture concentration may result in less viscous moisture, which 

may hamper settling of the mixture to perform its intended purpose of backfilling the 

mine voids/stopes.  

It is imperative to recognize that the findings presented in this study are valid for the particular 

fly ash used. Other samples drawn from different mines containing different minerals could 

present distinct rheological properties. Further studies need to be undertaken to offer more in-

depth conception of these characteristics 
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APPENDICES 

Appendix 1. Moody Chart 
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Appendix 2. Rotational Rheometer output data Results for P30NKM5C25 and P30NKM5C35 
 

 

Data Series Information 

Name:   P3ÖNKM5C25  
Sample:   P3ÖNKM5C25  
     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 91.6 0.0611 ****** 

2 951 97.1 0.102 ****** 

3 603 88.9 0.147 ****** 

4 382 102 0.267 ****** 

5 243 104 0.427 ****** 

6 154 118 0.768 ****** 

7 97.5 161 1.65 ****** 

8 61.4 169 2.76 ****** 

9 48.3 110 2.27 ****** 

10 28.1 164 5.85 ****** 

11 12 146 12.2 ****** 

12 9.82 195 19.8 ****** 

 

 

Data Series Information 

Name:   P30NKM5C35  
Sample:   P30NKM5C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 58.7 0.0391 ****** 

2 951 33.9 0.0356 ****** 

3 603 30.7 0.051 ****** 

4 382 30.2 0.0791 ****** 

5 242 39.5 0.163 ****** 

6 155 41.1 0.266 ****** 

7 97.2 44.3 0.455 ****** 

8 62.7 68.2 1.09 ****** 

9 40.1 45.6 1.14 ****** 

10 24.8 8.47 0.341 ****** 

11 16.7 10.3 0.621 ****** 

12 9.74 11.2 1.15 ****** 
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Appendix 3. Rotational Rheometer output data for P30NKM3C25 and P30NKM3C25 
 

 

Data Series Information 

Name:   P30NKM3C25  
Sample:      P30NKM3C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 40.2 0.0268 ****** 

2 951 9.6 0.0101 ****** 

3 603 4.35 0.00721 ****** 

4 382 2.35 0.00615 ****** 

5 242 2.6 0.0107 ****** 

6 154 3.35 0.0218 ****** 

7 97.5 4.9 0.0502 ****** 

8 61.7 9.25 0.15 ****** 

9 38.9 23.1 0.594 ****** 

10 25.5 3.66 0.143 ****** 

11 15.5 22 1.42 ****** 

12 10.8 10.9 1.01 ****** 

 

 

Data Series Information 

Name:   P30NKM3C35  
Sample:   P30NKM3C35  
     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 75.8 0.0505 ****** 

2 951 61.6 0.0647 ****** 

3 603 64.6 0.107 ****** 

4 383 52.4 0.137 ****** 

5 243 54.1 0.223 ****** 

6 154 57.2 0.372 ****** 

7 97.7 52.8 0.54 ****** 

8 61.4 119 1.94 ****** 

9 39.2 52.2 1.33 ****** 

10 22.4 38.6 1.72 ****** 

11 5.82 107 18.4 ****** 

12 9.49 49.4 5.2 ****** 
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Appendix 4. Rotational Rheometer output data for P30NCaO5C25 and P30NCaO5C35 
 

 

Data Series Information 

Name:   P30NCaO5C25_2 1  
Sample:   P30NCaO5C25  
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 58.9 0.0392 ****** 

2 951 56.8 0.0597 ****** 

3 603 47.3 0.0784 ****** 

4 382 54.4 0.142 ****** 

5 243 51.7 0.213 ****** 

6 154 50.9 0.331 ****** 

7 97.5 51.9 0.532 ****** 

8 62 70.2 1.13 ****** 

9 39.7 116 2.92 ****** 

10 23.1 92.9 4.02 ****** 

11 14.1 65.3 4.62 ****** 

12 9.11 76.8 8.43 ****** 

 

 

Data Series Information 

Name:   P30NCaO5C35_2 1  
Sample:   P30NCaO5C35  

Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 63.4 0.0423 ****** 

2 951 53.6 0.0564 ****** 

3 603 44 0.0729 ****** 

4 383 37.7 0.0986 ****** 

5 242 38.1 0.157 ****** 

6 154 38 0.247 ****** 

7 97.6 38.7 0.396 ****** 

8 61.9 38.6 0.624 ****** 

9 39.3 40.6 1.03 ****** 

10 22.6 38.5 1.71 ****** 

11 18.5 31 1.68 ****** 

12 9.02 25.3 2.81 ****** 
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Appendix 5. Rotational Rheometer output data for P30NCaO3C25 and P30NCaO3C35 

 

 

Data Series Information 

Name:   P3ÖNCaO3C25  
Sample:   P3ÖNCaO3C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 143 0.0953 ****** 

2 951 115 0.121 ****** 

3 603 104 0.172 ****** 

4 382 101 0.265 ****** 

5 243 73.5 0.303 ****** 

6 154 74.9 0.487 ****** 

7 96.8 86.5 0.894 ****** 

8 62.1 191 3.07 ****** 

9 38.8 85.9 2.21 ****** 

10 20.9 112 5.36 ****** 

11 0.0115 288 25 200 ****** 

12 51.1 212 4.15 ****** 

 

 

Data Series Information 

Name:   P30NCaO3C35  
Sample:   P30NCaO3C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 -0.000012 738 -61 600 000 ****** 

2 -0.0000077 738 -96 000 000 ****** 

3 -0.00000418 738 -177 000 000 ****** 

4 -0.0000023 738 -321 000 000 ****** 

5 -0.00000405 738 -182 000 000 ****** 

6 -0.00000425 738 -174 000 000 ****** 

7 -0.0000064 738 -115 000 000 ****** 

8 0.00000072 738 1 030 000 000 ****** 

9 -0.00000319 738 -232 000 000 ****** 

10 -0.0000029 738 -254 000 000 ****** 

11 -0.0000101 738 -73 400 000 ****** 

12 -0.0000023 738 -321 000 000 ****** 
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Appendix 6. Rotational Rheometer output data for P0.5ECaO3C25 and P0.5ECaO3C35 
 

 

Data Series Information 

Name:   P0.5'CaO3C25  
Sample:   P0.5'CaO3C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 16.8 0.0112 ****** 

2 951 8.35 0.00878 ****** 

3 603 4.5 0.00745 ****** 

4 382 2.37 0.00619 ****** 

5 243 1.4 0.00578 ****** 

6 154 1.1 0.00716 ****** 

7 97.5 0.885 0.00908 ****** 

8 61.8 0.726 0.0117 ****** 

9 39.2 1.03 0.0262 ****** 

10 25 0.942 0.0376 ****** 

11 15.8 0.634 0.0402 ****** 

12 10.3 0.427 0.0413 ****** 

 

 

Data Series Information 

Name:   P0.5'ECaO3C35  
Sample:   P0.5'ECaO3C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 126 0.084 ****** 

2 951 102 0.107 ****** 

3 603 104 0.173 ****** 

4 382 100 0.262 ****** 

5 243 107 0.442 ****** 

6 154 109 0.711 ****** 

7 97.5 122 1.25 ****** 

8 61.4 127 2.06 ****** 

9 38.9 132 3.39 ****** 

10 22.6 156 6.9 ****** 

11 13.8 121 8.75 ****** 

12 12.7 167 13.1 ****** 
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Appendix 7. Rotational Rheometer output data for P0.5ECaO3C25 and P0.5ECaO3C35 
 

 

Data Series Information 

Name:   P0.5'CaO5C25  
Sample:   P0.5'CaO5C25  

Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 26.1 0.0174 ****** 

2 951 20.2 0.0212 ****** 

3 603 23.6 0.0391 ****** 

4 383 20.2 0.0527 ****** 

5 243 19.6 0.0808 ****** 

6 154 26.9 0.175 ****** 

7 97.6 27.5 0.282 ****** 

8 61.9 27.9 0.45 ****** 

9 39.3 17.9 0.454 ****** 

10 26.4 8.9 0.337 ****** 

11 15.3 32.3 2.11 ****** 

12 11.4 10.2 0.893 ****** 

 

 

Data Series Information 

Name:   P0.5'CaO5C35  
Sample:   P0.5'CaO5C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 64.5 0.043 ****** 

2 951 42.1 0.0442 ****** 

3 603 38.3 0.0634 ****** 

4 382 33.4 0.0874 ****** 

5 243 34 0.14 ****** 

6 154 38.8 0.252 ****** 

7 97.6 45.1 0.462 ****** 

8 61.8 40.2 0.65 ****** 

9 39.6 46.2 1.17 ****** 

10 26.2 41.5 1.58 ****** 

11 14.5 45.7 3.14 ****** 

12 10.8 41.3 3.81 ****** 
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Appendix 8. Rotational Rheometer output data for P0.5EKM3C25 and P0.5EKM3C35 
 

 

Data Series Information 

Name:   P0.5E'KM3C25  
Sample:   P0.5E'KM3C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 44.8 0.0299 ****** 

2 951 22.2 0.0234 ****** 

3 603 16.1 0.0268 ****** 

4 382 8.97 0.0235 ****** 

5 243 7.57 0.0312 ****** 

6 154 6.5 0.0423 ****** 

7 97.4 7.92 0.0813 ****** 

8 62 7.46 0.12 ****** 

9 39 8.32 0.213 ****** 

10 24.6 10.7 0.436 ****** 

11 15.9 3.83 0.241 ****** 

12 9.5 10 1.05 ****** 

 

 

Data Series Information 

Name:   P0.5'KM3C35  
Sample:   P0.5E'KM3C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 76.3 0.0508 ****** 

2 951 65 0.0684 ****** 

3 603 59 0.0978 ****** 

4 383 54.9 0.143 ****** 

5 243 51.8 0.214 ****** 

6 154 49.8 0.323 ****** 

7 97.6 48.3 0.495 ****** 

8 61.8 49 0.792 ****** 

9 39.2 49.9 1.27 ****** 

10 26.5 48.9 1.84 ****** 

11 14.8 60.2 4.08 ****** 

12 11.1 60.5 5.44 ****** 
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Appendix 9. Rotational Rheometer output data for P0.5EKM5C25 and P0.5EKM5C35 
 

 

Data Series Information 

Name:   P0.5E'KM5C25  
Sample:   P0.5E'KM5C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 23.8 0.0159 ****** 

2 951 8.82 0.00927 ****** 

3 603 4.72 0.00782 ****** 

4 382 2.9 0.00757 ****** 

5 243 1.78 0.00733 ****** 

6 154 1.46 0.00947 ****** 

7 97.5 1.28 0.0131 ****** 

8 61.7 3.36 0.0545 ****** 

9 39.2 1.06 0.027 ****** 

10 24.9 0.868 0.0349 ****** 

11 15.8 0.787 0.0499 ****** 

12 10 0.756 0.0756 ****** 

 

 

Data Series Information 

Name:   P0.5'KM5C35  
Sample:   P0.5'KM5C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 61.1 0.0407 ****** 

2 951 22.8 0.0239 ****** 

3 603 22.2 0.0368 ****** 

4 383 20.7 0.0541 ****** 

5 243 14.2 0.0587 ****** 

6 154 15.8 0.103 ****** 

7 97.8 16.1 0.165 ****** 

8 61.7 7.77 0.126 ****** 

9 39.4 10.7 0.272 ****** 

10 24.9 9.29 0.374 ****** 

11 15.5 12 0.77 ****** 

12 10.1 10.5 1.04 ****** 
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Appendix 10. Rotational Rheometer output data for P1ECaO3C25 and P1ECaO3C35 
 

 

Data Series Information 

Name:   P1E'CaO3C25  
Sample:   P1E'CaO3C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 17.3 0.0115 ****** 

2 951 8.1 0.00851 ****** 

3 603 4.22 0.007 ****** 

4 382 2.29 0.00598 ****** 

5 243 1.31 0.0054 ****** 

6 154 0.984 0.0064 ****** 

7 97.5 0.82 0.00841 ****** 

8 61.8 0.796 0.0129 ****** 

9 39.2 0.574 0.0146 ****** 

10 24.9 0.5 0.0201 ****** 

11 15.7 0.443 0.0281 ****** 

12 10 0.378 0.0377 ****** 

 

 

Data Series Information 

Name:   P1E'CaO3C35  
Sample:   P1E'CaO3C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 23.2 0.0154 ****** 

2 951 13.9 0.0146 ****** 

3 603 7.23 0.012 ****** 

4 382 4.92 0.0129 ****** 

5 243 3.89 0.016 ****** 

6 154 3.25 0.0211 ****** 

7 97.4 3.59 0.0368 ****** 

8 61.9 8.79 0.142 ****** 

9 39.2 8.79 0.224 ****** 

10 25.1 7.68 0.306 ****** 

11 15.3 20.4 1.33 ****** 

12 10.5 16.1 1.54 ****** 
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Appendix 11. Rotational Rheometer output data for P1ECaO5C25 and P1ECaO5C35 
 

 

Data Series Information 

Name:   P1E'CaO5C25  
Sample:   P1E'CaO5C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 16.6 0.0111 ****** 

2 951 8.25 0.00867 ****** 

3 603 4.31 0.00715 ****** 

4 382 2.27 0.00594 ****** 

5 243 1.29 0.00532 ****** 

6 154 0.978 0.00636 ****** 

7 97.5 0.789 0.00809 ****** 

8 61.8 0.636 0.0103 ****** 

9 39.2 0.606 0.0154 ****** 

10 24.9 0.501 0.0202 ****** 

11 15.8 0.462 0.0293 ****** 

12 10 0.41 0.041 ****** 

 

 

Data Series Information 

Name:   P1E'CaO5C35  
Sample:   P1E'CaO5C35  
     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 131 0.0871 ****** 

2 950 79.3 0.0835 ****** 

3 603 80.3 0.133 ****** 

4 383 85.4 0.223 ****** 

5 243 84.6 0.349 ****** 

6 154 85 0.553 ****** 

7 97.6 86.8 0.889 ****** 

8 61.8 88.4 1.43 ****** 

9 44.4 96.9 2.18 ****** 

10 23.5 83.9 3.57 ****** 

11 17.7 93.7 5.3 ****** 

12 7.43 94.7 12.7 ****** 
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Appendix 12. Rotational Rheometer output data for P1EKM3C25 and  P1EKM3C35 
 

 

Data Series Information 

Name:   P1E'KM3C25  
Sample:   P1E'KM3C25  

Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 26.5 0.0176 ****** 

2 951 8.58 0.00902 ****** 

3 603 4.16 0.00689 ****** 

4 382 2.14 0.00559 ****** 

5 243 1.16 0.00478 ****** 

6 154 0.894 0.00581 ****** 

7 97.5 0.793 0.00813 ****** 

8 61.8 0.564 0.00913 ****** 

9 39.2 0.48 0.0122 ****** 

10 24.9 -0.217 -0.00873 ****** 

11 15.7 0.702 0.0447 ****** 

12 10 0.309 0.0309 ****** 

 

 

Data Series Information 

Name:   P1E'KM3C35  
Sample:   P1E'KM3C35  

Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 33 0.022 ****** 

2 951 12.1 0.0127 ****** 

3 603 6.81 0.0113 ****** 

4 382 4.55 0.0119 ****** 

5 243 3.66 0.0151 ****** 

6 154 3.1 0.0202 ****** 

7 97.5 2.71 0.0278 ****** 

8 61.8 3.09 0.05 ****** 

9 39.2 7.1 0.181 ****** 

10 25 5.29 0.211 ****** 

11 15.3 5.64 0.367 ****** 

12 5.5 22.6 4.1 ****** 
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Appendix 13. Rotational Rheometer output data for P1EKM5C25 and P1EKM5C35 
 

 

Data Series Information 

Name:   P1E'KM5C25  
Sample:   P1E'KM5C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 20 0.0133 ****** 

2 951 7.5 0.00789 ****** 

3 603 3.9 0.00646 ****** 

4 382 2.14 0.0056 ****** 

5 243 1.16 0.00477 ****** 

6 154 0.872 0.00567 ****** 

7 97.5 0.701 0.00719 ****** 

8 61.9 0.566 0.00916 ****** 

9 39.2 0.457 0.0117 ****** 

10 24.8 -0.0449 -0.00181 ****** 

11 15.8 0.396 0.0251 ****** 

12 10 0.335 0.0335 ****** 

 

 

Data Series Information 

Name:   P1E'KM5C35  
Sample:   P1E'KM5C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 46 0.0306 ****** 

2 951 20.8 0.0219 ****** 

3 603 16.4 0.0272 ****** 

4 383 20.3 0.0532 ****** 

5 243 19.2 0.0793 ****** 

6 154 17.8 0.116 ****** 

7 97.5 15.7 0.161 ****** 

8 62 7.76 0.125 ****** 

9 39 6.87 0.176 ****** 

10 24.8 3.78 0.152 ****** 

11 15.9 2.32 0.146 ****** 

12 9.84 3.1 0.315 ****** 
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Appendix 14. Rotational Rheometer output data for P2ECaO3C25 and P2ECaO3C35 
 

 

Data Series Information 

Name:   P2E'CaO3C25  
Sample:   P2E'CaO3C25  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 78.4 0.0523 ****** 

2 951 78.3 0.0823 ****** 

3 603 75.4 0.125 ****** 

4 382 85.7 0.224 ****** 

5 243 86.4 0.356 ****** 

6 153 96.9 0.631 ****** 

7 97.5 40.6 0.416 ****** 

8 61.8 43.8 0.709 ****** 

9 43.5 150 3.45 ****** 

10 27.2 139 5.11 ****** 

11 9.61 116 12.1 ****** 

12 9.7 69.6 7.17 ****** 

 

 

Data Series Information 

Name:   P2E'CaO3C35  
Sample:   P2E'CaO3C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 40.6 0.027 ****** 

2 951 29.6 0.0311 ****** 

3 603 41.5 0.0689 ****** 

4 382 26.8 0.0701 ****** 

5 243 24.5 0.101 ****** 

6 154 22.6 0.147 ****** 

7 97.5 21.6 0.221 ****** 

8 61.7 20.9 0.339 ****** 

9 39.1 21.6 0.554 ****** 

10 25.9 29.4 1.14 ****** 

11 14.1 19.5 1.38 ****** 

12 9.78 39.3 4.02 ****** 
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Appendix 15. Rotational Rheometer output data for P2ECaO5C25 and P2ECaO5C35 
 

 

Data Series Information 

Name:   P2E'CaO5C25  
Sample:   P2E'CaO5C25  

     

Meas. Pts. Shear Rate Shear Stress Viscosity 

Zero Shear 

Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 148 0.0985 ****** 

2 951 136 0.143 ****** 

3 603 127 0.211 ****** 

4 382 137 0.359 ****** 

5 243 142 0.585 ****** 

6 154 145 0.946 ****** 

7 97.5 157 1.61 ****** 

8 62 165 2.66 ****** 

9 39.2 176 4.5 ****** 

10 26.6 181 6.81 ****** 

11 15.4 211 13.7 ****** 

12 8.4 209 24.9 ****** 

 

 

Data Series Information 

Name:   P2E'CaO5C35 

Sample:   P2E'CaO5C35 

    
Meas. Pts. Shear Rate Shear Stress Viscosity 

 [1/s] [Pa] [Pa·s] 

1 1 500 37.4 0.0249 

2 951 24.8 0.0261 

3 603 17.5 0.029 

4 383 15 0.0391 

5 243 14.9 0.0613 

6 154 14.6 0.0947 

7 97.7 12.6 0.129 

8 61.9 13.5 0.218 

9 39.2 11.8 0.302 

10 23.6 12.6 0.532 

11 16.8 5.4 0.322 

12 0.545 119 218 
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Appendix 16. Rotational Rheometer output data for P2EKM3C25 and P2EKM3C35 
 

 

Data Series Information 

Name:   P2E'KM3C25  
Sample:   P2E'KM3C25  

     

Meas. Pts. Shear Rate Shear Stress Viscosity 

Zero Shear 

Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 16 0.0106 ****** 

2 951 7.89 0.0083 ****** 

3 603 4.08 0.00676 ****** 

4 382 2.08 0.00545 ****** 

5 243 1.11 0.00458 ****** 

6 154 0.81 0.00526 ****** 

7 97.5 0.611 0.00626 ****** 

8 61.8 1.31 0.0213 ****** 

9 39.1 1.42 0.0362 ****** 

10 24.1 5.92 0.245 ****** 

11 15.8 1.22 0.077 ****** 

12 10 2.65 0.264 ****** 

 

 

Data Series Information 

Name:   P2E'KM3C35  
Sample:   P2E'KM3C35  

     

Meas. Pts. Shear Rate Shear Stress Viscosity 

Zero Shear 

Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 25.8 0.0172 ****** 

2 951 20.8 0.0219 ****** 

3 603 20.1 0.0334 ****** 

4 383 18.5 0.0483 ****** 

5 242 17.9 0.074 ****** 

6 154 18.3 0.119 ****** 

7 97.9 22 0.225 ****** 

8 61.9 15.1 0.243 ****** 

9 39 18.7 0.478 ****** 

10 25.8 17.7 0.686 ****** 

11 15.3 22.6 1.48 ****** 

12 10.7 20.4 1.9 ****** 
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Appendix 17. Rotational Rheometer output data for P2EKM5C25 and P2EKM5C35 
 

 

Data Series Information 

Name:   P2E'KM5C25 

Sample:   P2E'KM5C25 

Meas. Pts. Shear Rate Shear Stress Viscosity 

 [1/s] [Pa] [Pa·s] 

1 1 500 38.7 0.0258 

2 951 24.2 0.0254 

3 603 26 0.0432 

4 382 22.3 0.0584 

5 243 22.1 0.0912 

6 154 16.1 0.104 

7 97.6 3.08 0.0315 

8 61.9 1.23 0.0199 

9 39.2 0.708 0.018 

10 24.7 1.2 0.0485 

11 15.8 0.46 0.0292 

12 10 0.667 0.0667 

 

 

Data Series Information 

Name:   P2E'KM5C35  
Sample:   P2E'KM5C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 34.7 0.0231 ****** 

2 951 23.5 0.0247 ****** 

3 603 18 0.0298 ****** 

4 383 15.8 0.0414 ****** 

5 243 15.5 0.0638 ****** 

6 154 14.8 0.0965 ****** 

7 97.6 13.3 0.137 ****** 

8 61.9 14.2 0.23 ****** 

9 39 19.3 0.495 ****** 

10 24.1 18.4 0.764 ****** 

11 16.5 14.3 0.862 ****** 

12 9.5 10.1 1.06 ****** 
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Appendix 18. Rotational Rheometer output data for P4ECaO3C25 and P4ECaO3C35 
 

 

Data Series Information 

Name:   P4E'CaO3C25 

Sample:   P4E'CaO3C25 

Meas. Pts. Shear Rate Shear Stress Viscosity 

 [1/s] [Pa] [Pa·s] 

1 1 500 101 0.0671 

2 951 74.1 0.0779 

3 603 74 0.123 

4 382 79.1 0.207 

5 242 81.4 0.336 

6 154 72.6 0.471 

7 97.5 81.4 0.835 

8 61.5 93.3 1.52 

9 39.3 92.1 2.35 

10 24.9 90.9 3.64 

11 16.2 122 7.48 

12 10.2 115 11.3 

 

 

Data Series Information 

Name:   P4E'CaO3C35 

Sample:   P4E'CaO3C35 

Meas. Pts. Shear Rate Shear Stress Viscosity 

 [1/s] [Pa] [Pa·s] 

1 1 500 179 0.119 

2 951 162 0.17 

3 603 164 0.272 

4 382 186 0.486 

5 243 202 0.831 

6 153 198 1.29 

7 97.6 244 2.5 

8 62.3 247 3.96 

9 39.7 229 5.78 

10 28.5 228 7.99 

11 13.6 300 22 

12 11.8 319 27.1 
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Appendix 19. Rotational Rheometer output data for P4ECaO5C25 and P4ECaO5C35 
 

 

Data Series Information 

Name:   P4E'CaO5C25 

Sample:   P4E'CaO5C25 

Meas. Pts. Shear Rate Shear Stress Viscosity 

 [1/s] [Pa] [Pa·s] 

1 1 500 19.7 0.0131 

2 951 8.35 0.00878 

3 603 4.17 0.00692 

4 382 2.22 0.0058 

5 243 1.18 0.00487 

6 154 0.848 0.00551 

7 97.5 0.753 0.00772 

8 61.8 1.73 0.028 

9 38.9 2.5 0.0641 

10 23.8 8.01 0.336 

11 16.1 0.594 0.0368 

12 9.89 0.869 0.0879 

 

 

Data Series Information 

Name:   P4E'CaO5C35  
Sample:   P4E'CaO5C35  

Meas. Pts. Shear Rate Shear Stress Viscosity 

Zero Shear 

Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 103 0.0684 ****** 

2 951 49.6 0.0521 ****** 

3 603 43.9 0.0727 ****** 

4 382 43.7 0.114 ****** 

5 243 43 0.177 ****** 

6 154 45.3 0.294 ****** 

7 97.5 41.1 0.422 ****** 

8 61.5 42.4 0.689 ****** 

9 39.4 45.5 1.15 ****** 

10 25.2 44.4 1.76 ****** 

11 16.6 37.3 2.25 ****** 

12 11.2 50.4 4.48 ****** 
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Appendix 20. Rotational Rheometer output data for P4EKM3C25 and P4EKM3C35 
 

 

Data Series Information 

Name:   P4E'KM3C25  
Sample:   P4E'KM3C25  

Meas. Pts. Shear Rate Shear Stress Viscosity 

Zero Shear 

Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 68.6 0.0457 ****** 

2 951 28.6 0.0301 ****** 

3 603 29.8 0.0494 ****** 

4 382 25.8 0.0675 ****** 

5 243 26.4 0.109 ****** 

6 154 27.2 0.177 ****** 

7 97.5 32 0.329 ****** 

8 61.7 33.7 0.546 ****** 

9 40 30.1 0.752 ****** 

10 24.4 16.2 0.663 ****** 

11 15.9 5.83 0.366 ****** 

12 9.35 18.2 1.95 ****** 

 

 

Data Series Information 

Name:   P4E'KM3C35  
Sample:   P4E'KM3C35  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 0.000107 738 6 880 000 ****** 

2 0.0000893 738 8 270 000 ****** 

3 0.00007 738 10 500 000 ****** 

4 0.0000581 738 12 700 000 ****** 

5 0.0000533 738 13 900 000 ****** 

6 0.0000456 738 16 200 000 ****** 

7 0.0000493 738 15 000 000 ****** 

8 0.0000354 738 20 900 000 ****** 

9 0.0000386 738 19 100 000 ****** 

10 0.0000358 738 20 600 000 ****** 

11 0.0000324 738 22 800 000 ****** 

12 0.0000424 738 17 400 000 ****** 
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Appendix 21. Rotational Rheometer output data for P4EKM5C25 and  P4EKM5C35 
 

 

Data Series Information 

Name:   P4E'KM5C25  
Sample:   P4E'KM5C25_  

     
Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 200 0.133 ****** 

2 951 195 0.205 ****** 

3 603 191 0.316 ****** 

4 383 184 0.481 ****** 

5 244 170 0.698 ****** 

6 156 108 0.695 ****** 

7 96.8 85.9 0.887 ****** 

8 61.9 82.8 1.34 ****** 

9 37 148 4.01 ****** 

10 7.28 466 63.9 ****** 

11 8.98 111 12.4 ****** 

12 9.39 129 13.8 ****** 

 

 

Data Series Information 

Name:   P4E'KM5C3

5 

 

Sample:   P4E'KM5C3

5 

 

Meas. Pts. Shear Rate Shear Stress Viscosity Zero Shear Viscosity 

 [1/s] [Pa] [Pa·s] [Pa·s] 

1 1 500 72.2 0.0481 ****** 

2 951 41.7 0.0438 ****** 

3 603 31.9 0.0529 ****** 

4 382 30.3 0.0792 ****** 

5 243 27.7 0.114 ****** 

6 154 26.7 0.174 ****** 

7 97.6 25.9 0.265 ****** 

8 62 24.6 0.396 ****** 

9 39.9 23.5 0.588 ****** 

10 25.8 18.2 0.703 ****** 

11 15.5 24.9 1.61 ****** 

12 10.7 18.2 1.7 ****** 


